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Introduction






Chapter 1

Multivariable High-Precision Motion
Control in Industrial Applications

1.1 Advanced motion control in industrial applications

Control engineering is a hidden technology although in many industrial applications. Technology
has an important role in modern society and many of them are based on control engineering. Con-
trol technologies are developed in both academics and industries, and bridging the gap between
academics and industries makes a large impact on industrial development. Advanced motion
control has an important role in the increasing demand for mechatronic systems in industrial
applications such as shown in Fig. 1.1. FPD lithography system in Fig. 1.1(a) [1] and semicon-
ductor lithography systems in Fig. 1.1(b) [2] are fundamentals of modern information societies
and are used to manufacture PCs and smartphones. The accuracy of the high-precision stages
in lithography systems directly leads to the improvement of the performance of semiconductors
known as Moore’s law [3]. Machine tools in Fig. 1.1(c) [4] and industrial robots in Fig. 1.1(d) [5]
are widely used in industrial manufacturing processes such as making automobiles. The accuracy
and task flexibility enable the manufacturing of high-value-added products with small quantities
and large variety. Printers in Fig. 1.1(e) [6] are also used for modern manufacturing processes
not only printing on paper but also additive manufacturing. Printing can be used to make an
electric circuit and additive manufacturing technology is paid attention to space development.
Hard disk drives in Fig. 1.1(f) [7] enable a modern information society based on big data. The
accuracy of the magnetic head makes the volume of the data storage larger. Motor drives that
are used in air conditioners Fig. 1.1(g) [8] and electric vehicles in Fig. 1.1(h) [9] make human
life comfortable. The improvement of the current control in motor drives leads to both better
performance and efficiency [10, 11]. Electric vehicles with in-wheel motors are paid attention to
the degree-of-freedoms of control that can be used to improve ride comfort [9, 12]. The control
performance directly results in product quality and the controllers should be designed consider-
ing the limitation and requirements in actual setups and applicability for on-site engineers who
implement these control techniques.

In most industrial applications, linear control is widely used because of the connection between
theories and applications, and ease of implementation. The history of the linear control is shown
in Fig. 1.2 [13]. Since the 1930s, classical control has been developing. Classical control is based
on the frequency domain and the systems are represented in a transfer function. Classical control
such as the Proportional-Integral-Derivative (PID) controller is intuitive for engineering skills
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(c) Machine tools [4]. (d) Industrial robot [5]. (e) Printer [6].

(f) Hard disk drive [7]. (g) Air conditioner [8]. (h) Electric vehicle [9].

Fig. 1.1: Mechatronic systems in industrial applications.

and is the most widely used in industrial applications. Since the 1960s after World War II, modern
control has been developing. Modern control is based on the time domain and the systems are
represented in state space. The development of modern control is connected to the development
of computers that enables real-time optimization. Kalan filter which is widely for state estimation
is developed during the Cold War and is said to be implemented in spacecraft in the Apollo
program. Since the 1980s, robust control has been developing. It is because modern control with
optimization is difficult to guarantee robust stability. Robust control models the uncertainty and
considers it in controller design, and it is one of the uniqueness of control engineering. Although
robust control has guaranteed robust stability, the controller can be designed conservatively and
the performance is not enough in many applications.

To achieve both robust stability and robust performance, several advanced control approaches
have been developed. Multivariable control [14] is developed for complex systems with many
degree-of-freedoms (DOFs) and considers the interaction. Sampled-data control [15] is the ap-
proach to minimize the gap between discrete-time implementation and continuous-time controlled
system. Model predictive control [16] is used for the controlled system that needs real-time op-
timization with constraints. In summary, advanced motion control approaches are developed to
improve the performance of industrial applications.
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classical control (1930 ~) robust control (1980 ~)
* transfer function * modeling uncertainty
frequer'lcy * PID control * robust stability
domain
¢ model free / model based  generalized plant
* intuitive for engineering skill ¢ Hoo control
| |
\j \/
modern control (1960 ~) advanced control
. * state space * multivariable control (1970 ~)
time
domain * optimal control  sampled-data control (1980 ~)
e Kalman filter * model predictive control (1990 ~)
* ease for programming (not intuitive) * etc...

Fig. 1.2: History of linear control.

1.2 Background of multivariable motion control

To improve control performance, industrial mechatronic systems tend to be complicated and be
extended from single-input single-output (SISO) systems to multi-input multi-output (MIMO)
systems. As an example, the six-degree-of-freedom high-precision scan stage in the FPD lithog-
raphy system is shown in Fig. 1.3. To make the tracking error of the high-precision scan stage
in nm scale, multivariable motion control is applied. The basic controller design procedure for
multivariable systems is as follows.

1. interaction analysis: choose the input and output pairs that are mainly used for control.

2. static decoupling: make the system diagonally dominant by using input and output decou-
pling matrix with real static values.

3. decentralized control: design the controllers diagonally with ensuring MIMO stability.
To deal with multivariable dynamics in controller design, several properties of multivariable

systems should be considered.

1.2.1 Analysis of multivariable systems

To analyze the dynamics of multivariable systems, the basic properties such as pole and zeros,
stability, and interaction are described [14].
The n,-inputs n,, outputs n'" order continuous-time linear time-invariant system G is given

by
G_[ﬁ‘ﬁ]—C(sI A)'B+D=C B+ D, (1.1)

where A € R, B € R"*"™, C € R™*", and D € R™*", G is assumed to be controllable
and observable and is given by minimal realization.
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Fig. 1.3: A six-degree-of-freedom high-precision scan stage in an FPD lithography system.

The Smith-McMillan form of the system G is given by

na(s)
(s) o

M(s) = Uy(5)G(5)Us(s) = e b (1.2)
dr(s)

0 (0

—

where U; and U, are unimodular, n; and d; are coprime, and r is the normal rank of G.

Poles

In the state space, the poles are defined as follows.

Definition 1.1 (Poles in state space) : The poles p; of a system G in state-space realization are
the eigenvalues \;(A) (i = 1,...,n) of the state matrix A. The poles are the roots of the pole
polynomial

¢(s) = det(sI — A) = 0. (1.3)

In the transfer function, the poles are defined as follows.

Definition 1.2 (Poles in transfer function) : The pole polynomial ¢(s) corresponding to a minimal
realization of a system with transfer function G(s) is the least common denominator of all non-
identically zero minors of all orders of G. The poles are the roots of the pole polynomial

— [T dis) =o. (1.4)
=1
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Zeros
In the state space, the zeros are defined as follows.

Definition 1.3 (Zeros in state space) : The system G is given by

o) -2

where the Rosenbrock system matrix I1(s) is defined as

A—-—sI B A B I O
ma-[AgT B[4 5[0 g »
The transmission zeros are the values for which the Rosenbrock system matrix loses rank.
Note that if D is invertible, then
A—-sI B A—-sI B 1 o
wl[fe " Bl) e l[te Bl ol 9]

B (A-BD'C)-sI B
= det ([ 0 Dl (1.7)

Since D is invertible, the transmission zeros are eigenvalues of A — BD'C.
In the transfer function, the zeros are defined as follows.

Definition 1.4 (Zeros in transfer function) : The zero polynomial 1(s), corresponding to a minimal
realization of the system, is the greatest common divisor of all the numerators of all order r minors
of G(s), where r is the normal rank of G, provided that these minors have been adjusted in such
a way as to have the pole polynomial ¢(s) as their denominator. The transmission zeros are the
roots of the zero polynomial

P(s) = ﬁn,(s) = 0. (1.8)

Stability
For the parametric model of the system, the stability of the system is determined by the poles.

Definition 1.5 : A linear dynamic system (t) = Ax(t) + Bu(t) is stable if and only if all the
poles are in the open left-half plane (LHP); that is, Re(p;) = Re()\;(A)) < 0, 4.

For the non-parametric model of the system such as frequency response data, the stability of
the system is analyzed by Nyquist stability criteria. Let L(s) be the open-loop transfer function
matrix, Nyquist plot is given by an image of det(I + L(s)) as s goes clockwise around the
Nyquist D-contour in Fig. 1.4. In multivariable systems, the necessary and sufficient condition
of the stability is defined in generalized (MIMO) Nyquist theorem and Eigenvalue Loci.

Definition 1.6 (Generalized (MIMO) Nyquist theorem) : Let P,; denote the number of open-loop
unstable poles in L(s). The closed-loop system with L(s) and negative feedback is stable if and
only if the Nyquist plot of det(I 4+ L(s))
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Re

Fig. 1.4: Nyquist D-contour. x shows the poles on the imaginary axis.

(i) makes P, anti-clockwise encirclements of the origin, and

(ii) does not pass through the origin.

Definition 1.7 (Eigenvalue loci) : Let P,; denote the number of open-loop unstable poles in L(s).
The closed-loop system with L(s) and negative feedback is stable if and only if the characteristic
loci 1 + \;(jw), taken together

(i) makes P, anti-clockwise encirclements of the origin, and

(ii) does not pass through the origin.

Interaction

Relative Gain Array (RGA) of a non-singular square complex matrix G is a square complex
matrix defined as

AG) = Go (G, (1.9)

where o is Hadamard product which means element-wise multiplication. The RGA is independent
of input and output scaling and its rows and columns sum to 1. It is preferred to pair such that
the rearranged system, with the selected pairings along the diagonal, has an RGA matrix close
to identity around the frequencies of interest, and should avoid pairing on negative steady-state
RGA elements.

The interaction index \(jw) for the system G is defined as a maximum eigenvalue of M (jw|G),
where the matrix M (jw|G) is given by

0 (=1

Gii(jw)

M (jw|G) = (1.10)

H

(J

The interaction index is small if the system is diagonally dominant in that frequency. The radius
r; of the generalized Gershgorin bands in the axis ¢ for the system G with the diagonal feedback
controller K is given by

The open-loop frequency response of each axis ¢ may move within the radius at each frequency
point on the SISO Nyquist plot when MIMO systems have an interaction between each axis.
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Fig. 1.5: Block diagram of the feedback control in the dual-input dual-output system.

1.2.2 Controller design for multivariable systems

The control strategy for multivariable systems is described in the example of the dual-input
dual-output system that is shown in Fig. 1.5.

Static decoupling

In the decoupling process, static decoupling is basically used and the input decoupling matrix
T, and the output decoupling matrix 7T, are designed as the static real value matrix to make
the decoupled system T, GT,, diagonally dominant so that the RGA is close to identity around
the frequencies of interest. Dynamic decoupling that means T, and T, have dynamics also
can be designed. Although the dynamic decoupling enables the perfect decoupling such as
T,GT, = I in all frequencies, the dynamic decoupling may be very sensitive to modeling errors
and uncertainties, and it is not recommended to use the dynamic decoupling in practice. If the
system G is non-square, the Singular Value Decomposition (SVD) Gy = UX'V'T can be used
as the input decoupling matrix T,, = V and the output decoupling matrix T, = U " where Gy is
a real approximation of G(jwy) at a frequency of interest wy.

Decentralized control

After the decoupling process, the decentralized controller is basically designed for the diagonally
dominant square system Gg.. = T, GT;,. In decentralized control, the off-diagonal term of the
controllerin Fig. 1.51s K15 = K9, = 0. Decentralized control has the advantage that the diagonal
term of the controller /1; and Ky, is physically intuitive for the meaning of each axis and can
be designed by the SISO controller design approach. Centralized control is also the approach
for the feedback controller design of multivariable systems. In centralized control, off-diagonal
term of the controller in Fig. 1.5 is K5 # 0 and K5 # 0. Although centralized control has
more degree of freedom for controller design and can actively change the interaction dynamics,
the physical meaning of the controller is not intuitive and has difficulty in the tuning process.
Note that decentralized control is normally used in the static-decoupled system that is diagonally
dominant in low-frequency dynamics such as industrial mechatronic systems. The concept of
decentralized control is extended to glocal control [17, 18] that can be applied to large-scale
multivariable systems with interacted subsystems such as multi-agent dynamical systems and
hierarchical networked systems.



10 Chapter 1. Multivariable High-Precision Motion Control in Industrial Applications

| T, ‘
[
ulk] | u(t) y(?) 1 y[K]
MO G v
I Zero-Order-Hold System Sampler !

I (D/A Converter) (Continuous Time) (A/D Converter):

System
Galz] (Discrete Time)

Fig. 1.6: Block diagram of the discretized system with sampler and zero-order-hold.
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design
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Fig. 1.7: Sampled-data controller design.

1.3 Concept of multivariable high-precision motion control

In the dissertation, the multivariable high-precision motion control is characterized by two con-
cepts that are “sampled-data controller design for intersample performance” and “data-driven
controller design with structured modeling”.

1.3.1 Sampled-data controller design for intersample performance

The designed controllers are implemented to actual setups in discrete time as shown in Fig. 1.6.
Due to discretization, there is a performance limitation because of the sampling time. Fig. 1.7
shows the controller design methods in sampled-data systems. In the controller design for
sampled-data systems, there are three controller design approaches that are continuous-time,
discrete-time, and sampled-data design. In the continuous-time design, the continuous-time
controller is designed for the continuous-time model and the discrete-time controller is designed
by discretizing the designed continuous-time controller. Although the continuous-time design is
simple and physically intuitive, it is difficult to consider the effect of discretization by sampler and
zero-order-hold. In the discrete-time design, the discrete-time model is provided by discretizing
the continuous-time model and the discrete-time controller is designed for the discrete-time
model. Although the discrete-time design considers the effect of discretization by sampler and
zero-order-hold, the designed controller ignores the continuous-time dynamics of the controlled
system. Compared to the continuous-time and discrete-time design, the discrete-time controller
is designed for the continuous-time model in the sampled-data design and it considers both the
continuous-time dynamics of the controlled system and the effect of discretization by sampler
and zero-order-hold. In high-precision motion control applications, the sampled-data controller
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Table 1.1: Zeros of Euler-Frobenius polynomial [19].

relative degree discretization zeros
2 -1
3 —2—/3,1/(—2—/3)
4 —5—2V6, —1,1/(=5 — 21/6)

z-plane ARe

1 unstable

stable 1

.
&

L/

(a) Discretization zeros on z-plane. (b) Signal with zero-order-hold.

Fig. 1.8: Effect of discretization with sampler and zero-order-hold.

design is necessary to improve continuous-time tracking performance.

In a two-degree-of-freedom control approach, the feedforward controller is designed for
tracking performance and the feedback controller is designed for disturbance rejection. The
feedforward controller design is based on the model inversion and the feedforward controller
becomes unstable when the model has nonminimum-phase zeros. The nonminimum-phase zeros
are on the closed right-half plane (RHP) of s-plane in continuous time and on the outside of
the closed unit circle of z-plane in discrete time. The challenge of the feedforward controller
design is that the model discretized by sampler and zero-order-hold (ZOH) can have discretization
zeros including nonminimum-phase zeros depending on the relative degree of the continuous-
time model that is known as Euler-Frobenius polynomial in Table 1.1. Table 1.1 shows that
the discretization zeros when the relative degree of the continuous-time model is more than 2.
For example, the discretization zeros when the relative degree of the continuous-time model
is 4 are shown in Fig. 1.8(a). Fig. 1.8(b) shows the constraint of the control input signal due
to zero-order-hold. The difficulty of the zero-order-hold control input is that the discretization
zeros around z = —1 result in the oscillating feedforward input that deteriorates intersample
performance even if the feedforward controller is stable. There are several implementation
methods of the sampled-data controller design to improve the intersample performance. The
state tracking approach is one of the solutions because it enables natural intersample interpolation
for mechatronic systems considering the state trajectory tracking of the controlled system by
multirate sampling control [20].
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il S S T T o

(a) Structured feedforward. (b) Structured feedback.

!

Fig. 1.9: Block diagram of the structured controller examples.

1.3.2 Data-driven controller design with structured modeling
Structured parameterization

In industrial applications, the multivariable controllers have a lot of tuning parameters, and it leads
to too much effort and time in the tuning process for on-site engineers. It results in the demand for
data-driven controller design. Although the main tuning process is conducted by the optimization
in data-driven controller design, the designed controller should be interpretable by the engineers
for analysis and manual tuning in the implementation process in industrial mechatronic systems.
In the dissertation, the structured controller is defined as follows.

Definition 1.8 (Structured controller) : The control input from the structured controller is defined
as u = WO that is linearly parameterized by the basis functions ¥ = [Qm e wn} and the

T
tuning parameters @ = |0 - -- 6’”} .

The structured controller is interpretable if the basis functions ¥ and the tuning parameters
0 are physically intuitive. Examples of the structured controller are shown in Fig. 1.9. In
Fig. 1.9(a), the feedforward signal consists of the basis functions ¥ = {r(t) %r(t) %T(t)} ,
that correspond to position, velocity, and acceleration of the reference r(¢), and the tuning
parameters 6 = [k b mr, that correspond to spring, damper, and mass coefficients of the
continuous-time rigid body model. In Fig. 1.9(b), the feedback signal consists of the basis

functions ¥ = { [e(t)dt e(t) %e(t)] , that correspond to integral, proportional, and derivative

.
of the error e(t), and the tuning parameters 6 = [kl kp k:D] , that correspond to integral,
proportional, and derivative gains of the PID feedback controller. The linearly parameterized
controller has an advantage because it is preferable for convex optimization [21] during the tuning
process.

Iterative learning control

The structured feedforward controller can be optimized by the error data using iterative learning
control [22,23] as shown in Fig. 1.10. In the iterative learning control, the feedforward input in
task j 4 1 is updated from the task j and is given by

Jiv1 = Q(f; + Ley), (1.12)
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Fig. 1.11: Improvement of tracking error in iterative learning control through experiments.

where L is a learning filter and @ is a robustness filter. For simplification, the robustness filter is
assumed to be Q = I. The error of the closed-loop system in task j + 1 is given by

ej1=5Sr—8SGf;
= (e; + SGf;) — SG(f; + Le;)
— (I - SGL)e;, (1.13)

where the sensitivity function is S = (I + GK)~!'. It shows that e;.; = 0if L = (SG)™*
and it has the same challenges as the feedforward controller design. The monotonic convergence
condition requires 7(I —GSL) < 1 where 7(-) is a maximum singular value. In practice, there is
a modeling error, and the robustness filter ) is used so that the monotonic convergence condition
7(Q(I — GSL)) < 1is satisfied. The iterative learning control improves the error e; through
iterations as shown in Fig. 1.11(a). Fig. 1.11(b) shows the comparison of the Root Mean Square
(RMS) error in each iteration. Iteration j = 0 is using the input that is from only the feedback
controller and iteration j = 1 is using the input that is approximately equal to the feedforward
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Fig. 1.12: Sequential linearization in concave-convex procedure.

and controller. It shows that the error is further reduced by learning through iterations when the
monotonic convergence condition is satisfied.

Although the traditional iterative learning control achieves high performance for the specific
reference signal, there is a trade-off of performance and flexibility compared to the traditional
feedforward control. To achieve both performance and flexibility, iterative learning control with
basis functions is developed [24,25]. Instead of learning the time-series feedforward input f;, the
iterative learning control with basis functions updates the tuning parameter 8, and the feedforward
input f; is given by

fi=F(0;)r; (1.14)

where F'(0) is the feedforward controller and r; is the reference in Task j. The advantage of
this parameterization is the learning is decoupled from the reference trajectory. In the iterative
learning control with basis functions, structured parameterization can be applied to construct
F(0) so that the tuning parameters @ are physically intuitive.

Data-driven convex optimization

The structured feedback controller can be optimized by the frequency response data. The tradi-
tional feedback controller design with optimization [26-29] is based on the parametric model.
Although the mathematical theory is clear and it can be extended to the structured controller
design [30], it is hard to get a parametric model of the multivariable system with necessary
and sufficient complexity in practice. To overcome the difficulty in the modeling process, the
structured controller design using frequency response data [31-33] is developed. The approach
can directly use the nonparametric model of the controlled system and the nonparametric model
can be measured as frequency response data by the excitation experiments. The challenge in
data-based design is the convex formulation of the optimization problem because the non-convex
optimization problem is not monotonically conversing and it could take a long time for the
optimization calculation. Fig. 1.12 shows the concept of sequential linearization using concave-
convex procedure [34]. In the concave-convex procedure, the non-convex functions f(x) — g(z)
consisting of the difference between the convex functions f(x) and g(z) can be solved by the
sequential linearization of g(x) and iterative convex optimization. The sequential linearization
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Fig. 1.13: Framework of the dissertation.

method using the concave-convex procedure has an advantage in monotonic convergence to a
saddle point or a local optimum and suits controller design in industrial applications.

1.4 Contributions

The goal of the dissertation is as follows.

Goal : Develop a framework for multivariable high-precision motion control combining model-
based and data-based approaches that is suitable for mechatronic systems in industrial applica-
tions.

The key to achieving the goal is to consider the redundancy of the multivariable systems in
the controller design. The framework of the dissertation is shown in Fig. 1.13. There are several
redundancies such as multirate sampling, multi-modal dynamics, and multi-input multi-output
interactions. The redundancy should be effectively used to improve the control performance,
and the optimization of these redundancies should be intuitive and tuning-friendly for industrial
applicability. The challenges in the dissertation consist of two parts.

Challenge (model-based aspect) : The dynamics of the multivariable controlled system should be
considered as a model structure with respect to the limitations of sampled-data characteristics
and multi-modal flexibility, and the control approach should be successfully implemented in
physically intuitive tuning parameters for industrial applicability.

Challenge (data-based aspect) : The tuning parameters of the multivariable controllers should be
tuned by the intuitive process or data-driven optimization to avoid too much effort in the tuning
process when the controllers are implemented in industrial mechatronic systems.

To overcome these challenges toward the goal, the contributions of the dissertations are
presented. The framework of multivariable high-precision motion control can be divided into
three categories that are “multirate feedforward control in multivariable motion systems”, “fixed-
structure sampled-data feedforward and learning control”, and “feedback controller design using
frequency response data”.
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Multirate feedforward control in multivariable motion systems

The contributions of multirate feedforward control in multivariable motion systems are presented
in Part II which consists of Contributions M-1 and M-2.

Contribution M-1 : The state trajectory generation method is extended to a general framework
including non-minimum-phase and MIMO motion systems, and the redundancy of the multi-modal
system is considered by the mode selection. It is the result of Chapter 2.

Contribution M-2 : The redundancy of multirate input sampling is analytically optimized by the
state controllability of the generalized controllability indices. It is the result of Chapter 3.

Fixed-structure sampled-data feedforward and learning control

The contributions of fixed-structure sampled-data feedforward and learning control are presented
in Part III which consists of Contributions M-3 and D-1.

Contribution M-3 : The state tracking sampled-data feedforward controller is linearly parame-
terized and it enables intuitive tuning and ease for the extension to data-driven parameter updates.
It is the result of Chapter 4.

Contribution D-1 : Iterative learning control with sampled-data basis functions is presented for

MIMO systems and it enables the data-driven parameter update and interaction compensation of
MIMO systems without the MIMO model. It is the result of Chapter 5.

Feedback controller design using frequency response data

The contributions of feedback controller design using frequency response data are presented in
Part IV which consists of Contributions D-2 and D-3.

Contribution D-2 : The feedback controller for disturbance rejection is designed by convex op-
timization considering the robust performance that includes model variations, stroke constraints,
and actuator redundancies. It is the result of Chapter 6.

Contribution D-3 : The feedback controller for disturbance rejection is designed by convex
optimization considering MIMO robust stability, and it is the first attempt to apply the high-gain
filter to the actual industrial large-scale MIMO high-precision scan stage. It is the result of
Chapter 7.

1.5 Outline of the dissertation

The outline of the dissertation is shown in Fig. 1.14. In the dissertation, multivariable high-
precision motion control with structured modeling and data-driven convex optimization is pre-
sented. In Chapter 2, multirate feedforward control is generalized to multi-modal motion systems.
In Chapter 3, multirate feedforward control is generalized to MIMO motion systems. In Chapter 4,
the linearly parameterized feedforward control with sampled-data differentiator is presented. In
Chapter 5, the iterative learning control with MIMO sampled-data basis functions is presented.
In Chapter 6, the frequency response data-based disturbance rejection with robust performance
is presented. In Chapter 7, the frequency response data-based disturbance rejection with MIMO
robust stability is presented. In Chapter 8, conclusions are presented.
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Part 11

Multirate Feedforward Control
in Multivariable Motion Systems






Chapter 2

Multirate Feedforward Control with
Non-Causal Inversion and Mode Selection

Multirate feedforward control enables perfect tracking control for the desired state trajectory at
every sample as the same number of the model order. The aim of this chapter is the comparison of
perfect tracking control approaches for intersample performance in multi-modal motion systems.
The multirate feedforward control has a trade-off between the number of states for perfect tracking
control and the reference sampling frequency. To balance the trade-off, the states for the perfect
tracking control can be selected by the mode decomposition. Intersample performance of each
approach in a multi-modal motion system is compared in both frequency domain and time domain.

2.1 Introduction

Feedforward control based on exact model inversion enables perfect tracking control [35] for
the model of the controlled system. The quality of the feedforward controller directly results
in tracking performance in high-precision mechatronic systems such as wafer scanners [36],
wire bonders [37], and ball-screw-driven stages [38]. In industrial applications, the system is
controlled in discrete time but the tracking performance should be improved in continuous time.

The exact model inversion has a challenge when the model has nonminimum-phase zeros
such as intrinsic and discretization zeros [19]. The single-rate stable inversion approach [39]
generates the noncausal bounded feedforward input for the model with nonminimum-phase zeros
and provides perfect output tracking for every sample. However, it cannot compensate for the
zeros around —1 that cause the oscillating input and deteriorate intersample performance when
the relative degree of the model is more than 2 [19].

To improve intersample performance, the multirate feedforward control [20,40] is presented.
The multirate feedforward control provides perfect n states tracking for every n sample and
prevents intersample oscillation. There is a trade-off in the multirate feedforward control between
the number of states for perfect tracking control and the reference sampling frequency. To balance
the trade-off, the multirate feedforward control approaches based on modal form with additive
decomposition [41,42] and multiplicative decomposition [43] are presented. Both approaches
select the states for perfect tracking control and balance the trade-off to improve intersample
performance.

Although several approaches are available to design the perfect tracking controller, the choice
of the feedforward controller can be arbitrarily and there is no comparison in terms of intersample
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r(t) 7k — ulk] — u() (t) _ e()
ot

Fig. 2.1: Block diagram of tracking control. The continuous-time system G is controlled by the
discrete-time controller F' with sampler S and zero-order-hold H. The objective is to minimize
the continuous-time error e(t).

performance for perfect tracking controllers. The aim of this chapter is the analysis of pre-existing
perfect tracking controllers in both frequency domain and time domain and provides the guideline
to design the feedforward controller to improve intersample performance. The main contributions
of this chapter are as follows.

Contribution 2.1 : Perfect tracking control approaches are described focusing on improving
intersample performance in multi-modal motion systems.

Contribution 2.2 : Intersample performance of each approach is evaluated in both frequency
domain and time domain.

The theory is described in a general multi-input multi-output (MIMO) system and the verifi-
cation is conducted in a single-input single-output (SISO) system.

The outline is as follows. In Section 2.2, the tracking problem for intersample performance
is formulated. In Section 2.3, the desired state trajectory generation method is presented for
SISO and MIMO systems. In Section 2.4, the multirate feedforward controller design methods
with additive and multiplicative decomposition are presented. In Section 2.5, the intersample
performance is validated in a multi-modal motion system. In Section 2.6, conclusions are
presented.

2.2 Problem formulation

In this section, the problem to improve continuous-time tracking performance is formulated.
The perfect tracking control methods based on the single-rate and multirate feedforward are
described. From the trade-off of these two approaches, the requirements of the optimal perfect
tracking controller design are presented.

2.2.1 Intersample performance in sampled-data control

The considered tracking control configuration is shown in Fig. 2.1, with input u € R™*!,
output y € R™*! reference r € R™*!, and error e € R™*!. In this chapter, the system is
assumed to be square as n,, = n, = m. The m-input m-output n*" order continuous-time linear
time-invariant system G. = (A., B., C,, O) is given by

x(t) = A.x(t) + B.u(t), (2.1)
y(t) = C.x(t), (2.2)

where A, € R™", B, € R, and C, € R™*". The discrete-time system H,; of the
continuous-time system H, discretized by sampler S and zero-order-hold H in sampling time ¢
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is generally defined as

S AC BC

H. = [ C. D, 1 ; (2.3)

P o Ay ‘ By o eAed 146_1(6’45(S — I)Bc
H = sHi = |G Bt = [ o Ay , 4
x[k] = x(k)). (2.5)

The discrete-time system Gy = (A4, By, C4,0) = SG.H is given by

xlk + 1] = Aqgz[k] + Byulk], (2.6)
ylk] = CoalH]. @.7)

The control objective considered in this chapter is to minimize the continuous-time error e(t)
that includes both on-sample and intersample performance for the continuous-time reference 7 (t)
that is assumed to be known in advance.

2.2.2 Single-rate feedforward control based on discrete-time model inver-
sion
The one-sample forward shifted system G4 of G4 from w[k] to y[k + 1] is given by

xlk + 1] = Ayz[k] + Byulk], (2.8)

For the system H = (A, B, C, D) with nonsingular D, the inverse system H ' is generally
defined as

., [A-BD'C|BD"!
B =1"-pc [ D

(2.10)

By inverting Gy, the input u generated by the single-rate feedforward controller is given by
ulk] = G 'r[k + 1], (2.11)

where the single-rate feedforward controller Cl'gl is given by

é_l _ Ad — Bd(CdBd)_lchd ‘ Bd<CdBd)_1 (2 12)
d —(C4Bq)'CyA, ‘ (CyBa)™ ' '
When G';* has unstable poles, it can be decomposed as
xs[k+1]|  [As O] x4k B,
[wu[m 1]] - lo Au] [wu[k] T, T .13)
_ K]
ulk] = [C. C.] [wu[k]] + Drlk + 1], (2.14)
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where [A\(A;)| < 1and |\(A,)| > 1. The bounded feedforward input u is given by
ulk] = Cszxslk] + Cuzy,[k] + Drlk + 1] (2.15)
where x follows from solving
x5k + 1] = Aszs[k] + Bsr[k + 1], [—o0] =0 (2.16)
forward in time and x,, follows from solving
x,[k+ 1] = Ayx, k] + Byrlk + 1], x,[o0] =0 (2.17)

backward in time [39]. The generated feedforward input u provides perfect output tracking for
every sample.

Note that although the feedforward input generated by the single-rate stable inversion approach
is bounded, the oscillating poles around A\ = —1 cannot be compensated. The oscillating
feedforward input can deteriorate intersample performance.

2.2.3 Multirate feedforward control for full-state tracking

To compensate for oscillating poles of the feedforward controller due to discretization, multirate
feedforward control [20] based on perfect state tracking is presented.
The n samples lifted system H ; of H,; = (A4, By, Cy, Dy) is generally defined as

H,= L,H.L,' = |- d]
EE 3 d le Qd
[ AL A'B; A" B; -+ A4B; By
C, D, o) . ... 0
CdAd CdBd Dd :
= . . ) (2.18)
CdA:lLi2 CdAgigBd CdAZlLi‘le Dd (0
| C AT | AT 2B, C AT SB,; - CyBy Dy |
ufin] = Loulk] = [ulni,] - ulni, + (0 —1)]] € RO, (2.19)
T
Ylin] = Loylk] = [ylnin] -+ ylnin + (n—1))] € RO, (2.20)
where u[i,] and y|i,,] are column vectors, and £,, is n samples lifting operator [15].
The N (< n) samples lifted system of G is given by
2N _ A, | B
G, = LyG Ly = [ E‘; QZ ] . (2.21)

Note that the number of lifting samples is N = n in SISO systems but it is not the case in MIMO
systems, see [44]. The desired state trajectory of G, is given by the multirate sampler for every
N sample Sy that is defined as

&[iy] = Sn&(t) = &(inNJ), (2.22)
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where &(t) is the desired state trajectory in continuous time. By inverting the state equation of
G, the input u generated by the multirate feedforward controller is given by

ulk] = £3' (By'&liv + 1] — By Ag[in])
= LB — 2N A &[iy + 1], (2.23)

where 2 is shift operator in sampling time ¢. The generated feedforward input u provides perfect
state tracking for every N sample and improves intersample performance.

Note that the desired state trajectory & is given by the reference and its derivatives in continuous
time for the rigid body system without zeros in such as controllable canonical form. When the
system has zeros, the desired state trajectory generation method is described in the next section.
Although the multirate feedforward controller provides perfect state tracking for every /N sample,
the sampling time of the desired state trajectory is N9, and the higher [V is, the lower the reference
sampling frequency 1/N¢ is.

2.2.4 Problem description

From these discussions, the optimal perfect tracking controller should be designed by considering
the following requirements.

Requirement 2.1 : Oscillating poles of the feedforward controller due to discretization is com-
pensated by state tracking.

Requirement 2.2 : States for perfect tracking control are selected to make reference sampling
frequency enough high.

The state tracking can be provided by multirate feedforward control and the states can be
selected based on the mode decomposition. In this chapter, two kinds of multirate feedforward
controllers with mode selection in additive decomposition [41,42] and multiplicative decom-
position [43] are described and intersample performance is compared with pre-existing perfect
tracking control approaches.

2.3 Desired state trajectory generation

In this section, the desired state trajectory methods are presented for the SISO and MIMO systems
[45]. For the SISO system, the desired state trajectory is generated in controllable canonical form.
For the MIMO system, the desired state trajectory is generated by the state transformation using
the singular value decomposition of the input matrix. The bounded desired state trajectory is
generated by the stable and unstable decomposition and the non-causal convolution with time
axis reversal.

2.3.1 Desired state trajectory generation for SISO system

The single-input single-output continuous-time linear time-invariant n'" order system is given by

B(s) b, 8™ + - 4+ bys + by
_ — 2.24
Gels) A(s)  s"+a, 15"V +---+ais+ag 2.24)
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where n > m and by # 0. G, in controllable canonical form G s < (Accef, beces Cecef,0) is

given by
m'ccf(t) = Ac,ccfwccf<t> + bc,ccfu(t)a (225)
y(t) = CC,CCfmCCf(t)7 (226)
where
[0 1 0 0]
Ac,ccf ‘ bc,ccf o - ’
l Coves | O ] =1 0 0o 1 |0 (2.27)
_a/O DY . .. _an—l 1
L bO : bm 0 1
The filter for the state trajectory generation is given by
(2.28)

B(t) =L [B(s)™],

where L][-] is the unilateral Laplace transform. The desired state trajectory in the controllable

canonical form is given by
t
Tecs (1) = / Bt = 7)Tn(7)dr, (2.29)
0
where
. . . T
Beof(t) = [Recso(t) - Bepna(®)] (2.30)
(1 L 231)
T‘nt:[l }rt. (2.
dtnfl
When B(s)~! has unstable poles, it can be decomposed as
B(s)™" = B (s) + B, (s), (2.32)
where all poles p, € C of B;!(s) are Re(p,s) < 0 and all poles p,, € C of B, () are Re(p,) > 0.
The filters of stable and unstable parts for the state trajectory generation are given by
Ba(t) = L7 [BSY(s)], (2.33)
Bu(t) = L7 By (=s)] (2.34)
The stable and unstable parts of the desired state trajectory are given by
t
(1) = / Bs(t — T)Tu(7)dr, (2.35)
Bu(l) = [ Bult = T)Ta(r)ar, (2.36)
t

and the bounded desired state trajectory in controllable canonical form & is given by
(2.37)

Leef(t) = T5(t) + X ().



2.3. Desired state trajectory generation 27

The state transformation of the system H = (A, B,C, D) with the state transformation
matrix 7" is generally defined as

(2.38)

T(H.T) - [TATlTB]'

CT' | D

The state transformation matrix T}, ; from the system in controllable canonical form G..; to the
system G = (A,, b, c.,0) with the states x is given by

a’]_ “ .. a’n—]_ 1
T.)=[B. - A7'B]| , (2.39)
(p—1 a
1 (0
where
Gc,ccf = T(Gca chf)7 (240)
il,‘ccf(t) = chfill(t). (241)

2.3.2 Desired state trajectory generation for MIMO system

The m-input m-output n'" order continuous-time linear time-invariant system G, = (A, B, C.O0)
is given by

z(t) = A.x(t) + B.u(t), (2.42)
y(t) = Cex(2), (2.43)

where A. € R™", B, € R™™, and C,. € R™*". Singular Value Decomposition (SVD) of B,
is given by

B.=UXV", (2.44)

where U € R™™ and V' € R™*™ are unitary matrices so that U ! = U" and V! = V1. The
elements of ' € R"*™ are given by

A
> l 01 , (2.45)
A =diag(o;) (i=1---meN), (2.46)

where 0; (i = 1---m € N) are the singular values of B.
The system Gy,g = (Aspd, Bovd, Csva, O) = T(G.,U") with the states x,,q = UMz is
given by

wsvd(s)

VVZ(S) O(nfm)xm U(S)

Csvd Om Xm

O(nfm)xm ) (247)

W,(s) AVH
l y(s)

‘| Omxm
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where u(s) = L [u(t)], z(s) = L [z(t)], y(s) = L[y(t)], W,(s) € R™", W,(s) € Rlv=m)xn,
and the Rosenbrock system matrix IT,(s) is given by

W,(s) AvH
oi(s) = | =0 Bt | = L Wils) O |- (2.48)
o Csvd Om><m

The following theorem shows that W(s) contains the property for the invariant zeros of the
system.

Theorem 2.1 (Identity of invariant zeros) : Invariant zeros of G,q are the values when W(s) is
not full row rank.

Proof. The invariant zero is defined as the value when the Rosenbrock system matrix is not full
rank. Itis assumed that rank(AVH) = m and the upper m rows of IT,,4(s) are full row rank. Itis
assumed that rank(C,) = m and rank(U) = n. From Sylvester’s rank inequality, for X € R*"
and X € R™*¥ it generally follows

rank(X) + rank(Y) — n < rank(XY). (2.49)

Sylvester’s rank inequality is applied to X as C. and Y as U. It follows that rank(Cl,q) =
rank(C.U) = m and the lower m rows of I1,4(s) are full row rank. Therefore, the values when
W,(s) is not full rank are the same as the values when the Rosenbrock system matrix is not full

rank. D
From (2.47),
VVZ(S) o O(n—m)Xm
o ot = | Py | 220
and it follows that
-1
. m(S) O(n—m)xm
msvd(‘g) — [ Csvd ‘| [ y(S) : (251)
Let the state transformation be
~1
W O n—m)XxXm
x(s) = Uypy(s) = U l Cl(‘z) 1 [ (y(83 ] . (2.52)
Let the inverse Laplace transform be B(t) = L7![B~'(s)], where
~1
B l(s)=U l vg(s) ] . (2.53)
svd

The desired state trajectory is given by

2(t) = /O "Bit—7) l()(’;(gxm} dr. (2.54)
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When B(s)~! has unstable poles, it can be decomposed as
B(s)™' = B;'(s) + B, '(s), (2.55)

where all poles p, € C of B;(s) are Re(p,) < 0and all poles p, € C of B, !(s) are Re(p,,) > 0.
The filter matrices of stable and unstable parts for the state trajectory generation are given by

Bi(t) = L7 [B; ()], (2.56)
Bult) = L7 B (~5)]. (2.57)
The stable and unstable parts of the desired state trajectory are given by
t o
5 _ . (n—m)xm
&)= [ Bt—1) [ o ] dr, (2.58)
A o o . O(nfm)xm
&.(t) = [ But—1) [ " ] dr, (2.59)

and the bounded desired state trajectory & is given by
T(t) = &5(t) + & (). (2.60)

Note that the unitary matrix U that is used as the state transformation matrix is not unique
in singular value decomposition but the desired state trajectory is generated uniquely for the
desired state-space representation. The calculation of the singular value decomposition can be
numerically ill-conditioned and the state-space representation should be properly formulated so
that the state transformation matrix U is not numerically ill-conditioned.

2.4 Multirate feedforward control with mode decomposition

In this section, the multirate feedforward control with mode decomposition is presented. First,
the model of the multi-modal motion system is defined. Second, the multirate feedforward
control with additive decomposition is described. Third, the multirate feedforward control with
multiplicative decomposition is described. The intersample performance of these two approaches
is verified in the next section.

2.4.1 Definition of multi-modal motion system

The m-input m-output continuous-time multi-modal motion system [46] is defined as

Nm,

c. b nm
G.(s)= > Kn o = 3" Gemoin, (), (2.61)

2 2
Pt o 2Ck, Wy, S + Wi Pt

where w is the resonance angle frequency, ( is the damping coefficient, and n,, is the number of
modes. The vectors b € R'™ and ¢ € R™*! are associated with the inputs, the outputs, and the
mode shapes. G in modal formcG..,,.0a = (Ac.mods Bemods Cemod, O) is given by

d:mod(t) - Ac,modwmod(t) + Bc,modU'(t)u (262)
y<t> = Cc,modwmod<t); (263)
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Emod(t) (t) &ulin +1] uliy]  ulk]

i'u
B, 11— Ao e

Fig. 2.2: Block diagram of multirate feedforward control with additive decomposition.

where
Ac,mod,l O Bc,mad,l
[ Ac,mod ‘ Bc,mod ‘| _ : , (264)
Cc,mod ‘ (0] (0] Aqmod,nm Bc,mod,nm
Cc,mod,l et Cc,mod,nm o
T
wmod<t) - {wmod,l(t) o Lmod,nm (t):| ; (265)
and the subsystem G modk,, = (Acimod.k, » Bemodtn s Cemod.k,, O) is given by
0 1 (0
l gC,mod,km BC»ng:km 1 = —w,%m —2<kmwkm bkm . (2.66)
c,mod,km, Ck,. 9 ‘ O
T
ot (1) = [Tmodon 0 (1) Tmod k1 (8)] - (2.67)

2.4.2 Multirate feedforward control with additive decomposition

The overview of multirate feedforward control with additive decomposition [41,42] is shown in
Fig. 2.2. The indices p of the selected modes are defined as

= Aknlkn €1,...,nn}, (2.68)
and the order v of the selected modes is defined as
v =2 x number{u}. (2.69)

The permutation matrix for the selected modes is defined as

T, = [Eu] , (2.70)

where E,, and E, consist of standard basis vectors of selected and unselected modes, and the
standard basis vectors of the mode k,,, is defined as

By, = [Onottn1) I Osiann o)) - 2.71)
The model reduction matrix extracting upper v states is defined as
T,=|I, Opiinr)| (2.72)
The system of the selected modes G, is given by

x,(t) = A.x,(t) + B, u(t), (2.73)
y(t) = C.x,(t), (2.74)
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Fig. 2.3: Block diagram of multirate feedforward control with multiplicative decomposition.

where
w#(t) = TuTummod(t)7 (275)
Ac,u = TVTuAc,modTlrlT;l—, (276)
Bc,,u, = TuTuBc,mody (277)
Cc,u - Cc,modTﬂ_lTl:r- (278)

The discrete-time system of G, is given by

k2 _ Ad,u Bd,u
Gy, =SG.,H= l Ci.| O |’ (2.79)
and the N (< v) samples lifted system of G, is given by
2N 1 _ | Ay | Ba,
Qd,p, - ENGd7“£N = [ Cdu Ddu ] (280)

Note that the number of lifting samples is N = v in SISO systems but it is not the case in MIMO
systems, see [44]. By inverting the state equation of G ,,, the input u generated by the multirate
feedforward controller with additive decomposition is given by

ulk] = L3 (B #ulin + 1] — By Ag,&ulin])
= »CNlEd,u(I — 2z Ad,u)"ﬁu[iN + 1], (2.81)

where &,[in] = SNT, T, &moa(t). The generated feedforward input w provides perfect state
tracking for every N sample for the states corresponding to the selected modes .

Note that although perfect state tracking for selected states does not guarantee perfect output
tracking, it can provide better intersample performance because the desired state trajectory is
generated by the model with full states, and the reference sampling frequency for selected v states
becomes higher to 1/N§ where N < v < n.

2.4.3 Multirate feedforward control with multiplicative decomposition

The overview of multirate feedforward control with multlphcatlve decomposition [43] is shown
in Fig. 2.3. The one-sample forward shifted system Gd mod = (Ad mods B, ‘mods Cd ‘mods Dd mod.)
of the discrete-time system in modal form Gd,mod = (Admod, Bamods Camod, O) = SGemodH
from w[k] to y[k + 1] is given by

[ Ad,mod ‘ Bd,mod ‘| _ [ Ad,mOd ‘ Bd,mod (282)

Cd,mod ‘ Dd,mod Cd,modAd,mod ‘ Cd,modBd,mod
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When v states corresponding to the modes . are selected,
(2.83)

I O, x(n—
II=S v vx(n 1/)‘| S—l
lo(n—y)xu O(n—u)

is defined with full rank S = [V VX}, where V' € R and V,, € R %) are a column
space of an invariant subspace of A = Admod and A, = Ad,mod - Bdﬁmodﬁ;;()déd’mod that
correspond to the poles of G, and the zeros of G',. Then the state-space realizations are given

|

|

|

by
z Ad mod ]-_-[Bd mod-ﬁg1 d 1
Gt = : : Ao\ 2.84
d [ Cd,mod ‘ I ( )
z Ad mod ‘ Bd mod 1
G, = : : ) 2.85
! Cd,mod(I - H) ‘ Dd,mod ( )
Let the permutation matrix 7}, be such that
[ Amr O er
T(Gors, T,) = A, | O |, (2.86)
L Cmr Cmrr ‘ I
[ Amr O BST‘T’
T<G8Tf7 11;4) = Asr B,, . (2.87)
L (0] Csr ‘ Dsr
G, with states x,,,. and G, with states x,, are given by
z Amr er
G = c. 1 1 ; (2.88)
z AS’I" BST‘
G, = [ C. D (2.89)

The product of the system H; = (A;, By,C4, D) and Hy = (As, By, Cy, D,) is generally

defined as
A1 31C2 B1D2

H1H2 == 0 AQ BQ
Cl DICQ ‘ D1D2

The state transformation matrix 7, is given by
-1
I X
Tms = v s
[Oux(n—u) I(n—l/)]

where X € R"*("%) is the solution of the Sylvester equation

AmrX - XAsr = erCsr-

(2.90)

(2.91)

(2.92)
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éms = (Amsa Bmsa Cmsa d) = 7’(GNd,moda TmsTu> = Gersr is giVen by

A D, Am'r’ Bm'rCsr erd
[gm Bgﬁ]_ o A, | B, | (2.93)
e Cmr Csr ‘ D

The N (< v) samples lifted system of G, is given by

Amr Emr
C 0 ] (2.94)

—mnr

ZN
er - £NGTI’L’I’£]_\71 — [

Note that the number of lifting samples is N = v in SISO systems but it is not the case in
MIMO systems, see [44]. By inverting the state equation of G,,,., the reference for the single-rate
inversion 7, is given by
Tsr[k] = ﬁ]_\fl (Ec?,:nr'fi’.mr [iN + 1] - E;inréd,mrimf [@N])
=Ly By, (I —2"NAy ) &mein + 1], (2.95)

=d,mr

where &, [in] = SNT, Ts T, Emoq(t). Then, the input v generated by the multirate feedforward
controller with multiplicative decomposition is given by

ulk] = Glr [k, (2.96)

where

Gl =

sr

_ -1 -1
[ Asr Bersr Csr ‘ Ber ] . (297)

-D_!C,, | D!

Note that the one-sample backward shifted system of G, is given by
Ams Bms
Gms — T(Gd,modmisTu) — [ Cms 0 ‘|

Amr er CST' er D
-

D;. D

Ams ‘ Bms

= — o A
oo Ci, D;,C,

o Amr ‘ er AST ‘ BST
|G |DL || Ch| D |

(2.98)

where D D = O and the output is given by
ylk] = C}, @, k] + D, C: x|k (2.99)

It shows that the approach provides perfect output tracking for every N sample with D} = O
because the multirate inversion provides perfect state tracking of x,,, for every N sample. If
the system is decomposed as D}, # O, there is no perfect output tracking because perfect state
tracking of x,, is not guaranteed. Therefore, V' and V., should be selected such that D} == O.
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Table 2.1: Comparison of 8 approaches. 7 is the reference sampling time. G, and G, are
the continuous-time model for the multirate and single-rate inversion. Intersample performance
is evaluated by the Root Mean Square of the tracking error egyis = RMS(e(t)) with the sampling
time 0/20 = 0.5ms. The evaluations are conducted by the simulation of G, without feedback
control, G without feedback control, and G with feedback control, and by the experiment.

Case | Line Approach T | Gemr G.sr | G.wloFB G wlo FB | G with FB Experiment
1 — Single-rate ) - G, 9862nm | 16811nm | 17642nm | 27152nm
2 — Multirate 40 G, - 5174nm | 11646nm | 12406 nm | 15027 nm
3 — Additive 20 G - 8199nm | 12176nm | 13397nm | 17210nm
4 Additive 20 Gy - >1mm >1mm - -
5 — | Multiplicative | 26 | Ny/Dy | No/Ds | 9309nm | 11280nm | 12510nm | 22579 nm
6 — | Multiplicative | 26 | No/D; | N1/Ds | 8559nm | 14547 nm - -
7 -- | Multiplicative | 26 | N1/Dy | No/Dy | 9309nm | 11280 nm - -
8 -- | Multiplicative | 26 | No/Dy | N1/D; | 8559nm | 14 547 nm - -

2.5 Application to multi-modal motion system

In this section, the intersample performance of the perfect tracking control approaches is validated
in a multi-modal motion system. The intersample performance is evaluated in both frequency
domain and time domain. The nominal and robust performance is verified in the simulation
using the model without and with modeling error. The experimental validation is conducted with
feedback controller.

2.5.1 Conditions

The validation is conducted in a single-input single-output multi-modal motion system in Fig. 2.4.
The frequency response of the controlled system is shown in Fig. 2.5. For the verification of the
modeling error, the high-order continuous-time model G is given by

244 1.1

G
) = o 2 2% 0,024 % (27 x 30)s + (27 x 30)2
.\ —2.44 . ~1.1
242 x 0.038 x (27 x 89)s + (27 x 89)2 ' 52+ 2 x 0.07 x (27 x 207)s + (27 x 297)?
= Gl(S) + GQ(S) + G3(S) + G4<8). (2100)

For the controller design, a low-order continuous-time model G. is given by

2.44 1.1
Gc = G G —=
(8) = Gals) + Cals) = =+ 550004 x (2 x 30)s + (27 x 30)2
_3.54 y §°+2x0.02 x (2m x 25)s + (2m x 25)>  Ny(s) y Ny(s)
82 T 5242 %x0.024 x (2m x 30)s + (27 x 30)2  Di(s)  Ds(s)’

(2.101)

The controller is designed by the low-order continuous-time model G, and the continuous-time
performance is verified by the simulation in the low-order continuous-time model GG. without
modeling error and the high-order continuous-time model G with modeling error. The verification
is conducted in both frequency domain and time domain. The sampling time of the controller is
9 = 10 ms. The intersample performance is evaluated in the sampling time /20 = 0.5 ms. The
compared 8 approaches are shown in Table 2.1.
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Fig. 2.4: High-precision positioning stage with input current v [A] generating force with linear
motor and output displacement y [m] measured by linear encoder with 1 nm resolution.
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Fig. 2.5: Bode diagram of the controlled system: frequency response data (—), a high-order
continuous-time model G (—), a low-order continuous-time model GG. (—), and a low-order
discrete-time model for controller design G4 (—). Vertical lines (----) and (—) show Nyquist
frequency 1/24 and sampling frequency 1/4, respectively.
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2.5.2 Frequency domain verification

In frequency domain verification, the intersample performance is verified by the performance
frequency gain |E,| [47-49] in the simulation that is the steady state continuous-time tracking
error normalized by the step sine wave reference and is defined as

RMS(ejw(t))

1B (jw)| = RMS(riu (1))

(2.102)

where 7, (t) can only contain a single frequency at each frequency and the intersample perfor-
mance is evaluated in the sampling time §/20 = 0.5 ms.

The performance frequency gain of the continuous-time tracking error in G, without modeling
error is shown in Fig. 2.6. It shows that Case 5 = Case 7 and Case 6 = Case 8 in the performance
frequency gain. It is because the discretization only affects the dynamics of zeros, and the choice
of the pole does not affect the performance. Case 4 makes a large error for the whole frequency
range because it cannot compensate for rigid body dynamics. The approaches like Case 1, Case
6, and Case 8 that cannot compensate for oscillating poles of the feedforward controller due to
discretization make large errors around Nyquist frequency. In low frequency, | E,| is smaller in
order of Case 1 < Case 5 = Case 7 < Case 2 < Case 3. From these analyses, Case 2 with
multirate feedforward control for full-state tracking provides the best performance in steady state,
and Case 2, Case 3, Case 5, and Case 7 are preferable approaches.

The performance frequency gain of the continuous-time tracking error in G with modeling
error is shown in Fig. 2.7. There is the same trend around Nyquist frequency compared to the
simulation in GG, without modeling error. In low frequency, | E,| is around the same performance
in all approaches except Case 4. It is because the controller cannot compensate for the low-
frequency compliance of the unmodeled high-frequency dynamics.

2.5.3 Time domain verification

In the time domain verification, the intersample performance is verified by the continuous-time
tracking error in the simulation for the continuous-time reference trajectory shown in Fig. 2.8.
The intersample performance is evaluated by Root Mean Square error egys = RMS(e(t)) in
Table 2.1 with the sampling time 6/20 = 0.5 ms.

The time series error e(t) in G, without modeling error is shown in Fig. 2.9. The result
shows that Case 2 achieves the best performance because there is no modeling error between the
controller and the controlled system and perfect tracking for all states provides smooth intersample
behavior.

The time series error e(¢) in G with modeling error is shown in Fig. 2.10. The result shows that
Case 5 and Case 7 achieve the best performance because the control input contains relatively low-
frequency components compared to Case 2, and it does not excite the resonances of the unmodeled
dynamics. The performance of Case 1, Case 6, and Case 8 is getting worse in G because
the oscillating feedforward input due to discretization excites the unmodeled high-frequency
dynamics. From these analyses, multirate feedforward control with mode decomposition can
provide better intersample performance in transient response than that of multirate feedforward
control for full-state tracking.
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Fig. 2.6: Performance frequency gain of the continuous-time tracking error in G.. Vertical lines
(----) and (—) show Nyquist frequency 1/24 and sampling frequency 1/4, respectively.
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Fig. 2.7: Performance frequency gain of the continuous-time tracking error in G. Vertical lines
(----) and (—) show Nyquist frequency 1/24 and sampling frequency 1/4, respectively.
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Fig. 2.8: Continuous-time 4" order polynomial trajectory reference 7(¢) and its derivatives. (),
(0), and (x) show sampling points every 9, 29, and 49.
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Fig. 2.9: Error e(t) in the simulation of G, with sampling time /20 = 0.5ms. (), (0), and (x)
show sampling point every ¢, 29, and 40.
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Fig. 2.10: Error e(t) in the simulation of G with sampling time 6/20 = 0.5ms. (), (¢), and (x)
show sampling point every ¢, 29, and 40.
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Fig. 2.11: Block diagram of the experimental validation. GG, G4, K, S and ‘H denote a controlled
system, a low-order discrete-time model for controller design, a feedback controller, sampler and
zero-order-hold, respectively.

2.5.4 Experimental validation

From the result of the simulation verification, the experimental validation is conducted in Case 1,
Case 2, Case 3, and Case 5 as shown in Table 2.1 with the same reference that is shown in Fig. 2.8.
The overview of the experimental validation is shown in Fig. 2.11. A feedback controller K is
used for stabilization and compensation for low-frequency modeling errors in the experimental
validation. For the feedback controller, the PD controller is designed as 5 Hz bandwidth and 6 dB
modulus margin. The simulation with the feedback controller and the quantization of the linear
encoder is also conducted for the validation of the experimental results.

The time series error e(t) in the experiment is shown in Fig. 2.12. The result has a similar
trend to the simulation in G with feedback control. Note that due to experimental conditions such
as model mismatches, the exact on-sample tracking is not provided. The intersample performance
is evaluated by Root Mean Square error egys = RMS(e(t)) in Table 2.1 with the sampling time
0/20 = 0.5ms. It shows that Case 2 with multirate feedforward control for full-state tracking
provides the best performance in simulation and experiment with feedback control. The amplitude
spectrum of error e(t) in the experiment is shown in Fig. 2.13. The result shows that Case 1 and
Case 5 which contain single-rate filters have a large error in over sampling frequency because the
frequency components of the feedforward input over sampling frequency excite the unmodeled
high-frequency dynamics.

2.6 Conclusion

In this chapter, perfect tracking control approaches are described focusing on intersample per-
formance in multi-modal motion systems. The model of the multi-modal motion system is
decomposed into combinations of the states that can be selected for the perfect tracking control.
The simulation verification and experimental validation in a multi-modal motion system show
that state tracking should be used to compensate for the oscillating poles of the feedforward
controller due to discretization. In summary, the feedforward controller to improve intersample
performance should be designed with the following conditions.

» State tracking approach can compensate for oscillating poles of the feedforward controller
due to discretization when the relative degree of the model is more than 2.

* For steady-state performance without modeling error, multirate feedforward control for
full-state tracking provides the best performance.
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Fig. 2.12: Error e(t) in the experiment with sampling time 6 /20 = 0.5 ms. The solid black line
shows that in the simulation of G with feedback control.
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Fig.2.13: Amplitude spectrum of error e(?) in the experiment with sampling time §,/20 = 0.5 ms.
The solid black line shows that in the simulation of G with feedback control. Vertical lines (----)
and (—) show Nyquist frequency 1/20 and sampling frequency 1/, respectively.

» Multirate feedforward control with mode decomposition can provide the best intersample
performance in transient response depending on the frequency components of the reference
and the unmodeled dynamics of the controlled system.

Ongoing research focuses on the optimal mode selection depending on the reference signal in
higher-order motion systems.



Chapter 3

MIMO Multirate Feedforward Control
with Generalized Controllability Indices

Inversion-based feedforward control is a basic method of tracking controls. The aim of this chapter
is to design MIMO multirate feedforward controller that improves continuous-time tracking
performance in MIMO LTI systems considering not only on-sample but also intersample behavior.
Several types of MIMO multirate feedforward controllers are designed and evaluated in terms of
the 2-norm of the control inputs. The approach is compared with a conventional MIMO single-
rate feedforward controller in simulations. The interaction compensation is compared with a
conventional SISO multirate feedforward controller in experiments. The approach improves the
intersample behavior through the optimal selection of input multiplicities with MIMO multirate
system inversion.

3.1 Introduction

Inversion-based feedforward controllers play an important role in the tracking control of many
high-precision mechatronic systems, such as wafer and LCD scanners, and industrial robots
[50]. For the demands of high-performance, high-speed, and flexible tasks, many high-precision
mechatronic systems have multiple degree-of-freedoms and are multi-input multi-output (MIMO)
systems.

Many high-precision mechatronic systems are usually controlled by single-input single-output
(SISO) controllers under the assumption that they are mechanically decoupled, and coupling prob-
lems between each axis can be ignored. Several high-precision mechatronic systems with severe
coupling problem between each axis, such as a 6-degree-of-freedom high-precision positioning
stage, are controlled with MIMO controllers, such as SISO controllers with a continuous-time pre-
compensator [51], feedforward input shaping approach [52], and feedforward /., approach [53].
However, these continuous-time controllers are usually discretized by Tustin transform for digital
implementation. Therefore, the effect of discretization by sampler and zero-order-hold is not
strictly considered and perfect tracking control cannot be achieved for a discrete-time model.

In high-precision positioning systems with multiple actuators and sensors, such as a 6-degree-
of-freedom high-precision positioning stage, it is common that the number of actuators and
sensors are imaginarily converted by coordinate transformation to the same number of degrees of
freedom of motion [51]. In this framework, this chapter mainly focuses on MIMO linear-time-
invariant (LTI) systems with an equal number of inputs and outputs. For the tracking control
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of MIMO LTI systems, MIMO feedforward controllers are needed to achieve good tracking
performance by considering the coupling problems and redundancy of MIMO LTI systems.

The continuous-time inversion-based approaches such as [54-56] can be used for continuous-
time systems. However, practical tracking controllers are often implemented by digital systems
for large flexibility and low-cost [15]. Therefore, the tracking control is conducted with digital
control and has some limitations attributed to discretization. The main problem of the inversion-
based feedforward controllers is the unstable discretized zeros, which are out of the unit circle on
the 2 plane, of the controlled system discretized by a sampler and a holder. The inversion-based
feedforward controllers are designed by the inverse of controlled systems and they have unstable
poles due to the unstable zeros of the controlled systems.

To overcome the discretized unstable zero problems, several approximated inverse approaches
are presented in the single-rate feedforward control, such as nonminimum-phase zeros ignore
(NPZI) [57], zero phase error tracking control (ZPETC) [35] and zero magnitude error tracking
controller (ZMETC) method [58]. However, these methods cannot achieve the exact tracking at
sampling points because of the approximation.

An exact inverse approach, discrete-time stable inversion [39], is presented, but this method
cannot cope with the discretized zeros around z = —1 that become oscillating poles of the
inversion-based feedforward controllers [59, 60]. It is noted that these single-rate feedforward
control approaches can be extended to MIMO LTI systems [61,62]. FIR filter tuning with a
gradient approximation-based algorithm is presented for decoupling control of MIMO systems
with a discrete-time controller [63]. However, this approach uses an optimization in the algorithm
and it is not suitable when many kinds of references are used.

Based on these approaches in the single-rate feedforward control, a multirate control approach
is presented [20]. Compared with the single-rate system, the multirate system has all zeros at
z = 0. Therefore, the multirate feedforward controller has all poles at z = 0, and exact on-sample
tracking can be achieved, and intersample behavior is also improved.

Although several multirate control approaches have been developed, the optimal design for
redundancy of the multiple inputs in MIMO systems is not presented. Previous researches show
that the multirate feedforward control approach can be extended from the SISO LTI systems to
the MIMO LTI systems [48]. MIMO multirate feedforward controller is effective to reject cross-
coupling effects compared with the basic pre-compensator approach [64]. The MIMO multirate
feedforward controller can be designed for several kinds because of the redundancy of MIMO
LTI systems and multirate sampling periods. In this chapter, a procedure of designing an optimal
MIMO multirate feedforward controller is presented.

The main contributions of this chapter are as follows.

Contribution 3.1 : The redundancy of multiple inputs in MIMO systems is optimized by evaluating
the control input for the normalized state vector.

Contribution 3.2 : The performance improvement of the MIMO multirate feedforward controller
considering the sampled-data dynamics is demonstrated by the comparison between the MIMO
single-rate feedforward controller.

Contribution 3.3 : The performance improvement of the MIMO multirate feedforward controller
considering the interaction compensation is demonstrated by the comparison between the SISO
multirate feedforward controller.

The outline is as follows. In Section 3.2, the problem of tracking with digital control is
formulated. In Section 3.3, the conventional MIMO single-rate feedforward control approach and
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r(t) 7k — ulk] — u() (t) _ e()
ot

Fig. 3.1: Block diagram of tracking control. The continuous-time system G is controlled by the
discrete-time controller F' with sampler S and zero-order-hold H. The objective is to minimize
the continuous-time error e(t).

its limitations are presented before introducing the proposed method. In Section 3.4, the proposed
MIMO multirate feedforward control approach is presented. In Section 3.5, the advantages of
the approach in the continuous-time tracking performance are demonstrated by application to
a MIMO motion system in the simulation. In Section 3.6, the advantages of the approach in
the interaction compensation are demonstrated by application to a MIMO motion system in the
experiment. In Section 3.7, the conclusion of this chapter is presented.

3.2 Problem formulation

In this section, the control problem is formulated. The overview of tracking control is shown in
Fig. 3.1.

3.2.1 Definition of multi-input multi-output system

The state equation and the output equation of an m-input m-output n'" order continuous-time
linear time-invariant system G are given by

z(t) = Acx(t) + Bou(t), (3.1)
y(t) = C.x(t), (3.2)
T
Bc - [bq e bcm:| ) Cc - |:Cc1 e ccm} 5

where the state variables are z(t) € R"*!, inputs are u(t) € R™*!, outputs are y(¢) € R™*!, and
the matrices are A, € R™", B, € R™™_ and C. € R™*", this chapter mainly focuses on the
MIMO LTI systems that have the same number of inputs and outputs. This is a natural assumption
for mechatronic systems to achieve both state controllability and hardware cost reduction.

3.2.2 Discretization and sampling periods

The discrete-time system G; discretized by sampler and zero-order-hold with G and the gener-
alized sampling period 0 is given by

xzlk + 1] = Agz[k] + Byul[k], (3.3)
ylk] = Cyx[k], (3.4)

where k € Z. Ay, By, and C,; are given by

1)
A=A B, — / ATB.dr, C,=C.,. 3.5)
0
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In the discrete-time system, three sampling periods exist, 7;., T;,, and T;,, which represent the
sampling periods of a reference r(t), an output y(t), and a control input u(t), respectively. Three
sampling periods 7T}, T,, and T;, are the same in the single-rate system and are different in the
multirate system.

3.2.3 Perfect tracking control and intersample behavior

In the problem of tracking control, the discrete-time controller F' should be designed as G, F' = I,
where G, = SG_.H ,at every sampling point and achieves perfect tracking control.
The perfect tracking control is defined as follows [35].

Definition 3.1 : The perfect tracking control is defined as a method with which the plant output
perfectly tracks the desired trajectory with zero tracking error at every sampling point.

It is important that the perfect tracking control only guarantees the tracking error on the
discrete-time sampling points, but not in the continuous-time. In the problem of tracking control,
the objective is to minimize the continuous-time error e(t). Therefore, not only on-sample
tracking error but also intersample tracking error should be considered in the design of the
discrete-time controller F'.

3.2.4 Problem description

In this chapter, the feedforward controller is designed with respect to the following requirements.

Requirement 3.1 : The redundancy of the multiple inputs should be optimized in designing the
MIMO multirate feedforward controller.

Requirement 3.2 : The sampled-data characteristics of the system discretized by sampler and
zero-order-hold should be considered to improve the continuous-time tracking performance.

Requirement 3.3 : The coupling dynamics of the MIMO system should be compensated by the
MIMO feedforward controller design.

For comparison, two types of discrete-time controllers are described in this chapter, the first
is a single-rate feedforward controller and the second is a multirate feedforward controller.

3.3 Single-rate feedforward control for multi-input multi-output
system

The single-rate system G, discretized by sampler and zero-order-hold with GG, and the sampling
period 0 = T, is given by

xlk + 1] = Ayx[k] + B,ulk], (3.6)

y[k] = Cy[k]. (3.7)

From the state-space representation of the single-rate system G, control inputs wus¢[k] of the
single-rate feedforward controller Fy, for the reference of the desired output trajectory are given
by

uff[k] = FSTT[]{ + 1}, (3.8)
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where F, is given by

» _ | A~ B/(CB,)'CA,| B(C.B)""
o _(CSBS)_lcSAS ‘ (CSBS)_I

(3.9

There is exact tracking of the desired output trajectory 7 at every sample in the systems with the
single feedforward control.

However, the single-rate feedforward controller has a problem. It is known that a single-rate
system discretized by sampler and zero-order-hold has discretized zeros depending on the relative
degree of the continuous-time system [19]. The discretized zeros appear around z = —1 on the
real axis on the z plane. The single-rate feedforward controller is designed as the inverse of the
single-rate system, and the zeros of the single-rate system become the poles of the single-rate
feedforward controller. When the pole of the system is around z = —1 of the z plane, the system
becomes oscillated or diverged. Therefore, the single-rate feedforward controller has the problem
that the generated control inputs may be oscillated or diverged. If the single-rate feedforward
controller £, has unstable poles, a stable inversion approach or an approximated inverse approach
1s used, see details in [39, 62].

On the other hand, the multirate feedforward controller is designed so that all poles are at
z = 0 and the generated control inputs are not oscillated or diverged. In this chapter, a MIMO
multirate feedforward controller is proposed to make the continuous-time error smaller than that
of a MIMO single-rate feedforward controller.

3.4 Multirate feedforward control for multi-input multi-output
system

In this section, the design method of the MIMO multirate feedforward controller is proposed for
the tracking control of MIMO LTI systems. The multirate feedforward control has an advantage
of intersample behavior compared with the single-rate feedforward control [39].

3.4.1 Design of input matrix from generalized controllability indices

The generalized controllability indices are defined as follows [48].

Definition 3.2 : The generalized controllability indices of A. € R and B. = [b.y, -+ , bem] €
R™™ are defined as

{bcla e 7me7 Acbch e 7ACme7 e >AZ_1bcm}-

If (A, B,) is a controllable pair, n linearly independent vectors be selected from the he gener-
alized controllability indices.

The generalized controllability indices are the sets of the input multiplicities o;.
The input multiplicities o; is defined as follows [48].

Definition 3.3 : Input multiplicities o, are defined as the number of the input which comes from
the same input in the same frame period TY.
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Setting ¢ as a set of n vectors selected from the generalized controllability indices, o; and N
are defined by

o; = number{k|A*'b,; € ©}, (3.10)
N = max(0y), (3.11)

where [ € N is the index of the inputs. The plant order n is equal to the sum of the input
multiplicities o; as

Zal =n. (3.12)
1=1

In MIMO LTI systems, n vectors are selected from the generalized controllability indices, and the
full row rank matrix B can be designed for almost all discretized sampling periods!. Therefore,
several types of multirate systems are designed according to the selection of input multiplicities.

From the selection of input multiplicities, 7,,, which is the sampling period of /th input v, is
defined by

N
T, = —T.. (3.13)

a1

It is noted that the sampling period 7, is the smallest value of 7,,,.
A sampling period 7' is defined as the frame period which is the largest value between 7.,
T,, and T,,. In this chapter, the frame period 7 of the multirate system is defined by

T; =T, = NT, = NT,. (3.14)

The multirate system G discretized by sampler and zero-order-hold with G and the sampling
period § = T, is given by

x[i + 1] = Azli] + Buli], (3.15)
' ], (3.16)

A = ATy, (3.17)
szl ”.&$ (3.18)
C=_cC., (3.19)
;m:am) (3.20)
uli] = [wl] - wlil]’

u i) o i) ug,li] - Umam[i]r> (3.21)

IThis is possible because the controllability of a continuous-time system is not preserved in the discrete system
only if the two poles n; and 7; have the same real parts, and the discretizing sampling period T satisfies n; =
n; + j% (k = £1,42,...); furthermore, it is limited to only several cases [65].
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Fig. 3.2: MIMO multirate input control.

and B, A, and b, are defined as
B = [A77'b, A3, - Aub, by, (3.22)

Ty
A, = ATa b = / " eATh, dr. (3.23)
0
The input matrix B in a multirate system is designed by the generalized controllability indices
depending on the input multiplicities 0;. It becomes a nonsingular square matrix because of the
definition of the generalized controllability indices. The state and input of the multirate system
are shown in Fig. 3.2. Note that the numerical condition of the MIMO multirate system is also

improved compared with that of the SISO multirate system in the same order of the model because
the maximum number of lifting samples is reduced.

3.4.2 Controller design and control input generation

From the state equation of the multirate system (3.15), control inputs w¢[i] of the multirate
feedforward controller F},, for the reference of the desired state trajectory are given by

uysli] = Fpp2li + 1], (3.24)
where F),,, and 2" is given by

F, =B ' I-2"A)

o I
_ l S A B ] , (3.25)
N = (e )N = estr. (3.26)

There is exact tracking of the desired state trajectory & at every N sample in the model with the
multirate feedforward control. It is noted that all poles of the multirate feedforward controller
F,,,. are z = 0 because the state matrix of F},,. is O, and smooth control input is generated
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2(t+1T,) @[i+1] uyyi] uys[k] ulk] u(t) y(t)
— S BT - N A) e

G,[z]

S
T,

Fig. 3.3: Block diagram of MIMO multirate feedforward control. S, H, and £ denote sampler,
zero-order-hold, and lifting operator [15], respectively.

compared with the single-rate feedforward controller Fy,.. For the details of the desired state
trajectory generation, see [40,45]. A block diagram of the control system is shown in Fig. 3.3. £
is a discrete-time lifting operator [15]. £~! outputs the elements of the Nth dimensional vector
ws¢[i], which are inputs at every period 77, in the order from 1 to o; by 7},,.

3.4.3 Optimal selection of input multiplicities

Several types of multirate feedforward controllers can be designed depending on the multirate
system G with the selection of input multiplicities 0;. There is exact tracking of the desired
state trajectory & at every N sample in the systems with all kinds of multirate feedforward
controllers [64]. However, the control inputs and intersample behavior are different depending on
the multirate system G'. For the application of high-precision positioning control in mechatronic
systems, continuous-time tracking error is preferred to be small, and also control input « should
be smaller because of the limitation of mechatronic systems. An approach of designing the
optimal MIMO multirate feedforward controller is proposed to make 2-norm of control inputs
smaller in the rest of this section.

From the state equation of a multirate system (3.15), the part in which the control input w
affects to the state x is given by

Buli] = x[i + 1] — Ax]i]. (3.27)

In the multirate feedforward control, there is exact tracking of the state «[i] and «[i + 1|. The
difference of the state v|i] is defined as

oli] = xfi + 1] — Azli], (3.28)
and the control input w/[i] is represented as
uli] = B~ v[i]. (3.29)
The square of the 2-norm of the control input ||u|i]||3 = u? + - - - + u?2 is given by
lulillz = v"[i)(B~)" B ], (3.30)

and ||u[i]||5 becomes a quadratic form of v|[i.
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For the normalization of the difference of the state, v|:] is defined as the unit sphere:
[l = vf + -+ vy = L. (3.31)

According to the relationship between the range of a quadratic form with the unit sphere and
eigenvalues [66], the range of ||u[:]||3 is given by

Mo <l €M A S Aoy <00 < M), (3.32)

where )\; is the eigenvalue of (B~1)TB~!. )\, which is the eigenvalue of BB, is the reciprocal
of \; as

1
Aci = 17 3.33
. (3:33)
and the range of ||u|i]||3 given by
1 P |
cn cl

o.i, which is the singular value of the input matrix B is the square root of \.; as
Uci(B> = /\CZ‘(BBT), (335)

and the range of 2-norm of the control input ||w[é]||2 is given by

< Jlufi]]; <

cn cl

(Ucl S 0c2 S e S Ucn)- (336)

If 2-norm of the control input ||w[é]||2 is too large, it is not suitable for the limitation of the
mechatronic systems. Making the upper bound of the 2-norm of control input ||u[i]||> smaller
is equal making the smallest singular value 0.1 (B) larger. From this consideration, the input
multiplicity is selected so that the smallest singular value o (B) becomes the largest. Therefore,
the optimal design of the MIMO multirate feedforward controller to make the maximum value of
2-norm of control inputs smaller is proposed. Note that this analysis is based on the normalized
state vector and the physical meaning of the states depends on the estate-space representation.
The input and output scaling and the state-space realization should be selected properly so that
the normalized state vector represents the state values of the reference sets. The MIMO multirate
feedforward controller cannot specify the band of the continuous-time error because it only
guarantees the exact tracking of the desired state trajectory & at every frame period 7% in the
model, but the intersample behavior becomes smoothly connected between the discrete sampling
points in continuous time with the control inputs of the optimally designed controller. The
analysis of the bound of the continuous-time error is an open issue.

3.4.4 Example of intersample behavior in different sets of input multiplic-
ities

The optimal design of the MIMO multirate feedforward controller is validated with the example

of a numerical simulation.
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Fig. 3.4: Desired output trajectory 7(t) = [ry(t) ro(t)]T: they are 7" order polynomials, respec-
tively.
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Fig. 3.5: Examples of multirate inputs. Two inputs u; and w5 are generated according to the input
multiplicities (o1, 02). A control input with 0 input multiplicity is not in use.

The continuous-time system G is defined as the transfer function matrix (3.37).

1
G.(s) =— - - - 5 -
(3) 56 4 889555 4 3.979 x 1075 4 2.428 x 10953 + 9.099 x 101252 4 4.382 x 10'3s + 24

4.702 x 101052 4 2.294 x 10Ms + 5.477 x 10" 1.387 x 10%s% 4 1.233 x 10'%s + 5.477 x 10" (3 37)
5.477 x 10%° 1220s* +1.085 x 107s% + 4.835 x 101052 4 1.462 x 10'%s + 5.477 x 10" :

The reference of the desired output trajectory 7 is given by 7*" order polynomials which change
from O to 1 in Os to 0.4 ms for each output. The sampling period of the control input is set to
T, = 0.4ms. For the design of MIMO multirate feedforward controller, seven types of sets of
input multiplicities are selected as

(01,02) = (0,6), (1,5), (2,4), (3,3), (4,2), (5, 1), (6,0). (3.38)

The examples of multirate inputs are shown in Fig. 3.5.

The smallest singular value 0., (B) and the simulation results are shown in Table 3.1. From
the procedure of designing the optimal MIMO multirate feedforward controller, the set of input
multiplicities in which the smallest singular value o, (B) is the largest is the optimal set of input
multiplicities for the controlled system. The advantage of this procedure is that the optimal MIMO
multirate feedforward controller is designed without numerical simulations. When the order of
the system is high or the number of inputs and outputs is large, the number of the set of input
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Table 3.1: 0., (B), the smallest singular value of B, and root mean square and maximum absolute
value of control inputs u and tracking errors e depending on sets of input multiplicities (o7, 03).

(01,02) H e (B) H RMS(uy) ‘ MAX(|uy]) ‘ RMS(us) ‘ MAX(|uszl) H RMS(ey) ‘ MAX(|es]) ‘ RMS(ez) ‘ MAX(|eq|)
(0,6) [ 1.86 x 107 ][ 0.00 x 10 | 0.00 x 10° [ 9.81 x 10%* [ 2.27 x 10% [[ 4.48 x 107°1 [ 9.94 x 107°1 [ 7.34 x 10%° [ 1.53 x 10!
(1,5) || 6.77 x 10713 || 5.54 x 10712 | 7.83 x 107! | 1.71 x 10% | 4.27 x 10% || 4.01 x 107°" | 9.88 x 107°' | 9.30 x 10%° | 2.47 x 10
(2,4) || 8.09 x 10797 || 2.24 x 10710 | 5.01 x 107'° | 3.95 x 10% | 8.37 x 10% || 3.28 x 107" | 9.70 x 107° | 1.40 x 10°" | 3.67 x 10!
(3,3) || 4.70 x 10797 || 4.70 x 10% | 1.48 x 10™ | 6.72 x 10% | 1.73 x 10% || 2.26 x 107°" | 8.50 x 107°" | 4.01 x 10°* | 1.28 x 10
(4,2) [ 1.54 x 10777 || 2.06 x 107 | 4.78 x 10°° | 8.12 x 10" | 1.29 x 10% || 2.77 x 107°1 [ 9.20 x 107°F | 3.09 x 10~°' | 8.99 x 107!
(5,1) [[5.70 x 107°7 || 5.84 x 10 | 1.51 x 10° | 2.27 x 10% | 3.21 x 10% || 3.44 x 10°" | 1.01 x 10°% | 7.66 x 10~°F | 1.70 x 10
(6,0) || 1.01 x 107% || 3.44 x 10 | 7.45x 10% | 0.00 x 10°° | 0.00 x 10% || 1.05 x 10°* | 2.58 x 10°* | 4.11 x 107°* | 9.96 x 10~

multiplicities becomes enormous. Therefore, testing all sets with several references in numerical
simulations spends a large amount of time, and the proposed design procedure is effective.

The validity of the procedure can be confirmed from the root mean square and the maximum
absolute value of control inputs w and tracking errors e in Table 3.1. The trend is that control
inputs w and tracking errors e become small when the smallest singular value 0., (B) is large.
From Table 3.1, the optimal MIMO multirate feedforward controller is designed with the set of
input multiplicities (o1, 02) = (4,2) which makes the smallest singular value o, (B) largest, and
the root mean square of tracking errors e are the smallest in all sets.

In summary, the proposed procedure is validated, and the optimal MIMO multirate feedfor-
ward controller can be designed with the set of input multiplicities which makes the smallest
singular value o, (B) largest, without spending time on numerical simulations.

3.5 Comparison for intersample behavior analysis

In this section, the tracking performance considering the intersample behavior of the optimal
MIMO multirate feedforward controller is verified compared with that of a MIMO single-rate
feedforward controller.

3.5.1 Modeling

The approach is validated on the two-inertia system motor bench shown in Fig. 3.6(a). The
two-inertia system motor bench has two motors on the left and right side and two motors are
connected by the flexible shaft as shown in Fig. 3.6(b). The two-inertia system motor bench is used
for theoretical and applicability validation. The two-inertia system motor bench has 20 bit /rev
optical encoder for both sides which is enough high resolution for high-precision mechatronic
systems.

In this chapter, the two-inertia system motor bench is modeled as a two-input two-output 4%
order system. The block diagram of the system is shown in Fig. 3.7. The two inputs u are the
left and right side torque, 7; and 7,., and the outputs y are the left and right side angle, ; and 6,,
respectively.

The Bode diagram of a frequency response function measurement of the system is shown in
Fig. 3.8. The measurement is obtained through the identification experiment with a multisine
input [67] from 1 Hz to 1250 Hz, and a sampling frequency is 2500 Hz. From the frequency
response function measurement, the parameters of the two-inertia system motor bench are given
as shown in Table 3.2 and the identified continuous-time system G is given by the state-space
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Tl 0[ 0,« Ty
Left Side Right Side
(a) Photograph of two-inertia system motor bench. (b) Model of two-inertia system.

Fig. 3.6: Details of two-inertia system motor bench. In this chapter, the two-inertia system motor
bench is modeled as a two-input two-output system. The two inputs are left side torque 7; and
right side torque 7., respectively. The two outputs are left side angle 6; and right side angle 6,.,
respectively.

1
Jrs24+D,.s

1
Ji1s2+Dys

Fig. 3.7: Block diagram of two-inertia system.

Table 3.2: Parameters of two-inertia system motor bench.

J; | 8.40 x 10~*kgm? J. | 820 x 10~*kgm?
D; | 4.00 x 1073 Nms/rad || D, | 4.00 x 1073 Nms/rad
K 95.5 Nm/rad

model with the state equation (3.39) and the output equation (3.40).

)] [0 0 1 0 116, 0 0
dlem|_|o 0o 0o 1 lgm [0 0w
dt ‘?l(t> o —% ? _{])ll 0 Ql(t) + Jil 0 L—r(t)] (339)
) LF o 2flae] [0
o 0(t)
(1)) _[1 0 0 0] [6.(t)
6.(t)] |0 1 0 0] |6i(t) (3.40)
- 6,(t)
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Fig. 3.8: Bode diagram of two-inertia system motor bench. The black line (—) is a frequency re-
sponse function measurement of the system and the magenta line (—) is the identified continuous-
time model.

3.5.2 Conditions

The conventional MIMO single-rate feedforward controller Fy, and the proposed MIMO multirate
feedforward controller F,,, are compared in the tracking control of the continuous-time system
G .. With the proposed procedure, the optimal MIMO multirate feedforward controller is designed
for G with the set of input multiplicities (01, 02) = (2,2) which makes the smallest singular
value 0.1 (B) largest. The poles and zeros of the feedforward controllers F, and F,,,,. are shown
in Fig. 3.9. From Fig. 3.9(a), the conventional MIMO single-rate feedforward controller F, has
one pole around z = —1 which leads to an oscillation, and from Fig. 3.9(b), the proposed MIMO
multirate feedforward controller F},, has all poles on z = 0. The reference of the desired output
trajectory 7 is given by 7'! order polynomials which change from Orad to 0.1 mrad in 0.8 ms
to 2ms for each output. The sampling period of the control input is set to 7, = 0.4 ms. From
these conditions, the reference signal is steep enough compared with 7},. In Fig. 3.3, the feedback
controller is set to C'y, = O in the simulation.
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Fig. 3.9: Poles and zeros of multirate feedforward controller F;,,, and single-rate feedforward
controller F}, with unit circle on 2 plane. (x) and (0) are poles and zeros, respectively.

3.5.3 Simulation results

The simulation results are shown in Fig. 3.10. Fig. 3.10(a) and Fig. 3.10(b) show that the control
inputs of the conventional MIMO single-rate feedforward controller Fy, oscillate and the proposed
MIMO multirate feedforward controller F;,,, generates the smooth control inputs. Fig. 3.10(c)
and Fig. 3.10(d) show that the outputs of the single-rate feedforward controller are oscillated
because of the oscillated control inputs, and the outputs of the multirate feedforward controller
are settled after 2s. Fig. 3.10(e) and Fig. 3.10(f) show that the continuous-time tracking error of
the multirate feedforward controller is smaller than that of the single-rate feedforward controller,
thus the effectiveness proposed method is verified.

MIMO multirate feedforward controller is used in the two-degree-of-freedom robust control
with feedback controllers which reduce modeling error and disturbances. The role of the feed-
forward controller is to compensate for the tracking performance in the two-degree-of-freedom
control scheme, and the simulation validations accurately verify it. In summary, the proposed
optimal MIMO multirate feedforward controller outperforms the conventional MIMO single-rate
feedforward controller in smooth control inputs and continuous-time tracking errors.

3.6 Application to MIMO motion system

In this section, the tracking performance considering the interaction compensation is validated
by comparing the MIMO multirate feedforward controller and the SISO multirate feedforward
controller in each axis.

3.6.1 Modeling

The approach is validated on the six-degrees-of-freedom (DOF) high-precision stage shown in
Fig. 3.11(a). The six-DOF high-precision stage is supported by a six-DOF air-bearing gravity
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Fig. 3.10: Simulation results of multirate feedforward control (—), single-rate feedforward control
(--), and 7'" order polynomial reference (----).

canceller. In the experiment, the dual-input dual-output system with the translation x and the

pitching 0, is considered as shown in Fig. 3.11(b).

In this chapter, the controlled system is modeled as a two-input two-output 4" order system.
The block diagram of the system is shown in Fig. 3.12. The two inputs u are the force and the
torque, f, and 7,, and the outputs y are the translation and pitching, = and 0, respectively. The
multi-input multi-output rigid body mass-damper-spring model structure is given by

de | &(t) [—M—lK —M—lD]

e o
0,(t)
(3.42)
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(a) Photograph of six-DOF high-precision stage. (b) Two-DOF system with translation = and pitching 0.

Fig. 3.11: Details of the six-DOF high-precision stage. In this chapter, the dual-input dual-output
system with the translation = and the pitching 6, is considered.

G
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gi2
4921
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922 —
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Fig. 3.12: Block diagram of the dual-input dual-output system with the translation x and the
pitching 6,,.

where

kll k12

GRQXQ, 3.43
kot koo (3.43)

M — [mn mu] Esz) D — [dn dy2

mo1 Moo day  dao

ER¥? K= [

are mass, damper, and spring coefficient matrices from the equations of motion in the translation
x and the pitching 6, that are given by

m11$(t) + mlgéy(t) + dnac(t) + d129y<t> -+ kn.ﬁli(t) -+ k129y<t) = fm<t>, (344)
mglﬂl(t) + mggéy(t) + d21$<t) -+ d229y<t> -+ kgl.x(t) -+ ]{Z229y<t) = Ty<t). (345)

The Bode diagram of a frequency response function measurement of the system is shown in
Fig. 3.13. The measurement is obtained through the identification experiment with a multisine
input [67] from 1 Hz to 1000 Hz, and a sampling frequency is 2000 Hz. From the frequency
response function measurement in Fig. 3.13, the continuous-time model with MIMO dynamics
G. and without off-diagonal dynamics G, are identified. Note that the off-diagonal elements
of M, D, and K in the continuous-time model without off-diagonal dynamics G’c are zero,
respectively.
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Fig. 3.13: Bode diagram of the dual-input dual-output system with the translation = and the
pitching 0,: the frequency response function measurement of the system (—), the identified
continuous-time model with MIMO dynamics G. (—) and without off-diagonal dynamics G.

(=-).

3.6.2 Conditions

The MIMO multirate feedforward controller based on the continuous-time model with MIMO
dynamics G, and without off-diagonal dynamics G. are compared in the experiment. With the
proposed procedure, the optimal MIMO multirate feedforward controller is designed for G with
the set of input multiplicities (o7, 02) = (2, 2) which makes the smallest singular value o, (B)
largest. The reference of the desired output trajectory 7 is given by 7" order polynomials which
change from O m to 0.1 mm in O's to 20 ms for x and zero constant reference for 6,,. The sampling
period of the control input is set to 7, = 0.2ms. In Fig. 3.3, the feedback controller C'; is
designed as a PID controller with 20 Hz rigid body closed-loop bandwidth for six-DOFs in the
experiment.
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Fig. 3.14: Experimental results of MIMO multirate feedforward controller based on the
continuous-time model with MIMO dynamics G, (—) and without off-diagonal dynamics G,
(--), and the reference (----).

3.6.3 Experimental results

The experimental results are shown in Fig. 3.14. It shows that the error of x is almost the same
in the MIMO multirate feedforward controller based on GG, and G’c because the reference of 0,
is set to Orad for all time and there is not much interaction from 6,to x. However, the error
of 0, is much smaller in the MIMO multirate feedforward controller based G than the MIMO
multirate feedforward controller based on G‘C because the MIMO multirate feedforward controller
based G'. can compensate to the interaction from ¢, to . These results show that the MIMO
multirate feedforward controller based on the continuous-time model with MIMO dynamics G
that without off-diagonal dynamics G., and the MIMO dynamics should be considered in the
feedforward controller design.

3.7 Conclusion

The procedure of the optimal MIMO multirate feedforward controller design is proposed. The
optimal MIMO multirate feedforward controller makes the upper bound of the 2-norm of control
input ||w[i]||2 smaller, and as a result, the continuous-time tracking errors become smaller. The
numerical simulation is conducted for the 6" order system, and the proposed procedure of the
selection of input multiplicities is validated.

The continuous-time tracking errors of the proposed MIMO multirate feedforward controller
F),,. are compared with the conventional MIMO single-rate feedforward controller F, in the
simulation. Depending on the poles of each controller, the conventional single-rate controller
generates oscillated control inputs and the proposed multirate controller generates smooth control
inputs.

The interaction compensation performance is compared with the MIMO multirate feedforward
controller based on the continuous-time model with MIMO dynamics and without off-diagonal
dynamics in the experiment. The experimental results show that the MIMO multirate feedforward
controller based on the continuous-time model with MIMO dynamics outperforms that without
off-diagonal dynamics because of the interaction compensation.

As a result, continuous-time tracking errors of the MIMO multirate controller are better than
that of the MIMO single-rate controller and that of the SISO multirate controller in the MIMO
LTT system.
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Chapter 4

Linearly Parameterized Feedforward
Control with Sampled-Data Differentiator

Sampled-data control requires both on-sample and intersample performance in high-precision
mechatronic systems. The aim is to design a discrete-time linearly parameterized feedforward
controller to improve both on-sample and intersample performance in a multi-modal motion
system. The continuous-time performance is taken into account as state compatibility by a mul-
tirate zero-order-hold differentiator. The developed approach enables the linearly parameterized
feedforward controller design for sampled-data systems with physically intuitive tuning param-
eters. The performance improvement is validated by comparing the developed approach with a
conventional approach using a backward differentiator for a multi-modal motion system.

4.1 Introduction

Feedforward control is essential for reference tracking in industrial high-precision mechatronic
systems such as semiconductor lithography systems [36] and high-speed scanners [68]. The
feedforward controllers are usually implemented in digital hardware, and the parameter of the
feedforward controller is first designed from the model of the controlled system, and secondly
tuned by experimental data. For intuitive tuning of the feedforward controller, it is preferable that
the feedforward controller is represented by the parameters with physical meaning.

The linearly parameterized feedforward control [69] has an advantage because the tuning
process is physically intuitive. Model inversion based feedforward controllers such as zero phase
error tracking control [70] are widely used to improve tracking performance. However, it is
time-consuming to identify the model of the controlled system and hard to tune parameters
manually.

The feedforward controller design for higher-order motion systems has a challenge because of
the model complexity and it results in many non-intuitive parameters in the feedforward controller.
Industrial mechatronic systems are modeled as the dominant rigid mode at a lower frequency
and several flexible modes at a higher frequency due to limited mechanical stiffness [46]. The
feedforward controller can be parameterized in physically intuitive using the modal characteristics.

The sampled-data characteristics should be considered in the feedforward controller design
because of the limitation of the sampling frequency. The feedforward controllers are usually
implemented in discrete time with the sampler and zero-order-hold [15]. Several related studies
using the multirate feedforward control [20] are developed to improve intersample performance



64 Chapter 4. Linearly Parameterized Feedforward Control with Sampled-Data Differentiator

by compensating for the oscillation of the Nyquist frequency.

Although several linearly parameterized feedforward control approaches exist, the on-sample
performance is mainly discussed in conventional approaches and the sampled-data character-
istics with sampler and zero-order-hold are not taken into account. The conventional linearly
parameterized feedforward control is designed by using the backward differentiator [69] and it
is not compatible with the states of the continuous-time motion system. The pre-existing state
tracking approaches for both on-sample and intersample performance [43] need the model of the
controlled system based on the system identification and they are not linearly parameterized in
tuning parameters.

The main contribution of this chapter is the linearly parameterized feedforward control ap-
proach considering sampled-data characteristics to improve both on-sample and intersample
performance in multi-modal motion systems. The contributions include:

Contribution 4.1 : The multirate zero-order-hold differentiator is developed to design the
discrete-time basis functions W|k| that satisfy state compatibility for the continuous-time ref-
erence r(1).

Contribution 4.2 : The linearly parameterized feedforward considering sampled-data charac-
teristics is designed with a multirate zero-order-hold differentiator and both on-sample and
intersample performance improvement is experimentally validated in a multi-modal motion sys-
tem.

The outline is as follows. In Section 4.2, the problem that is considered in this chapter is
formulated. In Section 4.3, the design method of the feedforward controller using the multirate
zero-order-hold differentiator is developed, constituting Contribution 4.1. In Section 4.4, the
tracking performance of the approach is compared with that of the multirate feedforward in the
simulation. In Section 4.5, the advantage of the approach is demonstrated in the experiment
with a multi-modal motion system, constituting Contribution 4.2. In Section 4.6, conclusions are
presented.

4.2 Problem formulation

In this section, the problem to improve continuous-time tracking performance is formulated. First,
the requirements in this chapter are described. Second, the reference tracking problem is defined
in intersample performance. Third, the low-order feedforward control approach is investigated
for reference tracking in a multi-modal motion system. Fourth, the low-order feedforward control
approach is implemented in discrete-time. Finally, the problem in the conventional approach is
described.

4.2.1 Problem description
In this chapter, the feedforward controller is designed with respect to the following requirements:

Requirement 4.1 : The feedforward controller is linearly parameterized with physical parameters
for intuitive tuning.

Requirement 4.2 : The sampled-data characteristics with
sampler and zero-order-hold are considered in the feedforward controller design.
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y F(G) wg s (K] ;

Fig. 4.1: Tracking control diagram. The continuous-time system G is controlled by the feedfor-
ward controller F'(6) and the discrete-time feedback controller X with sampler S and zero-order-
hold H. The objective is to minimize the continuous-time error e(¢). The solid and dotted lines
denote the continuous-time and discrete-time signals, respectively.

Requirement 4.3 : The designed feedforward controller can be applied to multi-modal motion
systems.

To improve both on-sample and intersample performance, the main problem in the feedforward
control with acceleration and snap is the discrete-time basis function design that is compatible
with the continuous-time reference r(¢) considering sampled-data characteristics.

4.2.2 Reference tracking for intersample performance

The considered tracking control configuration is shown in Fig. 4.1, with reference r(t) € R,
control input u(t) € R, and output y(¢) € R. The continuous-time linear time-invariant system
G(s) is controlled by the sampled-data controller that consists of feedforward controller F(6),
feedback controller K'[z], sampler S, and zero-order-hold H, where sampler and zero-order-hold
are defined as follows.

Definition 4.1 (Sampler) : The sampler S with sampling time T is defined as
S:r(t) —rlk], rlk] =rkTs). 4.1)

Definition 4.2 (Zero-order-hold) : The zero-order-hold H
with sampling time T is defined as

H:ulk] — u(t), wkTs+7)=ulk], 7=10Ts). 4.2)

The control objective in this chapter is to minimize the continuous-time error e(t). Tradition-
ally, the conventional discrete-time controller only focuses on the on-sample performance with
the discrete-time error e[k]. To improve the continuous-time error e(t), not only on-sample but
also intersample performance should be considered.

4.2.3 Low-order feedforward for multi-modal motion system

The goal of the feedforward controller design is to extend the rigid mode behavior over a frequency
range as high as possible. Note that the controlled system and the controllers are assumed to be
the continuous-time system only in this subsection.
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Industrial mechatronic systems consist of the dominant rigid mode at a lower frequency and
several flexible modes at a higher frequency due to limited mechanical stiffness. The continuous-
time single-input single-output multi-modal motion system is defined as

1 el k;
Gc = 5 - )
(5) ms? ; m(s? 4+ 2Cw;s + w?)

4.3)

where m is the total mass of the system, ny; is the number of the flexible modes. The resonance
frequency, the damping coeflicient, and the mode gain at the i mode are w;, (;, and k; € {—1,1},
respectively.

To compensate for not only the rigid mode but also the flexible modes, the traditional acceler-
ation feedforward is extended with the additional snap feedforward [71] and the ideal feedforward
controller F*(s) is defined as

F*(s) = ms®> 4+ D*(s)s", (4.4)

where D*(s) is the coefficient of the snap feedforward.
The objective of the feedforward F*(s) is to minimize the closed-loop error given by

e(s) = S(s)r(s) — S(s)Ge(s) F"(s)r(s), (4.5)
where S(s) denotes the sensitivity function and is defined as
S(s) = (14 Ge(s)K(s))™". (4.6)

It results in F*(s) = G '(s) and D*(s) is given by
D*(s) = G_l(s)—4 —m—. 4.7

Assuming the reference trajectory in the mechatronic systems mainly contains low-frequency
components, the low-frequency contribution of the snap feedforward is given by

1 1
s * 1 —1 -
D =1y D*(s) =l (6 () = o 3

¢ 52
n
-—m Zzill k; Hj;éi wjz'

= TR (4.8)
Finally, the low-order feedforward controller with acceleration and snap is given by
F(s) = ms*+ Ds*, (4.9)

where m and D are the tuning parameters in acceleration and snap.

4.2.4 Feedforward implementation with basis functions

The feedforward controller design method is discussed above in continuous time. However, the
controllers are implemented to digital hardware in discrete time. As a result, the continuous-time
differentiator % used in the feedforward controller is conventionally replaced by £ which consists
of the discrete-time differentiator and sampler S.
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Fig. 4.2: Linearly parameterized feedforward with acceleration and snap.

The linearly parameterized feedforward with acceleration and snap is shown in Fig. 4.2. The
feedforward controller (@) from the continuous-time reference 7(t) to design the discrete-time
feedforward input u;[k] is defined as

s

F(0) = [¢ ¢ lga] , (4.10)

-
where 6 = [Ha «95} are the tuning parameters in acceleration and snap.
Finally, the discrete-time feedforward input u¢[k| with acceleration and snap is given by

usslk] = FO)r(0) = w140 = [mle] wle] |77 @1

where W[k] = {Wa[l@] Ws[k]} = [52 54} r(t) are the discrete-time basis functions that are
correlated to the acceleration and snap of the continuous-time reference r(t), respectively.

4.2.5 Acceleration snap feedforward using backward differentiator

In the conventional approach [69], the discrete-time basis functions are designed by the continuous-
time reference r(t) and the backward differentiator that is defined as follows.

Definition 4.3 (Backward differentiator) : The n'® order backward differentiator &', is given by

n

1—2z7t n
- 228 (n : even)

T

fi?d = -1\ " -1 )
1 — Z 1 —|— z n+1 )
< T, ) 5 % S (n:odd)

(4.12)

where z is the discrete-time shift operator with sampling time Ty defined as z"r[k] = r[k + n].
23 denotes the phase compensation. When n is odd, the phase compensation consists of the half
sample shift 2% that is a combination of one sample shift and the first order approximation of
averaging the current and previous value [69].

The basis function design in acceleration and snap with backward differentiator is shown in
Fig. 4.3 and the basis functions are given by

Wyalk] = [ffd fgd} r(t)

(1 —Tj‘1>2 ar[k] (1 _Tj_1>4z2r[k]] , @13)
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el e o) b

Fig. 4.3: Basis functions of acceleration and snap with a backward differentiator. The solid and
dotted lines denote the continuous-time and discrete-time signals, respectively.

where r[k] = Sr(t).
Finally, the discrete-time feedforward input u;[k] with backward differentiator is given by

Uff[k] = Wbd[k]e, (414)

where 0 = [Ha QS}T is the tuning parameter.

Although the on-sample performance is mainly discussed in the conventional approach using
the backward differentiator, the sampled-data characteristics with sampler and zero-order-hold
are not taken into account.

4.3 Structured feedforward using multirate zero-order-hold
differentiator

In this section, the linearly parameterized feedforward controller design method considering
sampled-data characteristics is presented. The improvement of both on-sample and intersample
performance is based on the state compatibility in a sampled-data system with zero-order-hold
and integrator. The basis functions are designed by the multirate zero-order-hold differentiator.
The approach is applied to the low-order feedforward controller design with acceleration and snap
for multi-modal motion systems. It results in Contribution 4.1.

4.3.1 State compatibility in integrator with zero-order-hold

The continuous-time differentiator % used in the feedforward controller should be replaced by
the sampled-data differentiator £ defined as follows.

Definition 4.4 (Sampled-data differentiator) : The n'" order sampled-data differentiator £" with
sampling time Ty is the conversion from the continuous-time signal r(t) to the discrete-time signal
W, (k] that is correlated to the n*™® order derivative of r(t) and defined as

U, [k] = &"r(t). (4.15)

In the n samples lifted system, the exact state tracking can be achieved in every n sample
using such as a minimum-time dead-beat control [72] and multirate feedforward control [20]. In
such cases, the states in every n sample are given by the multirate sampler defined as follows.

Definition 4.5 (Multirate sampler) : The multirate sampler S,, in every n sample with sampling
time T is defined as

Spr(t) = rliy],  rlin] = r(knTy). (4.16)
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The state-space representation of the continuous-time n'" order integrator in the controllable
canonical form is given by

01 0 0[0]
0 0
I\" S Anc bnc o
<3> _an_lcm 0 ] 0 0 I 17
00 0 0|1
1T 0 00 ]

where A,,. € R™" b,, € R™!, and ¢,. € R*". To improve both on-sample and intersample
performance in sampled-data systems with zero-order-hold and integrator, the basis functions
used in the linearly parameterized feedforward controller should satisfy the state compatibility
defined as follows.

Definition 4.6 (State compatibility) : The discrete-time signal W, [k] correlated to the ' order
derivative signal of the continuous-time signal r(t) satisfies state compatibility if the output
through the system consisted of the continuous-time (n — m)™ order integrator Hy—m) and
zero-order-hold H is equal to the continuous-time m'™ order derivative signal of r(t) in every n
sample sampled by multirate sampler S,, and defined as

dm

Sn (1) = SaH iy HWn [H], (4.18)

where m =0,1,...,n — 1.

4.3.2 Multirate zero-order-hold differentiator for intersample performance

To improve the intersample performance in the discrete-time system, not only the output but also
the states of the reference trajectory are considered. The multirate zero-order-hold differentiator
is designed by the inverse of the continuous-time integrator discretized by sampler and zero-
order-hold to satisfy the state compatibility. In this chapter, it is assumed that the continuous-time
reference r(t) is C" ! class and differentiable at least n — 1 times.

To satisfy the n states compatibility in n every sample, the lifted signal is considered using
the lifted operator defined as follows.

Definition 4.7 (Lifting operator) : The lifting operator L,, in every n sample is defined as
Lo : ulk] v uliy), (4.19)
where

ulin] = [ulnia] wlnio+1] - ufni, +(n—1)]]" €R". (4.20)

The n sample lifted system is defined as follows.

Definition 4.8 (Lifted system) : Consider a discrete-time
system Hy = Cy(zI — Ad)_le + Dy. The relation between the input and the output in the n
sample lifted system of H, is given by

ylin] = Loy[k] = (LoHal ") (Loulk]) = Hgulin], (4.21)
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where
-
ylia] = [ylnin] ylnin +1] - yinin + (n- D))" € R", (4.22)
and the lifted system H ; is defined as
z" -1 _ | £&2d | =4
Hy 2 CoHaLy = [Cd Dd]
[ A" A By A *By; -+ A4B; By ]
C, D, [9) e . [9)
CiA, CiB, D, :
= : : . (4.23)
CdAg_2 CdAg_sBd CdAZ_4Bd Dd (0
. C,AV | C,A?’B, C,AY By -+ CyB; Dy |

Considering the states in discrete-time, the n'® order integrator discretized by sampler and
zero-order-hold is given by

z _ And bnd
Hnd - SanH - [ Crd 0 ‘|
eAncTs A;CI(eAncTs _ I)bnc
- l o 5 : (4.24)

To design the inverse of the continuous-time integrator discretized by sampler and zero-order-
hold, the n sample lifted n'® order integrator is given by

H,y = LoHpl = lﬁ@énj gnj ] , (4.25)

and in state-space representation defined as

Tplin + 1] = A, g0 [in] + B, qulin) (4.26)
where
Zalin] = [2olin] @1lin] - walin]] R (4.28)

Satisfying the state compatibility, the relationship between the reference and the states is given
by

Tolin] = @nlin, (4.29)
where
. d dnfl T
i =St & S
:[ro[in] rilin] o rn_l[in]}TeRn. (4.30)

From the discussions above, the multirate zero-order-hold differentiator is given as follows.
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Fig. 4.4: Basis functions of acceleration and snap using multirate zero-order-hold differentiator.
The solid line denotes the continuous-time signal. The dotted, high-frequency dashed and low-
frequency dashed lines denote the discrete-time signal sampled by 75, 27, and 475, respectively.

Theorem 4.1 (Multirate zero-order-hold differentiator) : From (4.26) and (4.29), considering the
inverse of the continuous-time n'" order integrator discretized by sampler and zero-order-hold
using the multirate feedforward control [20], the n** order multirate zero-order-hold differentiator
that satisfies the state compatibility is given by
g d dr177
n =L B ("I, —A,)S. |1 — .. — | .
a( a) i =,

Proof. See Definition 4.6 and [20]. 0

(4.31)

4.3.3 Acceleration snap feedforward using multirate zero-order-hold dif-
ferentiator

To design the feedforward controller with acceleration and snap, the lifted systems of the double
integrator and the 4*® integrator discretized by zero-order-hold are given by

2 A, | B
Hyy = LoSH HLG = |52 Qd] , 4.32
LL 94 2 2 2 [ di QQd ( )
4 A, | B
H, = Lo SH G HL = |52 —=4d ] , 4.33
L4 4d 4 4 4 [ Q4d Q4d ( )

where the continuous-time double integrator H,. and 4'" integrator H,, are represented in con-
trollable canonical form, respectively.

The basis function design using multirate zero-order-hold differentiator is shown in Fig. 4.4
and the basis functions are given by

Clk] = [, Ghe] 7(0)

_ _ _or. T
_ L, 1E2d1 (22I2 - A2d>r2[l2] (4.34)
L' By (24 — Ay)Talia]| '

Finally, the discrete-time feedforward input u¢[k] using the multirate zero-order-hold differ-
entiator is given by

uypslk] = W K]0, (4.35)

T
where 0 = [Ha 93} is the tuning parameter.
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4.4 Comparison with multirate feedforward control

In this section, the comparison between the linearly parameterized feedforward (LPFF) and the
multirate feedforward (MRFF) [20] is conducted via simulations in a mass-damper-spring motion
system and a mass-spring-mass motion system.

4.4.1 Conditions

The continuous-time reference r(¢) is the 4'" order polynomial trajectory shown in Fig. 4.5. The
sampling time of the discrete-time controller is 7y = 5 ms. The continuous-time output y(¢) is
obtained by higher sampling frequency in every 0.5 ms only for evaluation of the continuous-time
error e(t). The continuous-time error e(¢) is compared using the linearly parameterized feed-
forward with model parameters, the linearly parameterized feedforward with tuning min||e[£]||2,
and the multirate feedforward with model parameters. The simulation is conducted in an open
loop without a feedback controller.

4.4.2 Controller design for mass-damper-spring motion system

The model G5 of the mass-damper-spring motion system is given by
1
ms2 + bs + k’
wherem =4 x 1074, b =8 x 1072, and k = 4.
In the linearly parameterized feedforward, the basis functions are given by
Wik =1 &, &,]r), (4.37)

and the tuning parameters are given by

Ga(s) = (4.36)

o=k b m| . (4.38)

The multirate feedforward provides perfect state tracking at every 2 sample for the second
order model.

4.4.3 Controller design for mass-spring-mass motion system

The model G4 of the mass-spring-mass motion system is given by

1
Gy(s) = , (4.39)
%s‘l + (my + mg)s?
where m; = my = 2 x 10~ and k = 20.

In the linearly parameterized feedforward, the basis functions are given by
Wik = [, &h]r), (4.40)

and the tuning parameters are given by

mimes T

k

The multirate feedforward provides perfect state tracking at every 4 sample for the 4" order
model.
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e(t) [rad]

Fig. 4.6: Simulation results of tracking error e(¢) in mass-damper-spring motion system Go
using linearly parameterized feedforward with model parameters (—), linearly parameterized
feedforward with tuning min||e[k]||2 (—), multirate feedforward with model parameters (—). (?)
and (o) show sampling point every 7 and 275.
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Fig. 4.7: Simulation results of tracking error e(t) in mass-spring-mass motion system G4 using
linearly parameterized feedforward with model parameters (—), linearly parameterized feedfor-
ward with tuning min||e[k]||2 (—), multirate feedforward with model parameters (—). (-) and (o)
show sampling point every 7 and 47.

4.4.4 Comparison

The tracking errors of simulations in the mass-damper-spring motion system are shown in Fig. 4.6.
It shows that the linearly parameterized feedforward with the model parameter makes a large
error at constant velocity regions because of the mismatch between the feedforward model
and the discretized model of the controlled system. After tuning as min||e[k]||2, the linearly
parameterized feedforward provides a smaller error than that of the multirate feedforward.

The tracking errors of simulations in the mass-damper-spring motion system are shown
in Fig. 4.7. 1t shows that the linearly parameterized feedforward with the model parameter
makes a large oscillating error because of the mismatch of the resonance frequency between the
feedforward model and the discretized model of the controlled system. The large oscillating error
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Table 4.1: Root Mean Square error RMS(e(¢)) in simulation.

RMS(e(t)) [rad] | Go | e
LPFF with model parameters | 1.78 x 10! | 4.14 x 1073
LPFF with tuning min||e[k]|]2 | 2.20 x 1073 | 8.35 x 1074
MRFF with model parameters | 1.81 x 1073 | 4.65 x 10~*

Fig. 4.8: Experimental setup of a two-inertia system connected via a flexible shaft. The motor
on the left side is used as an input v and the encoder on the right side is used as an output v,
respectively.

is improved in the linearly parameterized feedforward with tuning as min||e[k]||o-

The Root Mean Square (RMS) of the tracking errors in simulations is shown in Table 4.1. It
shows that the tracking error of the linearly parameterized feedforward with tuning as min||e[k]||-
is around the same scale as that of the multirate feedforward. As aresult, the linearly parameterized
feedforward can provide around the same performance as the multirate feedforward through a
tuning process using the experimental data.

4.5 Application to multi-modal motion system

In this section, the approach in Section 4.3 is applied to a multi-modal motion system. The
experimental results demonstrate performance improvement in both rigid and flexible modes. It
results in Contribution 4.2.

4.5.1 Setup

The experimental setup of the two-inertia system is shown in Fig. 4.8. The system is modeled as
the multi-modal representation and given by

GC(S) = Grb(8> + Gfl(s) (442)

-1y K (4.43)

ms?  m(s?+ 20ws + w?)’

where m = 0.0004, k = —1, ¢ = 0.01, and w = 27 x 54 rad/s.

The frequency response data, the continuous-time model (., and the discrete-time model G4
are shown in Fig. 4.9. Note that these models are not directly used for the feedforward controller
design but only used for the physical analysis.
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Fig. 4.9: Bode diagram of experimental setup: frequency response data (—), continuous-time
model G, (—), and discrete-time model G; (—). Nyquist frequency is shown in a black dotted
line (----).

4.5.2 Conditions

The continuous-time reference r(t) is the 4" order polynomial trajectory shown in Fig. 4.5. The
sampling time of the discrete-time controller is 75 = 5 ms. The continuous-time output y(t) is
obtained by higher sampling frequency in every 0.25 ms only for evaluation of the continuous-
time error e(t). The approach using the multirate zero-order-hold differentiator &, is compared
to that using the backward differentiator &,;. The feedforward controller with acceleration and
snap is used in the experiment. The same viscous friction compensation with the basis function
i[k] = S$r(t) is used in each method. The tuning parameters are optimized by the norm-optimal
iterative learning control with several iterative experiments [73].

4.5.3 Experimental validation

The continuous-time error e(t) in the experimental result is shown in Fig. 4.10. The tracking
performance using the multirate zero-order-hold differentiator is improved in two points compared
to that using the backward differentiator. First, the acceleration feedforward compensates for rigid
dynamics correctly and the error during acceleration and deacceleration periods of the reference
becomes smaller. Second, the snap feedforward compensates flexible dynamics correctly and
the error because of the mechanical resonance becomes smaller. The results demonstrate that
the feedforward using the multirate zero-order-hold differentiator outperforms that using the
backward differentiator in both rigid and flexible modes.
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e(t) [rad]

Fig. 4.10: Tracking error e(t) in experiment with ¥ = [, ¥,, W,]: using backward differentiator
(—) and multirate zero-order-hold differentiator (—). The feedforward using the multirate zero-
order-hold differentiator outperforms that using the backward differentiator in both rigid and
flexible modes.

4.6 Conclusion

The low-order feedforward control approach considering the sampled-data characteristics is
developed to improve both on-sample and intersample performance for reference tracking in
multi-modal motion systems. The feedforward controller is linearly parameterized and the basis
functions are designed using the multirate zero-order-hold differentiator for the state compatibility
to the continuous-time reference. Application to the multi-modal motion system demonstrates a
significant improvement in tracking performance compared to the conventional approach in the
experiment. Ongoing research focuses on learning the tuning parameters from the experimental
data, rational basis functions considering the sampled-data characteristics, and extension to the
multi-input multi-output systems.
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Chapter 5

Iterative Learning Control with MIMO
Sampled-Data Basis Functions

Increasing performance requirements in high-precision motion systems lead to a situation where
both multivariable and sampled-data implementation aspects need to be addressed. The aim
is to develop a design framework for a multi-input multi-output feedforward controller to im-
prove continuous-time tracking performance through learning. The sampled-data feedforward
controller is designed with physically interpretable parameters using a multirate zero-order-hold
differentiator. The developed approach enables interaction compensation for multi-input multi-
output systems and the feedforward parameters are updated through learning. The performance
improvement is experimentally validated in a multi-input multi-output motion system compared
to a conventional diagonal feedforward controller.

5.1 Introduction

Feedforward control is essential in increasing performance requirements for motion control
in industrial mechatronic systems such as semiconductor lithography systems [63, 74], wire
bonders [37], machine tools [38, 75], printers [50], atomic force microscopies [76], magnetic
bearings [77], and industrial robots [78]. Iterative learning control (ILC) is one of the algorithms
to update the feedforward controller by the error data of the previous iteration, and the error
is reduced through each iteration. It is beneficial that the feedforward controller consists of
physically intuitive parameters to enable manual tuning in an industrial implementing process
after learning from experimental data.

Sampled-data feedforward control improves the continuous-time tracking performance of
high-precision motion systems where the sampling frequency is not sufficiently high compared
to the motion profile [15]. In industrial control applications, the controlled system is discretized
by sampler and zero-order-hold and these characteristics should be considered in feedforward
controller design to improve not only on-sample but also intersample performance. State tracking
feedforward control [20,43] and ILC [79] with multirate inversion can improve the continuous-
time tracking performance in sampled-data systems. These controllers enable on-sample state
tracking and it leads to physically natural intersample behavior.

Physical interpretability and intuitive tuning of the feedforward controller are achieved by
physical analysis of the model structure for the controlled system [80,81]. From these analyses,
the feedforward controller can be parameterized with tuning parameters and basis functions [69].
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Basis functions typically consist of a reference signal and its derivatives [69] and nonlinear
functions such as friction compensation [38]. This structure enables low-complexity parameteri-
zation and tuning parameters can have a physical meaning depending on the structure of the basis
functions.

Although important contributions have been made to improve the performance and intuitive-
ness of feedforward control, the sampled-data characteristics with sampler and zero-order-hold
are not taken into account in the basis function design, and the structure of multi-input multi-
output (MIMO) feedforward control is not discussed in the context of intuitive tuning and leaning
from experimental data. The aim of this chapter is to design the MIMO feedforward controller to
improve the continuous-time tracking performance through learning. Compared to conventional
approaches, the developed basis function design considers the sampled-data characteristics. In
this chapter, the feedforward controller is parameterized with basis functions for MIMO mo-
tion systems and it enables physical interpretation of the feedforward controller parameters and
analytic solution of data-driven parameter tuning.

The main contribution of this chapter is fixed-structure feedforward considering sampled-data
characteristics and interactions in MIMO motion systems. The contributions include:

Contribution 5.1 : Discrete-time basis functions are designed for continuous-time reference
considering sampled-data characteristics.

Contribution 5.2 : ILC with basis functions is formulated considering the dynamics and inter-
action of MIMO motion systems.

Contribution 5.3 : The developed approach is experimentally validated in a MIMO motion
system.

The outline is as follows. In Section 5.2, the problem that is considered in this chapter is
formulated. In Section 5.3, the basis function design considering continuous-time performance is
described, constituting Contribution 5.1. In Section 5.4, ILC with basis functions is formulated in
MIMO motion systems, constituting Contribution 5.2. In Section 5.5, the performance improve-
ment with interaction compensation is experimentally validated, constituting Contribution 5.3.
In Section 5.6, conclusions are presented.

5.2 Problem formulation

In this section, the problem to improve continuous-time tracking performance in MIMO motion
systems is formulated. First, the reference tracking problem is defined in continuous time. Second,
interaction compensation is investigated for reference tracking in MIMO motion systems. Finally,
the problems in this chapter are described.

5.2.1 Continuous-time performance in sampled-data control

The considered tracking control configuration in a n,,-input n,,-output continuous-time linear time-
invariant system G is shown in Fig. 5.1, with reference r(¢t) € R™, control input u(t) € R™,
and output y(t) € R"v.

The system is controlled by the sampled-data controller that consists of feedforward controller
F(0), feedback controller K, sampler S, and zero-order-hold 7, where sampler and zero-order-
hold are defined as follows.
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Fig. 5.1: Tracking control diagram. The continuous-time system G is controlled by the feed-
forward controller F'(6) and the discrete-time feedback controller K with sampler S and zero-
order-hold #. The objective is to minimize the continuous-time error e(t). The solid and dotted
lines denote the continuous-time and discrete-time signals, respectively.

Definition 5.1 (Sampler) : The sampler S with sampling time T is defined as
S:r(t)—rk], rlk]l=rkTs). (5.1)
Definition 5.2 (Zero-order-hold) : The zero-order-hold H with sampling time Ty is defined as
H:ulk] — u(t), wkls+7)=ulk], 7=10Ts). (5.2)

The control objective in this chapter is to minimize the continuous-time error e(t). Tradition-
ally, the conventional discrete-time controller only focuses on the on-sample performance with
the discrete-time error e[k]. To improve the continuous-time error e(t), not only on-sample but
also intersample performance should be considered.

5.2.2 Decoupling control for interaction compensation

In the motion control of MIMO motion systems, the static decoupling is applied by the input
decoupling matrix T, and the output decoupling matrix T,. The decoupled system T,GT,
should be square and diagonally dominant. In many cases, the single-input single-output (SISO)
controller is designed after the static decoupling. Even if the system is statically decoupled, the
off-diagonal terms still remain and it results in interaction between inputs and outputs [63].

In this chapter, the feedforward controller is designed considering both diagonal and off-
diagonal dynamics to compensate for interaction through learning from data with less modeling
effort of the MIMO motion system.

5.2.3 Problem description

In this chapter, the controller design problem is with respect to the following requirements:

Requirement 5.1 : The sampled-data characteristic should be considered in the discrete-time
basis functions to improve continuous-time performance.

Requirement 5.2 : The basis functions should be parameterized with physically interpretable
parameters considering the dynamics and interaction of MIMO motion systems.

Requirement 5.1 is dealt with in Section 5.3 and it results in Contribution 5.1. Requirement 5.2
is dealt with in Section 5.4 and it results in Contribution 5.2.
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5.3 Basis function design using multirate zero-order-hold dif-
ferentiator

In this section, the basis function design using a sampled-data differentiator is presented. First,
the conventional approach using a backward differentiator is analyzed in sampled-data control.
Second, the idea of state compatibility is defined to improve intersample performance. Third, the
multirate zero-order-hold differentiator is developed to design the sampled-data basis functions
that satisfy state compatibility. Finally, continuous-time performance improvement is shown in a
single-mass motion system example. It results in Contribution 5.1.

5.3.1 Challenge in sampled-data basis function design

The continuous-time feedforward controller can be parameterized using the reference signals
r and its derivatives. It results in the combination with the tuning parameters € and the
continuous-time basis functions that consist of a continuous-time differentiator %. For example,
the continuous-time acceleration feedforward controller F'(f) can be designed for a single-mass
motion system G(s) = —5 as F(f) = 9%. In this example, the basis function is ¥ = g—;r(t)
and the tuning parameter is 6 = m. However, in industrial mechatronic systems, the motion
controllers are typically implemented in discrete time. Therefore, to design the discrete-time
basis function ¥, the continuous-time differentiator % should be replaced by the sampled-data

differentiator £ defined as follows.

Definition 5.3 (Sampled-data differentiator) : The n'" order sampled-data differentiator £ with
sampling time Ty is the conversion from the continuous-time signal r(t) to the discrete-time signal
W, (k] that is compatible with the n'" order derivative of r(t) and defined as

k] = € (t). (5.3)

In the conventional approach [69], the discrete-time basis functions are designed by the
continuous-time reference r(¢) and the backward differentiator defined as follows.

Definition 5.4 (Backward differentiator) : The n'® order backward differentiator £, is given by

1 - -1 " n
TZ 228 (n : even)
gbd = 1— Z_l n 1+ Z—l "+18 ( dd) ) (54)
2 .
Ts 5 zZ n:o

where z is the discrete-time shift operator with sampling time T defined as z"r[k] = r[k + n).
22 denotes the phase compensation. When n is odd, the phase compensation consists of the half
sample shift 2% that is a combination of one sample shift and the first order approximation of
averaging the current and previous value [69].

The backward differentiator does not take into account the effects of sampler and zero-order-
hold, the performance deteriorates when the sampling frequency is not sufficiently high.
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5.3.2 State compatibility for intersample performance

The sampled-data characteristics can be taken into account by the state tracking control framework
[20,43,79]. In the n samples lifted system, the exact state tracking can be achieved in every n
sample using such as a minimum-time dead-beat control [72] and multirate feedforward control
[20]. In such cases, the states in every n sample are given by the multirate sampler defined as
follows.

Definition 5.5 (Multirate sampler) : The multirate sampler S,, in every n sample with sampling
time T is defined as

Spir(t) = rlin),  rlin] = r(i,nTy). (5.5)

The state-space representation of the continuous-time n'" order integrator in the controllable
canonical form is given by

[0 1 0 0]0]
0 0
1n S Anc bnc _
<3> :H"C:lcm 0 ]_ 0 0 10|’ (>6)
0 0 0 0|1
1 0 00 ]

where A,,. € R™" b,, € R"!, and ¢,. € R*". To improve both on-sample and intersample
performance in sampled-data systems with zero-order-hold and integrators, the basis functions
should satisfy the state compatibility defined as follows.

Definition 5.6 (State compatibility) : The discrete-time signal W, [k|, which is compatible with
the n'® order derivative signal of the continuous-time signal r(t), satisfies state compatibility if
the output through the system, that consists of the continuous-time (n — m)"™ order integrator
H(y—m)c and zero-order-hold H, is equal to the continuous-time m™ order derivative signal of
r(t) in every n sample sampled by multirate sampler S,, and defined as

dm

Sndtimr(t) = SnH(n_m)c’HLDn[k], (5.7)

wherem =0,1,...,n— 1.

The sampled-data differentiator that satisfies the state compatibility should be designed to
enable the feedforward parameterization with basis functions to improve continuous-time perfor-
mance.

5.3.3 Multirate zero-order-hold differentiator with state compatibility

To improve the intersample performance in the discrete-time system, not only the output but also
the states of the reference trajectory are considered. The multirate zero-order-hold differentiator is
designed by the inverse of the continuous-time integrator discretized by sampler and zero-order-
hold to satisfy the state compatibility. In this chapter, the reference is assumed to be sufficiently
smooth and satisfies the following assumption:
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Assumption 5.1 (Smoothness of reference) : The continuous-time reference r(t) for n states
tracking is C"* class and differentiable at least n — 1 times.

To satisfy the n states compatibility in every n sample, the lifted signal is considered using
the lifting operator defined as follows.

Definition 5.7 (Lifting operator) : The lifting operator L,, in every n sample is defined as
L, ulk] — uliy], (5.8)
where

ufin] = [ulnia] ulnin +1] - ulni, + (n—1)]] € R (5.9)

The n samples lifted system is defined as follows.

Definition 5.8 (Lifted system) : Consider a discrete-time
system Hy = Cy(zI — Ay)"'By + Dy. The relation between the input and the output in the n
samples lifted system of H, is given by

Ylin] = Loylk] = (L HaLy')(Loulk]) = Hgulin), (5.10)
where
. ) . T
Ylin) = [y[mn] ynin, +1] -+ y[ni, + (n — 1)]} € R, (5.11)
and the lifted system H ; is defined as
z" -1 _ | £&2d | =4
- | Al B
[ AL An'B; A" B; -+ A4B; By
C, D, [9) . .. [9)
CdAd CdBd Dd :
= . : . (5.12)
CdAZ_2 CdAg_SBd CdAZ_4Bd Dd 0]
. C,AV' | C,A’B, C,AY By -+ CyB; Dy |

Considering the states in discrete-time, the n'" order integrator discretized by sampler and
zero-order-hold is given by

And bnd
Cnd 0

(5.13)

Hnd = SanH = [
l eAnTe | A1 (eAnTe _ [, 1

Cne ‘ 0

To design the inverse of the n'" order integrator discretized by sampler and zero-order-hold,
the n samples lifted system is given by

" _ A B
H,, = L, Hyul,' = l E"Z B"Z ] , (5.14)
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VK]

Fig. 5.2: Block diagram of basis function design using multirate zero-order-hold differentiator.
The dotted and dashed lines denote the discrete-time signal sampled by 7§ and nT5, respectively.

and in state-space representation defined as

T [in + 1] = A, g, [in] + B, qulin) (5.15)
Ylin] = Craylin] + D, quliy] (5.16)

where
Zalia] = [wolia] @ilin] - waslin]] € R (5.17)

Satisfying the state compatibility, the relationship between the reference and the states is given
by

Flin] = Zalin], (5.18)
where
. d 177
Fulin] = Sn [1 R dtn_l} r(t)
= [rolia] 7lin] - Tacalin)] €R™ (5.19)

From the discussions above, the multirate zero-order-hold differentiator is given as follows.

Theorem 5.1 (Multirate zero-order-hold differentiator) : From (5.15) and (5.18), considering the
inverse of the state equation in the continuous-time n'® order integrator discretized by sampler
and zero-order-hold using the multirate feedforward control [20], the n'™ order multirate zero-
order-hold differentiator £, that satisfies the state compatibility is given by

d dnfl T
T 3
Proof. See Definition 5.6 and [20]. 0

& =L'B (2", — A,)S, |1 (5.20)

The basis function design procedure using multirate zero-order-hold differentiator is shown
in Fig. 5.2.

5.3.4 Example in continuous-time performance improvement

The continuous-time performance improvement can be shown clearly in a single-mass motion
system example. The controlled system is given as G(s) = % where m = 1kg is the mass of
the rigid body. The reference is the fourth order polynomial trajectory as shown at the top of
Fig. 5.3. The sampling time is set to 7; = 10 ms.

The center of Fig. 5.3 shows control inputs with the acceleration feedforward using the back-
ward differentiator u[k] = m&Z,r(t) [N] and that using the multirate zero-order-hold differentiator
ulk] = mé&g,r(t) [N].
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Fig. 5.3: Simulation results of the open-loop tracking in a single-mass motion system with
acceleration feedforward using the backward differentiator (—) and that using the multirate zero-
order-hold differentiator (—). Top: fourth order reference (—). Center: control inputs and a
continuous-time acceleration profile (—). Bottom: tracking errors. The multirate zero-order-hold
differentiator considers the sampled-data characteristics with sampler and zero-order-hold, and it
results in a smaller error than the backward differentiator. (-) and (o) show the sampling points
every Ty and 275.

The bottom of Fig. 5.3 shows the comparison of the open-loop tracking errors. It shows
that the acceleration feedforward using a multirate zero-order-hold differentiator outperforms
that of the backward differentiator because of the state compatibility which compensates for the
controlled system discretized by sampler and zero-order-hold.

5.4 [Iterative learning control with MIMO structured basis
functions

In this section, the feedforward parameterization and the parameter updating framework using
ILC with basis functions are presented. The structured feedforward parameterization for MIMO
motion systems is formulated with physically intuitive parameters. Parameter update through
learning is described with the monotonic convergence condition in MIMO motion systems. It
results in Contribution 5.2.
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5.4.1 MIMO structured low-order feedforward parameterization

The dynamics of mechatronic systems are typically dominated by mechanics assuming that
electronics are much faster than mechanics. This results in a situation where rigid modes are
dominating the lower frequency and there are several flexible modes at a higher frequency due
to limited mechanical stiffness. The n,-input n,-output continuous-time multi-modal motion
system [46] is defined as

G(s) = Gr(s) + Gy(s)

Cj bk- ckf bkf
B b, N 7 521
Z (8% + 2Cp, Wk, s + Wi ) kfzzl (8% + 2Gk, Wy s + Wi, ) o

rigid modes flexible modes

where n,, € N and ny € N, are the number of rigid and flexible modes, w € R} and ¢ € Ry
are the resonance angular frequency and the damping coefficient. The vectors b € R'*"« and
c € R™*! are associated with the inputs, the outputs, and the mode shapes. In this chapter, the
system is assumed to be square as n, = n,,.

To compensate for not only the rigid modes but also the flexible modes in MIMO motion
systems, the traditional rigid body feedforward is extended with the additional snap feedforward
[80] and the ideal feedforward controller F**(s) is defined as

F*(s) = G, '(s) + D*(s)s", (5.22)

where D*(s) is the coefficient of the snap feedforward aiming to compensate for the compliance
of the flexible modes.

The objective of the feedforward controller F*(s) is to minimize the closed-loop error given
by

e(s) = S(s)r(s) — S(s)Gu(s)F*(s)r(s). (5.23)
where S(s) denotes the sensitivity function matrix and is defined as
S(s) = (I +G.(s)K.(s))". (5.24)

It results in F*(s) = G7!(s) and D*(s) is given by

* 1 — —
D*(s) = ?(GC Y(s) — G 1(s)). (5.25)
Assuming the reference trajectory in the mechatronic systems mainly contains the low-
frequency components and the resonance frequencies of the rigid modes are enough smaller
than that of flexible modes approximated to wy, ~ 0, the compliance that corresponds to the
low-frequency behavior of the flexible modes is given by

s—0

- —1
N b
Sk | 3 Z crbe | (5.26)
k=1 kf 1 ka

D:lin(l)D*()_hm{ (G (s) — G
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Fig. 5.4: Block diagram of iterative learning control with basis functions.

Hence, the low-order feedforward controller for MIMO motion systems is parameterized as

FO)=06,+06 d © & © @ 2
( )_ p+ v&—i_ a@—i_ s@ 9 (5. 7)
——
rigid body compliance
compensation compensation

where ©,, @, @,, @, ¢ R"*" are the parameter matrices of the feedforward controller corre-
sponding to the position, velocity, acceleration and snap basis functions. Finally, the continuous-
time differentiator % is replaced by the sampled-data differentiator &, and the fixed-structure
sampled-data feedforward controller for MIMO motion systems is given by

F(0)=0,+0,L+ 0,82 +0.85 (5.28)

Note that this feedforward parameterization includes the pole dynamics of the rigid mode and
the compliance of pole and zero dynamics in flexible modes. The dynamics of the discretization
zeros are included in the sampled-data differentiator.

5.4.2 Norm-optimal ILC with basis functions

Achieving higher performance and ease of tuning for the MIMO feedforward controller, ILC
with basis functions is implemented. The controller structure is shown in Fig. 5.4. To update
feedforward parameters through learning, the optimization criterion from the present studies
[73,81] is defined as follows.

Definition 5.9 (Norm-optimal MIMO ILC with basis functions) : The optimization criterion for
norm-optimal ILC with basis functions is given by
j<0j+1) = Hej-HHWe + ||uffj+1 HWff + ||uffj+1 —Ugy; HWAff7 (5.29)

where the weighting matrices are W, = 0, Wiy, Wary = 0, the parameters of the feedforward
controller are 0; € R", and the feedforward input in next iteration is wysy, ., = F(0;11)r.

Here, the weighting matrices W, Wy, W ¢ correspond to optimal performance, robustness
for model uncertainty, and robustness for trial varying disturbances, respectively.
The error in trial j + 1 is given by

€it+1 = Sr — SGUff].+l (530)
=e; — SG(uysyp,, —ugy,), (5.31)
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where S = (I + GK)™ .
The feedforward parameter update is given by

0., = argmin J(0,41). (5.32)

’ 0j+1
When the feedforward input is linearly parameterized in parameters 6, and basis functions
¥ and defined as

’u’ffj+1 = F(0j+1)7° = Sp0j+17 (533)
the optimization criterion (5.29) is quadratic in ;,, from (5.31), and an analytic solution to
(5.32) exists [73,81]. From basis functions ¥ = %F(Oj)r € R™*" and weighting matrices
W., W;s, Wayy, the analytic solution to (5.32) for parameter update is given by

0j+1 = QOJ + Lej, (534)
where the learning filters ) and L are given by
Q=T ((SG)"W.(SG) + Wi + Wap)W) "W ((SG)"W.(SG) + W )&, (5.35)

L= P ((SG)"W.(SG) + W;; + Was )W) 'WT(SG)"W.. (5.36)
From (5.30), (5.33), and (5.34), parameter update is given by
0j+1 = (Q - LSGW)OJ + LS’I", (537)

and parameter update in (5.37) leads to monotonic convergence of ||uy, || if provided weighting
matrices W, W;y, Wa s are selected properly as satisfying following conditions:

7(Q—-LSGY) <1<
F(TT((SG)"W(SG) + Wi+ Wi )W) 'O TWhay W) < 1, (5.38)

where 7 (-) is the maximum singular value of the matrix.

5.5 Application to MIMO motion system

In this section, the developed approach combining Section 5.3 and Section 5.4 is applied to a
MIMO motion system. The results demonstrate the performance improvement with interaction
compensation in both the simulation and the experiment. It results in Contribution 5.3.

5.5.1 Motion system

The MIMO motion system that consists of a suspended beam is shown in Fig. 5.5. After the static
decoupling, the controlled system G is given in translation and rotation motions with dual-inputs
(F,,T,) and dual-outputs (y, R.). The frequency response data, the continuous-time model
G with the higher-order dynamics for the simulation and the discrete-time model G; with the
only diagonal rigid dynamics for parameter update are shown in Fig. 5.6. The continuous-time
reference of the translation y is the 4'" order polynomial trajectory as shown in Fig. 5.7, and that of
the rotation R, is set to O rad for all time. The sampling frequency of the discrete-time controller
is F; = 128 Hz and the sampling time is 75 = 1/F;. The continuous-time outputs y and R, are
also measured in higher sampling frequency 1024 Hz only for evaluation of the continuous-time
errors e(t). The feedback controller K is designed diagonally with a PD controller and a notch
filter as a 5 Hz closed-loop bandwidth and a 6 dB modulus margin.
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Fig. 5.5: Top view of the experimental setup. The system consists of the suspended beam
with actuation through actuators (uy, uy) and position measurement through sensors (y1,y2) in a
horizontal direction.
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Fig. 5.6: Bode magnitude plot of the experimental setup: frequency response data (—),
continuous-time model G, (—) with the higher-order dynamics for the simulation, and discrete-
time model G, (—) with the only diagonal rigid dynamics for parameter update. Nyquist
frequency of the controller is shown in a black dotted line (----).

5.5.2 Basis function design

From Section 5.4, the low-order feedforward controller for a MIMO motion system is parameter-

ized as
6}012 1 + (91)1 1 ‘91)12 g
Opoz| |1 Ov21 Ou2z| €

0(111 9(112 62 9511 9512 64
5.39
* leam em] [52 0w 0] [€1] -39
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where the multirate zero-order-hold differentiator &, presented in Section 5.3 is used as a
sampled-data differentiator £. The basis functions of each output are defined as

o, =|r, &, &r, &), (5.40)
WRZ = [TRZ fTRZ fQT’RZ 547“32} s (541)

and the tuning parameter vectors are defined as

011 = [fpr1 6o Barr Oar|, 612 = [Opis Ouiz Oura o,
021 = [8p21 61}21 6&21 9321}7 022 = [9p22 91}22 9(122 ‘9522:|- (542)

In the conventional approach, only the diagonal terms of the feedforward controller are
considered. The feedforward input in the conventional approach is parameterized as

@, 0 T
usp = F(0)r = w6 = [Oy QR] (61 62) (5.43)

In the developed approach, not only the diagonal terms but also the off-diagonal terms of the
feedforward controller are taken into account. The off-diagonal terms also can be obtained for
interaction compensation through learning even if there is only a diagonal model. The feedforward
input in the developed approach is parameterized as

Uff = F(O)r =vo

_|¥y YR 0 O

.
Jod v WR] 01 012 6y On . (5.44)
Yy z

In both the simulation and the experiment, the weighting matrices are set to W, = I and
Wi = Wayss = O in both the conventional and developed approaches.

5.5.3 Simulation results

The continuous-time errors in the simulations after 20 iterations are shown in Fig. 5.8. It shows
that the rotation error ep_ in the conventional approach is improved by the developed approach
due to interaction compensation about factor 100. The translation error e, is also improved but
the interaction effect is not serious in the translation y because the reference of the rotation R, is
set to O rad for all time.

5.5.4 Experimental results

The continuous-time errors in the experiments after 20 iterations are shown in Fig. 5.9. It shows
that the rotation error ep_ in the conventional approach is improved by the developed approach
due to interaction compensation also in the experiment about factor 10. The errors e, and ep,
show a similar trend in both the simulation and experimental results. Note that the scales of the
errors in simulation and experiment are different about factor 10 in translation y and about factor
D in rotation I?, because of the dynamics not included in the simulation model, measurement
noise, and quantization of the sensors and actuators.



92 Chapter 5. Iterative Learning Control with MIMO Sampled-Data Basis Functions

x 104
3

x1073

7y [m/s]

x1072

L |

B
£
:gp:
1k |
-2
2
— 1 [ B
=
g 0
>
S
1k |
-2
x 102
2 L _
K
g 0
i
_9l |
| | | |
0 0.2 0.4 0.6 0.8 1

Fig. 5.7: Reference of y: continuous-time 4'" order polynomial trajectory and its derivatives.
Reference of R, is set to O rad for all time.
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Fig. 5.8: Tracking error e(t) in simulation: without (—) and with (—) interaction compensation.

Rotation error ep_ is improved about factor 100.
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Fig. 5.9: Tracking error e(t) in experiment: without (—) and with (—) interaction compensation.
Rotation error ep_ is improved about factor 10.
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5.6 Conclusion

Fixed-structure feedforward control considering sampled-data characteristics and interactions in
MIMO motion systems is developed. The feedforward inputs parameterized by MIMO sampled-
data basis functions and physically intuitive tuning parameters are updated through learning.
Application to the MIMO motion system demonstrates a significant improvement in tracking
performance with interaction compensation compared to the conventional diagonal approach in
both the simulation and the experiment even if the parameters are updated with the diagonal
model of the controlled system. Ongoing research focuses on ILC with rational sampled-data
basis functions and basis function design with higher-order dynamics.
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Chapter 6

Disturbance Rejection with Robust
Performance in Dual-Stage Actuator

Disturbance rejection of a Hard Disk Drive (HDD) enables a large amount of data storage in a
recent information society. The aim is to design a feedback controller which rejects disturbances
at multiple frequencies in HDDs. The disturbance rejection is achieved using resonant filters
which have a large peak at disturbance frequencies. The developed approach enables the convex
optimization of resonant filters with phase stabilization and stroke limitation using frequency
response data of a controlled system. The disturbance rejection performance of the optimized
resonant filters is validated in a dual-stage actuator HDD benchmark problem.

6.1 Introduction

Increasing demand for storage capacity of data servers in a recent information society leads to the
importance of the track-following performance in a Hard Disk Drive (HDD) [82]. To improve the
track-following performance, the feedback controller should be designed to reject disturbances in
HDDs.

Model-based approaches are traditionally developed such as using adaptive control [83—-86],
resonant filter [87], repetitive control [88, 89], Youla—Kucera parameterization [90], disturbance
observer [91], and coupling controller [92]. They basically need a modeling process of a controlled
system that makes it difficult to consider model variations of mass-produced HDDs. These
approaches also need a heuristic tuning process. Data-based approaches are also developed to
recover disadvantages of model-based approaches such as using /., and [ robust control [93,94].
These approaches only consider the gain stabilization and it can result in a conservative controller
design. Hardware constraints such as maximum strokes also should be considered for actual
implementation.

Although important contributions have been made to design feedback controllers for dis-
turbance rejection in HDDs, phase stabilization and stroke limitation are not considered in the
optimization of feedback controllers. In this chapter, the developed approach enables the struc-
tured multiple resonant filter design considering phase stabilization and stroke limitation.

The main contributions of this chapter are as follows.

Contribution 6.1 : Resonant filters for a dual-input single-output system are designed by iterative
convex optimization.
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Fig. 6.1: Hard disk drive with a dual-stage actuator.

Contribution 6.2 : Model variations of HDDs are directly dealt with multiple sets of frequency
response data.

Contribution 6.3 : Phase stabilization and stroke limitation are considered in optimization
calculation.

The outline is as follows. In Section 6.2, the track-following problem of a dual-stage actuator
HDD is formulated. In Section 6.3, the developed approach is presented. In Section 6.4, the
performance improvement with the developed approach is validated in a dual-stage actuator HDD
benchmark problem. In Section 6.5, conclusions are presented.

6.2 Problem formulation

Fig. 6.1 illustrates the basic schematic of a dual-stage actuator HDD. This HDD consists of a Voice
Coil Motor (VCM) and a PieZoelecTric (PZT) actuator. The objective of this benchmark problem
is to minimize the tracking error of the magnetic head [95]. The track-following performance is
evaluated in 30 (y.) the worst case of three times of standard deviation value of the continuous-
time magnetic head position in steady state response for 1s. The track pitch is 7}, = 52.7nm
and sampling time is T, = 1/(7200/60)/420 ~ 1.9841 x 10~®s. Because of the hardware
constraints, the output stroke of the PZT actuator must be smaller than 50 nm.

Fig. 6.2 shows the block diagram of the dual-stage actuator HDD with continuous-time
control systems P, discrete-time feedback controllers C,, discrete-time multirate filters F},,. The
subscripts p and v denote a PZT actuator and VCM, respectively. The continuous-time control
system has 9 cases of model variations and the subscript k. = 1,...,9 denotes the index of the
9 cases. m € N is the number of multirate. Z,, is interpolator for m times up-sampling. H,, is
multirate zero-order-hold in m times up-sample. S is sampler.

The frequency response data of the given open-loop controlled systems G, and GG, in Fig. 6.2
that consists of the controlled systems and pre-designed feedback controllers [95] is shown in
Fig. 6.3. In this benchmark problem, the external disturbances consist of repeatable run-out dggro,
rotational vibration d, and fan-induced vibration d,,. These three disturbances can be combined
into one output disturbance d equivalently that is given by

dr, (jwr;) = Peo . (Wi, )dy(jwr,) + dp(jwr,) — drro(jwk, ) (6.1)

The amplitude spectrum of the output disturbance d in 9 cases is shown in Fig. 6.4.
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Fig. 6.2: Block diagram of a hard disk drive with a dual-stage actuator.
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Fig. 6.4: Amplitude spectrum of output disturbances.

In this chapter, the reference signal is 7 = 0 in all time and the objective is designing the
resonant filters 7, and F;., for each actuator in addition to given open-loop controlled system G,
and GG, to minimize the worst case of track-following error against to the output disturbance d.

From these conditions, the data-based feedback controller design method should be presented

with respect to the following requirements.

Requirement 6.1 : The feedback controller is represented in structured parameterization and the
parameters can be designed by convex optimization using frequency response data.
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Fig. 6.5: Block diagram of resonant filters.

Requirement 6.2 : The feedback controller satisfies robust stability and robust performance by
considering the model variation of the controlled system.

Requirement 6.3 : The feedback controller can be applied to a dual-stage actuator HDD with
respect to hardware restrictions.

Considering these requirements, the design method of multiple resonant filters using convex
optimization is presented in this chapter.

6.3 Convex optimization of multiple resonant filters

In this section, the optimization method of multiple resonant filters for a dual-stage actuator
HDD is formulated. The structure of the designed resonant filters is presented. The optimization
problem that directly uses frequency response data is formulated with conditions of robust stability,
robust performance, and hardware constraints. The optimization problem is solved by iterative
convex optimization with sequential linearization.

6.3.1 Structure of designed resonant filters

To improve the track-following performance, disturbances can be rejected by the resonant filters
[87] that have the same resonance frequency as the disturbance frequencies because of the internal
model principle. In this chapter, multiple resonant filters are designed in disturbance frequencies
to improve the track-following performance.

The block diagram of the designed resonant filters with multiple resonance frequencies is
shown in Fig. 6.5. The resonant filter in each actuator is defined as
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Fig. 6.6: Vector locus using a resonant filter with modulus margin and phase stabilization in
Nyquist diagram.
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_pku,(nr,Q)- (jwkf)z + QCT,nTWT,nT (jwkf) + W%,n,.
(jwk I )2
L (jwkf )2 + 2CT’,717»W7”,717» (jwk‘f) + CU?, ny
= pi, P(iwr,). (6.2)
where the subscripts that correspond to each actuator is k, € {p, v}, the number of designed
resonance frequency is n,. € N, the index of the resonance frequency is k., = 1, ..., n,, the tuning

parameter is p = [p,, p,| that consists of p;, € R*"7*1, the resonance angular frequency is w;, .,
and the damping coefficient is ¢, ..

The designed resonant filter consists of the sum of the resonant modes and phase compensators
that are defined as

ks + Ki)s
§2 4+ 2Gw,s + w?

F(s) =

(6.3)

Fig. 6.6 shows the vector locus using a resonant filter and the coefficients x and ) represent the
gain and phase of each resonant mode.

6.3.2 Optimization problem formulation

In this chapter, robust stability, robust performance, and hardware constraints are considered in
frequency response data. For robust performance, the resonant filters are optimized to minimize
the worst case of the error amplitude spectrum. For hardware constraints, the stroke limitation
of the PZT actuator is considered that the maximum amplitude spectrum of y, is less than the
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maximum value with the given feedback controller. For robust stability, the vector locus with
resonant filters must be on the same side against (—1,j0) and at the outside of the modulus

margin. From these conditions, the optimization problem is formulated as follows.
minignize V%%}igf e, (jwk, )|
subject to
Ve, Tk
|ypak(: (ka’f ) | S yp,max
W (Jwiy )| Sk, (ks )] < 1
™ : .
—5 =4 (1 + L, (Jwr; P)) —Z (1 + ch(kazf)) =

SIE

where w; is the weighting of the sensitivity function and

ch (Jw"’) = Gp7k'c (kaf) _I_ G’U,kﬁc (ka’f)7
Ly (Jwrss p) = Ly, (iwk,, Pp) + Lok, (JWk; Po),
Llhkc (jwk?f7 pp) = G’pvkc (jwkf)Frp(jwkfa pp)a
) =G
)

Lv,kc (jwk‘fv Pv v,ke (jwkf)Frvakf» pv)a
1

1+ ch(jwqup)'

Skc (jwkf7 P

6.3.3 Convex optimization using sequential linearization

In (6.4a), the objective function can be equivalently given by

minimize < maximize min ————
miz vrgcl%%flekc(szf,f)\ P ety lex, on, )]

).

I+ ch (jWk;f, p))

<> minimize — | min
P Yke, kg

1
di. (jwr,) (
where the error frequency response data is given by
ek, (jwr;) = Sk.(jwk,, P)d. (jwr,)-
In (6.4b), the amplitude spectrum of the output of the PZT actuator is evaluated as

Lp:kc (jka7 pp)dkc (kaf)

and the maximum value with the given feedback controller is given by

Gp,kc (kaf )dkc (kaf)
1+ ch (jwkf)

Yp,max =

max
Yke,Vky

(6.4a)

(6.4b)
(6.4¢)

(6.4d)

(6.5)
(6.6)
(6.7)
(6.8)

(6.9)

(6.10)

6.11)

(6.12)

(6.13)
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In (6.4d), the angle of the vector locus is evaluated by atan2 function using the real and imaginary
part of the vector locus. From these analyses, the optimization problem is given by (6.14).

minipmize —y (6.14a)

subject to
ke, Yk

7_

1 .
m (1 + ch(Jkaa P))' <0 (6.14b)

W | Ly k. (i0ny )] = 1+ L Gk, p)] < 0 (6.14c)
ws (jwr, ) — \1 + Ly, (jwr,, p)| <0 (6.14d)
Fatan? (Imﬁ 1 Z EJ:Z i ;i) + atan2 (%) g <0 when £ Re(l+ Gy (jwr,)) =0 (6.14¢)
+atan2 (II“8 1 Z EJ]ZZ p;i) F atan2 (%) ~ 20 when & Re(1+ Gy, (ju,)) = 0 (6.14f)

The optimization problem (6.14) is nonlinear and non-convex. Using sequential linearization,
the optimization problem can be calculated by the iterative convex optimization and is given by
(6.15).

minimize — 7y (6.15a)
Pk,
subject to
Yke,ky
(g 1+ b))
d'i kW Pl;—1
o Re | Miliwr) L P I ) (6.15b)
B o
dr, (jwr,) e Pl

|dk.,,;(jmee(( (s Pok))| (Lyn i, p,,k>))_R ((1+Lk (ks 1 1) (1+ L Gy o, ))> <o (6.15¢)

Yp,max ‘ka kaf Pp.k; 1)‘ ‘1+Lk ka/ Pk; 1)‘
*
. (1+ Li.(ors» o1, 1))
w;(jwr,) — Re : (1 + L, (jWrys pr;) ) | <0 (6.15d)
‘1 + L, (jwk, Pkiq)‘
. Im(1 + Ly k1 (jwr, s p) N Re(1 + Ly, k-1 (jwn, p)Im(1 + Ly, i, (i, p)) — T (1 + Ly k-1 (Jwr,, p))Re(1 + Ly, k, (jwi,, p)) atan: Tm(1 + Gy, (jwr,)) f
¥(at<\uz<R 0+ Lo (o p))) ‘1+LL o, p)‘ i te Z(R e(1+ G, (jw,) )> QS[J
when + Re(1 + Gy, (jwr,)) >0 (6.15¢e)
atan Im(1 + Ly g1 (jwr,. p) N Re(1 + Ly -1 (jwiys p)Im(1 + Lk, (jwiy» p) = Im(1 + Ly, g1 (@i, p))Re(L + Ly, i, (i, p)) atan: Im(1 + Gy, (jwr,)) T
i((“ (R ey (RS )¥ o (Rt o) 3 <
when =+ Re(1 + Gy, (jwy,)) > 0 6.15)

6.4 Application to dual-stage actuator hard disk drive

In this section, the verification of disturbance rejection performance is conducted in a dual-stage
actuator HDD benchmark problem. The result shows that the resonant filters are optimized
with the conditions of robust stability, robust performance, and hardware constraints. The track-
following performance with designed resonant filters outperforms that without resonant filters.
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6.4.1 Conditions

The frequency response data is used from 100 Hz to Nyquist frequency F, /2 = 1/2T; = 25.2 kHz.
The frequency response data is arranged at linearly even intervals in every 1 Hz and the number
of data points is ny = 25101. Nyquist diagram, sensitivity function, amplitude spectrum of
e, and amplitude spectrum of y, without resonant filters are shown in Fig. 6.7(a), Fig. 6.8(a),
Fig. 6.9(a), Fig. 6.10(a), and Fig. 6.11(a). From Fig. 6.7(a), the resonant filters are designed at
eight frequencies with vertical black dotted lines, and the dumping coeflicients of all resonant
filters are set to ¢, = 0.05. For the initial condition, all tuning parameters are set to p = 0 and
F,, = F,, = 1. In the robust stability condition, the modulus margin is set to 1/w, = 6 dB.

6.4.2 Optimization results

The optimization of the resonant filter design is conducted by YALMIP [96] and Mosek [97]
until the improvement of the objective function from the previous iteration becomes less than
0.1 %. Nyquist diagram, sensitivity function, amplitude spectrum of e, and amplitude spectrum
of y, with resonant filters are shown in Fig. 6.7(b), Fig. 6.8(b), Fig. 6.9(b), Fig. 6.10(b), and
Fig. 6.11(b). The optimization result shows that the resonant filters are designed with conditions
of robust stability, robust performance, and hardware constraints in 9 cases of the controlled
system.

The comparison of the inverse disturbance spectrum |1/d| and the sensitivity function without
and with resonant filters are shown in Fig. 6.12. It shows that the sensitivity function with resonant
filters is reshaped as following the inverse disturbance spectrum and the resonant filters contain
the model of the disturbance.

6.4.3 Simulation results

The time domain simulation is conducted in a dual-stage actuator HDD benchmark problem
without and with resonant filters in 9 cases of the controlled system. The time series of the
head position in the simulation are shown in Fig. 6.13. Fig. 6.14(a) shows the track-following
performance. It shows that the tracking errors with resonant filters are smaller than those without
resonant filters in all 9 cases. Fig. 6.14(b) shows the maximum stroke in a PZT actuator. It shows
that the maximum stroke values with resonant filters are almost the same as those without resonant
filters and both controlled systems satisfy the stroke limitation. As a result, the controlled system
with resonant filters outperforms that without resonant filters.
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Fig. 6.8: Amplitude spectrum of y,,.
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(a) Without resonant filters. (b) With resonant filters.

Fig. 6.9: Nyquist diagram (around the origin).
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Fig. 6.10: Nyquist diagram (wide view).
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6.5 Conclusion

In this chapter, the design method of optimal resonant filters is developed to improve track-
following performance in a dual-stage actuator HDD. The resonant filters with structured param-
eterization are optimized by iterative convex optimization directly using the frequency response
data of the controlled system. Robust stability, robust performance, and hardware constraints are
considered for the optimization calculation in 9 cases of the controlled system. The disturbance
rejection performance of the optimized resonant filters is validated in a dual-stage actuator HDD
benchmark problem. Ongoing researches focus on the usage of both frequency domain and time
domain data, designing other feedback controllers simultaneously, and the optimal design of
multirate filters.
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Chapter 7

Disturbance Rejection with Robust
Stability in MIMO Motion Systems

A large-scale high-precision scan stage is important equipment in the industrial productions of
micro-fabrication such as flat panel display (FPD) lithography systems. Designing controllers
for multi-input multi-output (MIMO) systems is time-consuming and needs experience because
of the interaction between each axis and many controller tuning parameters. The aim of this
chapter is to develop a peak filter design method based on frequency response data to reduce
repetitive disturbance. This data-based approach does not use the model and only uses the
frequency response data of the controlled system and the disturbance spectrum calculated from
the scanning error data (Contribution 7.1). The peak filter is designed by convex optimization and
satisfies robust stability conditions for six-degree-of-freedom systems (Contribution 7.2). The
control performance of the designed peak filter is experimentally demonstrated with an industrial
large-scale MIMO high-precision scan stage in reducing the scanning error of the main stroke of
the translation along the z-axis (Contribution 7.3).

7.1 Introduction

Large-scale high-precision scan stages have an important role in industries such as manufacturing
semiconductors and flat panel displays (FPD). To improve throughput and product quality, fast
and precise positioning control is required, and these specifications become severe year by year
because of the growing need for TVs, PCs, and smartphones [50].

The large-scale scan stage has several challenges in position control such as low resonant
modes because of the low stiffness and many disturbances because of the wide scan range [98].
The large-scale scan stage is typically controlled with two-degree-of-freedom (DOF) control
with a feedforward controller for reference tracking such as a perfect tracking control based
on a multirate feedforward control [20,44] and a feedback controller for disturbance rejection.
In the scan region, the reference trajectory of the high-precision scan stage is with constant
velocity without acceleration, and the feedback controller plays a major role in tracking control
performance.

Classical scan stages move along (z,y, 6,)-axes, and the interaction between each axis is
ignored, and a single-input single-output (SISO) decentralized control is commonly employed.
However, in these applications, the high-precision scan stages are supported by the magnetic force
or air pressure and moving in 6-DOF with (x,y, 6., 2, 6., 6,)-axes to reduce disturbances by the
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friction and the vibration from the ground and to improve tracking performance, and they become
multi-input multi-output (MIMO) systems [51,64,99, 100]. The controller design of the MIMO
systems has several challenges such as stability analysis in a coupled system between each axis,
modeling of MIMO systems, and enormous tuning parameters of the controllers. Especially,
improving the tuning method of the controller parameters is important for the cost of time and
effort of on-site control engineers.

Based on these challenges in designing the feedback controller, several data-based controller
design approaches with an optimization method are proposed, such as genetic algorithm [101],
Nelder-Mead method [102], particle swarm optimization [103], loop shaping method [104],
bundle method [105, 106], sequential linearization method [107-110] using concave-convex
procedure [34].

Among these methods, the sequential linearization method using the concave-convex proce-
dure has an advantage in monotonic convergence to a saddle point or a local optimum and suits
for controller design. Other methods also need the parametric model of the controlled system.
Precise modeling is difficult when the system is complicated such as MIMO systems.

In this chapter, the sequential linearization method using the concave-convex procedure is
used with the frequency response data of the controlled system and disturbance spectrum to
design the optimal feedback controller.

The disturbance spectrum during the scanning motion with constant velocity has a repetitive
characteristic such as motor cogging and has a large amplitude in a certain frequency.

The repetitive control approaches are presented to reject the periodic disturbances [89, 111,
112]. They reject the disturbance on not only main disturbance frequency but also harmonic ones.
The experimental setup in this chapter does not have a characteristic of harmonic disturbance
frequencies, and the repetitive control approaches are not suitable for it.

Previous researches show that repetitive disturbance can be effectively rejected by a peak
filter, which is the same as an inverse notch filter in other literature, with the same resonance
frequency, and it is applied in several industrial products such as hard disk drives [87]. However,
in the application of the high-precision scan stage, the repetitive disturbance rejection by a peak
filter has not been reported in the literature.

Since the peak filter has a large gain at a certain frequency, it may easily deteriorate the closed-
loop stability due to the interaction. Moreover, the combination of the controller parameter can
blow up in such a multi-axis system. Hence, the heuristic tuning approach depends on experiences
and efforts, and it is not the optimal solution. To address this problem, the frequency response
data-based peak filter design method considering both the SISO robust stability condition and the
MIMO stability condition is proposed in this chapter.

The optimal disturbance filter design method is also presented [113]. However, the peak
filter is designed with a nonlinear optimization procedure that is not with convex optimization.
The convergence of the nonlinear optimization procedure is not monotonic and it could take a
long time for the optimization. Therefore, the data-based peak filter design method with convex
optimization suitable to industrial applications is proposed in this chapter.

The proposed peak filter design method has an advantage in convex optimization without
parametric modeling. The control performance of the designed peak filter is experimentally
demonstrated with an industrial large-scale MIMO high-precision scan stage in reducing the
scanning error of the main stroke of the translation along the z-axis. this chapter consists of
mainly these three following contributions:



7.2. Problem formulation 113

Fig. 7.1: Experimental setup of FPD lithography system [1].

Contribution 7.1 : The optimization problem of data-based peak filter design for the MIMO
system is formulated.

Contribution 7.2 : The data-based peak filter design method with convex optimization is pre-
sented.

Contribution 7.3 : The designed peak filter is validated in the experiment with the industrial
large-scale MIMO high-precision scan stage.

7.2 Problem formulation

In this section, the control problem is formulated.

7.2.1 MIMO high-precision scan stage

The experimental setup is shown in Fig. 7.1.

The experiment is conducted with the MIMO high-precision scan stage in the FPD lithography
system which is 6-DOFs with six-inputs ( f., fy, 7z, f», T2, 7,) and six-outputs (z,y, 0., 2, 0., 0,).

The 6-DOFs stage is floating by the air bearing to cancel the gravity and frictions and is
actuated by voice coil motors and linear motors [99]. The positions and angles of the stage are
measured by laser displacement sensors and linear encoders.

The frequency response of the experimental setup is shown in Fig. 7.2.

The main stroke of the scan stage is the translation along the z-axis. The scan trajectory of
translation along the z-axis is shown in Fig. 7.3. The scan stage moves with constant velocity
through four scan regions at the same scanning procedure. The same controllers are used through
four scan regions at the same scanning procedure.

7.2.2 Disturbance rejection with peak filter

Previous researches in high-precision positioning systems such as a hard disk drive show that
a repetitive disturbance that has a large spectrum in a specific frequency is rejected by a peak
filter that has the same resonance frequency [87] due to the internal model principle [114]. The
transfer function of the peak filter is given by

§° + 2pws +w?  Fy(jw, p)
s2 4+ 2nws +w?  Fy(jw,n)
0<n<p<l, (7.1)

FPeak(jw, P, 77) =
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Fig. 7.2: Bode magnitude plot of 6-DOF experimental setup.

Fig. 7.3: Scan trajectory of translation along the z-axis. The scan stage moves through four scan
regions () at the same scanning procedure. The scanning velocity of translation along the z-axis
issetto 0.1 m/s.

where the resonance frequency is w € R, the damping coefficients are p € R and n € R, and p
must be larger than 7 in the peak filter. It is noted that it becomes a notch filter when p is smaller
than 7).

The scan stage moves with constant velocity in the scan region and has several repetitive
disturbances such as cogging. Therefore, the repetitive disturbance rejection approach with peak
filter is applied to the MIMO high-precision scan stage. This approach has not been commonly
used in the MIMO high-precision scan stage because the MIMO system high-gained by peak
filter easily becomes unstable due to the interaction between each axis. In this chapter, the peak
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Fig. 7.4: Block diagram of 6-DOF controlled system.

filter is designed with SISO robust stability condition and MIMO stability condition not to make
the controlled system unstable.

7.2.3 Details of controlled system

The block diagram of the 6-DOF controlled system is shown in Fig. 7.4. The 6-DOF controlled
system P is given by frequency response data, as shown in Fig. 7.2. The 6-DOF experimental
setup is decoupled by the mechanical design and the thrust distribution.

The diagonal term in the frequency range less than about 10 Hz is modeled as a second-order
rigid body system in each axis. The feedback controllers are conventionally designed with the
model of the second-order rigid body systems in only diagonal terms for ease of the on-site final
tuning process. In the proposed method, the peak filter can be designed with convex optimization
using the frequency response data of the controlled system without the mathematical modeling
of the large-scale MIMO high-precision scan stage.

The fixed diagonal feedback controller C' that consists of PID controllers, disturbance ob-
servers, phase lead filters, and notch filters is given beforehand. The diagonal peak filter F' is
designed with a proposed data-based design method.

The 6-DOF controlled system P, the fixed diagonal feedback controller C, and the diagonal
peak filter F' are defined as

P(jwi) = P (jwr), (7.2)
v G(wr) (=m)
C(jur) = {O 0 2m) (7.3)
Fn, (jwi,p1)
_ AL (L =m)
F . P, — ) Fa,Gwr,m) 7 74
(jwk, p,m) {O (L4 m) (7.4)

where (I, m) € {z,y,0,, 2, 0,,0,} denotes the index of the 6-DOFs and the subscript k represents
the frequency point of the frequency response data. The damping coefficients p and 1) of the peak
filter are defined as

.

p=1p: - ] (1.5)
T

n=[n - m| (7.6)

7.2.4 Problem description and outline

In this chapter, the data-based peak filter design method is presented for the industrial large-scale
MIMO high-precision scan stage with respect to the following requirements:
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Requirement 7.1 : The diagonal peak filter is designed with the fixed diagonal feedback controller
and FRF data of the 6-DOF controlled system.

Requirement 7.2 : The optimization problem is convex.

Requirement 7.3 : The scanning error of the translation along the x-axis which is the main stroke
of the scan stage should be reduced in the experiment.

As is outlined in Section 7.1, pre-existing approaches fail to meet all requirements: the
approaches with loop shaping method [104] and bundle method [105, 106] do not satisfy Re-
quirement 7.1; the approaches with genetic algorithm [101], Nelder-Mead method [102], and
particle swarm optimization [103] do not satisfy Requirement 7.2; the approach with sequential
linearization method [107-109] using concave-convex procedure [34] does not satisfy Require-
ment 7.3. In summary, only the proposed approach satisfies the structured, diagonal, and convex
optimized characteristics compared with other preexisting approaches.

In Section 7.3, the proposed data-based peak filter design method is presented that attains
Requirement 7.1 through the weighting function of the sensitivity function with estimated distur-
bance spectrum, the SISO robust stability condition, and the MIMO stability condition, constitut-
ing Contribution 7.1. The convex optimization problem is formulated that attains Requirement 7.2
through sequential linearization method [107-109] using concave-convex procedure [34], consti-
tuting Contribution 7.2. In Section 7.4, the benefit of the approach that attains Requirement 7.3 is
demonstrated through the experiment with the industrial large-scale MIMO high-precision scan
stage, constituting Contribution 7.3. In Section 7.5, conclusions are presented.

7.3 Convex optimization of rational peak filter

In this section, the data-based peak filter design method is formulated as a convex optimization
problem. The proposed method is formulated to design the peak filters for the MIMO controlled
system in each axis, independently.

7.3.1 Weighting for sensitivity function using disturbance spectrum

As shown in Fig. 7.4, a sensitivity function S is a transfer function from the output disturbance
d to the tracking error e. The sensitive function S in Fig. 7.4 is given by

S (jwr) = (I + P(jwi) C(jwr) F (jor)) ™
= Sin(jin), (2.7)

and the output disturbance d and the tracking error e are also given by

d(jwr) = [da(jur) - dgy(jwk)]T, (7.8)
efior) = [eaion) o, (iwn)] (7.9)

The output disturbance d does not deteriorate the tracking error e within the frequency in which
the gain of the sensitivity function S is low. Therefore, the weighting function of the sensitivity
function is designed from the disturbance spectrum of the scanning motion.
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Fig. 7.5: Sensitivity function with disturbance spectrum weighting function.
The output disturbance spectrum estimated from the tracking error of the scanning motion is
given by
d(jwr) = S (jwr)e(juwr). (7.10)

The weighting function of the sensitivity function using the output disturbance spectrum [115] is
given by

Wi(iwn) = [Wa. (o) - W, ()] (7.11)
where
(W, (joor)| = culdi(joor)|, (7.12)

and ¢ is a scaling parameter.
The feedback controller is designed to satisfy the condition of the sensitivity function as

Sy (jwr )W, (jwr)| < 1. (7.13)

As shown in Fig. 7.5, when the scaling parameter ¢ becomes large, 1/Wg, goes down. Therefore,
the effective disturbance rejection is achieved when the condition (7.13) is satisfied in a larger
scaling parameter «.

7.3.2 SISO robust stability condition with circle condition

In this chapter, the stability condition of the controlled system is analyzed by the Nyquist stability
theorem. The SISO robust stability condition is considered with the circle condition calculated
from the gain margin g,, and the phase margin ®,, [116].

The center (—o, 0j) and radius 7, of a circle condition on the Nyquist diagram is given by

2
gm_l
= 7.14
g 29 (gm cos @, — 1)’ ( )
m—l2 20, (1 — cos b,
= G = L7+ 201 — cos ) (7.15)

2Gm(gm cos D, — 1)

As shown in Fig. 7.6, when the controller is stable and the open-loop frequency response does
not cross the circle condition on the Nyquist diagram, the controller satisfies the SISO robust
stability condition for the gain margin g,, and the phase margin ®,,,.
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Fig. 7.6: Circle condition of gain margin, phase margin and generalized Gershgorin bands.

7.3.3 MIMO stability condition with generalized Gershgorin bands

The MIMO controlled system may become unstable due to the interaction between each axis even
if the SISO controlled system in each axis is stable. The MIMO stability condition is considered
in the Direct Nyquist Array (DNA) method with generalized Gershgorin bands [117-119].

In the DNA method, the interaction index \(jwy|P) of the controlled system P is defined as
a maximum eigenvalue of M (jwy|P), where the matrix M (jwy|P) is given by

M(jen|P) = | (t=m) (7.16)
JWk = i . .
k] (£ m)
The radius r,, of the generalized Gershgorin bands is given by
Py (jwr)Cr(jwk ) Fr, (jwie,
o o) = A(jeog) | Pl Crlieon) o (e )| (7.17)

Fdl (.]wkv 77)

The open-loop frequency response of each axis may move within the radius at each frequency
point on the Nyquist diagram when MIMO systems have an interaction between each axis. As
shown in Fig. 7.6, when the controller is stable and the generalized Gershgorin bands do not
include the point of (—1,0j) on the Nyquist diagram, the controlled system satisfies a MIMO
stability condition with the interaction between each axis.
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7.3.4 Optimization problem formulation

The optimization problem to design a peak filter with a disturbance spectrum, a SISO robust
stability condition, and a MIMO stability condition is formulated from (7.18) to (7.22).

maximize o (7.18)
P11
subject to
Vi
. Py (jwe)CGwr) Fr, (G,
W, (jwr)| — ‘ uj '“>Fl(‘]. o) Fu G, p1) 1| <0 (7.19)
dl<kaa77l)
B |Bl(iwk)cl(jwk)Fm (jwr, p1) ol <0 (7.20)
" Fa, (jwr, m) N
. Pu(jwr)Cr(jwi) Fu, (Jwr, pr)
rq (jwr) — - +11 <0 (7.21)
91( k) ’ Fdl (kav 7]1)
0<Bm<pm<1 (B>1) (7.22)

7.3.5 Concave-convex procedure

There are two challenges in solving this optimization problem with convex optimization. First, the
peak filter has tuning parameters not only in the numerator but also in the denominator. Second,
the constraints of the formulated optimization problem are non-convex functions because of the
difference of the convex functions. To solve these challenges, a sequential linearization method
using concave-convex procedure [34] with tuning parameters in both the numerator and the
denominator [120] is applied to this optimization problem.

First, the denominator | F;(jwy, n)| is multiplied on both sides of the constraints, as shown in
(7.23), (7.24), and (7.25).

(W, (jww) Fa, Goors m) | — | Pu(iwr) Ci(jowr) F, (jwr, pr) + Fa, (jor, m)| < 0 (7.23)
T Fa, i, m)| — | Pu(we) Ci(jwi) F, (jwr, pi) + 0 Fyg, (jwr, m)| <0 (7.24)
7 g (i) [ Fa, Gwor, mi) | — [ Pu(jwr) Cr(jor ) Fr, (jwr, p1) + Fa, (jwr, m)| <0 (7.25)

Second, a first-order approximation of the difference term of the constraints is calculated, as
shown in (7.26), (7.27), and (7.28).

Pu(jwr) Ciljwr) Fo, (w, p1_y) + Fay (iwr, 1))
[ Pu G ) Co(jwr) F, (Gwis pr_y) + Fay (Jwr )|
(Pu(jwr) Cil(jwr) Fo, (iw, pri_y) + 0 Fy, (Gwr, i ,))*
[ Pu(Gwr) Cr(§wr) o, (jwrs i,y ) + 0 Fay (Wi, i,y )|

(W, (jeor) Fay (jor, m)| — Re << (Pu(Gwr) Cr(jwi) Fo, (or, p1;) + Fa, (Jwr, 771))) <0 (726)

| Fa, (jwr, m;)] — Re (

(Puieon) Culjen) Fr (s 1) + 0 Foy (s m,>>) <0 (7.27)

(Pu(jor) Crl(jwr) Fr, Gwrs 1y ) + Fay (jwis NtH))*(
| Puwr) Cr(jwr) B, Gy pr,_y ) + Fa, Gwr, i, )|

7, (Jwi) | Fa, (jwr, )| — Re ( Pu(jwr)Ci(jwr) Fr, (wr, pr,) + Fdl(jwk«7711))>§ 0 (7.28)

From these two procedures, the constraints of the optimization problem become convex in the
current operating point. It is noted that p;, , and 7, , are the values of the optimization result
in the previous iteration, and this optimization problem can be solved as a convex optimization
problem with iterative calculations. In this chapter, a dichotomy method is used for an iterative
calculation algorithm.
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7.4 Application to MIMO high-precision scan stage

In this section, experimental validation is conducted. The aim of this chapter is to develop a peak
filter design method based on frequency response data. The control performance of the designed
peak filter is experimentally demonstrated with an industrial large-scale MIMO high-precision
scan stage in reducing the scanning error of the main stroke of the translation along the z-axis.

7.4.1 Experimental setup

The experimental setup is shown in Fig. 7.1. In this setup, the MIMO high-precision scan stage
moves with the constant velocity through four scan regions at the same scanning procedure as
shown in Fig. 7.3. In this chapter, the scanning velocity of translation along the z-axis is set to
0.1m/s. The frequency response of the 6-DOF experimental setup, as shown in Fig. 7.2, and the
scanning error data are collected by pre-experiment and used for the peak filter design.

7.4.2 Optimization conditions

The peak filter is designed by convex optimization with the frequency response of the 6-DOF
experimental setup and the scanning error data. The number of frequency response data points
is set to 1000, and they are arranged at logarithmically even intervals in the range from 1 Hz
to 500 Hz. The error spectrum and disturbance spectrum are averaged in four scan regions to
consider four scan regions with the same designed peak filter.

The flowchart of the proposed peak filter design method is shown in Fig. 7.7. In this chapter,
only one peak filter is designed in translation along the x-axis which is the main stroke of the
scan stage, and the peak filters in other axes are set to 1. The frequency response data of C, that
is a fixed feedback controller along the x-axis consisting of PID controller, disturbance observer,
phase lead filter, and notch filter is shown in Fig. 7.8.

The resonance frequency of the peak filter in translation along the z-axis is set to a constant
frequency w, = 41.1rad/s (f, = w, /27 = 6.54 Hz) in which the power spectra of the scanning
error is the maximum. From the difference of the disturbance spectrum at the peak and peripheral
frequency, the gain of the peak filter should be larger than 6 dB (=~ 2). Therefore, the minimum
gain of the peak filter is set to f = 6dB (= 2) in the parameter constraints (7.22). The initial
value of each parameter is set to p™ = 1 x 1072 and ™ = 1 x 1073, respectively. It is noted
that the initial condition is set to be a feasible solution. Note that when the initial condition is
not a feasible solution, there are several considerations that are making the gain of the peak filter
smaller, making the gain and phase margin smaller, and redesigning the static decoupling to make
interaction smaller.

The gain margin and the phase margin in the SISO robust stability condition are set to
gm = 4dB and ®,, = 20 deg, respectively. This condition is satisfied in the controlled system
without peak filter.

In the MIMO stability condition, the generalized Gershgorin bands are considered only in
the frequency range f./2 < f < 2f., when f, is the gain cross over frequency of the open-loop
transfer function without using the peak filter. The MIMO stability condition with the generalized
Gershgorin bands is a sufficient condition, and the controlled system should not be designed too
conservatively. Therefore, only this frequency range in which the stability condition is most
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Fig. 7.7: Flowchart of proposed peak filter design method.
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Fig. 7.8: Frequency response data of C,, that is fixed feedback controller along x-axis consisting
of PID controller, disturbance observer, phase lead filter, and notch filter.

affected is considered in the MIMO stability condition. In other frequencies, the interference

index is set to A(jwg) = 0.
The dichotomy method is used to solve the convex optimization problem with a sequential
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Fig. 7.9: Output disturbance spectrum along z-axis used for weighting function of sensitivity
function with scaling parameter .

linearization method using the concave-convex procedure. The output disturbance spectrum along
the x-axis used for the weighting function of the sensitivity function with the scaling parameter
o, is shown in Fig. 7.9. The main reason for the disturbance in the frequency range from 5 Hz to
10 Hz is the vibrations from a coarse stage and a ground transmitted through the gravity canceller.

The objective function a, is searched in the range of o™ = 1 x 105 and o™ = 1 x 107,
The sensitivity function without peak filter and the weighting functions with the initial conditions
are shown in Fig. 7.10. The Nyquist diagram without peak filter is shown in Fig. 7.11(a). The
Nyquist diagram with the initial peak filter is shown in Fig. 7.11(b).

In the proposed peak filter design method, a parametric model of the controlled system and
the given controller are not needed, and the frequency response data of them are enough for
designing the peak filter.

an®

The iterative optimization by the dichotomy method is repeated until ok < 1.01, where a2*
and «}® are defined as the values of o, in the feasible and infeasible solutions, respectively. The
optimization calculation searches the feasible set of the parameter with larger p in the current
operating point to design a peak filter with a wider resonance peak. The optimization problem is
calculated by YALMIP [96] and Mosek [97].

7.4.3 Optimization results

By the optimization calculation, the values of the objective function and the optimal peak filter
are given by a°P* = 1482520, poP* = 0.02325, and 72" = 0.011653, respectively.

€T €T
The sensitivity function and the weighting function with the initial and the optimal peak filter
are shown in Fig. 7.10. It is confirmed that the controller gain at the frequency of the maximum
error spectrum becomes high due to using the peak filter, and the gain of the sensitivity function
becomes low.

The Nyquist diagram with the optimal peak filter is shown in Fig. 7.11(c). It is confirmed that
the designed controller satisfies both the SISO robust stability condition and the MIMO stability
condition.
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Fig. 7.10: Sensitivity function without (—), with initial (—), and with optimal (—) peak filter
and weighting function with o™™ (), o (—), and a%"* (—) of translation along the z-axis.
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Fig. 7.11: Nyquist diagram of translation along the z-axis.

7.4.4 Simulation evaluation

The simulation evaluation is conducted before the experiment.
The error with the peak filter e“ (jwy) is calculated from the sensitivity function with and
without the peak filter, S (jwy) and S (jwy ), and the error without the peak filter e(jwy,) as follows.

e" (jwr) =8™ (jwr) S (jwr) e(jwr)
=(I + P(jwr)C(jwr) F (jwr, p,m)) "
(I + P(jwr)C (jwi))e(jwr)- (7.29)

The time series of the simulated scanning errors of translation along the x-axis in four scan
regions are calculated by inverse Fourier transform as shown in Fig. 7.12. The unit “[count]”
means the resolution of the measurement sensor in the setup. From the simulation results, the
optimized peak filter outperforms the without and with the initial peak filters.

(&
C

7.4.5 Experimental results

The experimental validation is conducted without and with the peak filter. In conventional
methods, the peak filter cannot be designed with convex optimization using the frequency response
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Fig. 7.12: Simulated position error of translation along the z-axis in four scan regions. No peak
filter is used in w/o (—), one peak filter of translation along the x-axis with initial condition is
used in (—), and one peak filter of translation along the z-axis with optimized condition is used
in w/ (—). Errors in one peak filter of translation along the x-axis with initial and optimized
conditions are overlapped but a little improved in the optimized condition.

data of the controlled system, not using the model of the controlled system. Therefore, the
feedback controller without peak filter is used as the conventional method in the experimental
validation.

The time series of the scanning errors of translation along the z-axis in four scan regions are
shown in Fig. 7.13. The amplitude spectra of the scanning errors of translation along the z-axis
in four scan regions are also shown in Fig. 7.14.

The scanning error is effectively reduced in scan region 1 and 4, as shown in Fig. 7.13(a) and
Fig. 7.13(d). The disturbance around 6.54 Hz is effectively rejected by the peak filter and the
scanning error is also reduced, as shown in Fig. 7.14(a) and Fig. 7.14(d). From this result, the
effectiveness of the peak filter in disturbance rejection is validated.

On the other hand, the scanning error is not dramatically changed in scan regions 2 and 3,
as shown in Fig. 7.13(b) and Fig. 7.13(c). This is because the frequency of the peak amplitude
of the scanning error spectra in scan region 2 and 3 is around 7.5 Hz, and the disturbance in this
frequency range can not be effectively rejected by the designed peak filter with the resonance
frequency f, = 6.54 Hz.

The Root Mean Square (RMS) errors of a total of four scan regions in 6-DOFs (., y, 0., z, 6., 6,,)
are shown in Fig. 7.15. Fig. 7.15(a) shows that the RMS error in translation along the z-axis that
is the main stroke of the scan stage is reduced. It means that the average scan quality is improved
and the effectiveness of the designed peak filter is validated. It is also noteworthy that the RMS
errors in (y, 0., z)-axes are also improved. It is because the interaction of the disturbance from
the z-axis is reduced by the peak filter. On the other hand, the RMS errors in (6,, 0,)-axes are
increased. It is because the interaction of the control input from the z-axis is increased by the
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Fig. 7.13: Position error of translation along the z-axis in four scan regions. No peak filter is
used in w/o (—) and one peak filter of translation along the z-axis is used in w/ (—).
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Fig. 7.14: Amplitude spectrum of position error of translation along the z-axis in four scan
regions. No peak filter is used in w/o (—) and one peak filter of translation along the x-axis with
optimized condition is used in w/ (—). The frequency range around the resonance frequency of

the designed peak filter (6.54 Hz) is highlighted ( ).

feedback controller high-gained by the peak filter. From these discussions, the peak filter has the
advantage to reject the disturbance and to reduce the scanning error in the MIMO high-precision
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Fig. 7.15: Root Mean Square (RMS) errors of a total of four scan regions in 6-DOFs
(,v,0.,2,0,,0,). No peak filter is used in w/o (red bar M) and one peak filter of transla-
tion along the x-axis with optimized condition is used in w/ (blue bar ).

scan stage.

In this chapter, the feedback controller is designed diagonally as a setup restriction and
human friendliness for manual tuning in the industrial final introduction process. In this case,
the coupling effect cannot be completely suppressed by the feedback controller because of not
enough degree of freedom. Therefore, the disturbance rejection performance of the main scan
x-axis is mainly concerned, and only the MIMO stability condition is comprised in the peak filter
design. Several decoupling control techniques are also proposed from both sides of the linear
and the nonlinear control approach [121, 122]. The physical and mathematical analysis of the
coupling effect by the designed peak filter and decoupling controller design is ongoing study.

Further improvement is possible with additional peak filters in the z-axis or other axes.
The proposed peak filter design method can be applied to other axes with the MIMO stability
condition. However, MIMO robust performance improvement is not guaranteed. Therefore, the
decoupling controller also should be designed at the same time as the designed peak filters in
multi-axes. It also should be concerned that the additional stability margin is needed to design
the additional peak filters because of the phase lag after the resonance frequency. To deal with
this problem, the phase compensator should be designed simultaneously as the peak filter, or all
controllers should be optimized at once.
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7.5 Conclusion

The frequency response data-based peak filter design in this chapter enables reducing tracking
errors in the scanning motion. The main underlying idea of this chapter is the combination of the
frequency response data-based design approach with convex optimization and the robust design
method of the MIMO controlled systems.

The effectiveness of the designed peak filter is demonstrated in the experiment with the in-
dustrial large-scale MIMO high-precision scan stage. The disturbance spectrum of the maximum
error frequency is effectively rejected by the designed peak filter, and as a result, it is confirmed
that the scanning error spectrum of that frequency is reduced.
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Chapter 8

Conclusion

In the dissertation, multivariable high-precision motion control with structured modeling and data-
driven convex optimization is presented. The approaches consider the dynamics of multivariable
systems such as multi-modal dynamics and multi-input multi-output (MIMO) interactions to
achieve high-precision tracking performance. The structured parameterization of the controller
enables an intuitive tuning process. In addition, the controllers can be designed by data-driven
convex optimization to overcome the difficulty of tuning many controller parameters. The
approaches are applied to actual setups such as a precision positioning stage, a two-inertia motor
bench, a suspended beam, a hard disk drive, and an industrial scan stage. The effectiveness of
the approaches is validated through simulations and experiments.

In Part I, Chapter 1 clarifies the requirements in the industrial application of mechatronics
systems to achieve higher performance. The performance requirements for advanced motion
control in industrial mechatronics systems are increasing year by year. It is necessary to design
a controller considering the multivariable dynamics. High control performance can be achieved
by effectively utilizing redundancy in multivariable systems such as combining the advantages of
model-based and data-based controller design. From these backgrounds, the goal of the disser-
tation is that “develop a framework for multivariable high-precision motion control combining
model-based and data-based approaches that is suitable for mechatronic systems in industrial
applications”. In the first half of the dissertation (Chapter 2, 3, 4, and 5), the state tracking control
approaches based on multirate feedforward control are used for multi-modal systems and MIMO
systems to improve the continuous-time tracking performance. In the latter half of the disser-
tation (Chapter 4, 5, 6, and 7), the structured controllers are optimized by data-driven convex
optimization to avoid the time-consuming tuning process in multivariable systems and the tuning
parameters are interpretable by physically intuitive meaning.

In Part II, the multirate feedforward control is extended to multi-modeal systems and MIMO
systems to improve the continuous-time tracking performance by effectively using the redundancy
of the multivariable systems. In Chapter 2, multirate feedforward control is generally presented
in multi-modal motion systems. The state trajectory generation is generalized to non-minimum-
phase and MIMO motion systems. The redundancy of the multi-modal system is considered by
the mode selection to improve the continuous-time tracking performance. The effectiveness of
the approach is validated in a high-precision positioning stage with multiple resonant modes. It
constitutes Contribution M-1. In Chapter 3, multirate feedforward control is generally presented
in MIMO motion systems. The challenge in multirate feedforward control for MIMO systems is
that there is redundancy in how to select sampling periods for multiple inputs. The redundancy of
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multirate input sampling is analytically optimized by the state controllability of the generalized
controllability indices. The effectiveness of the approach is validated in a two-inertia system
motor bench for intersample performance and in a 6-DOF high-precision positioning stage for
interaction compensation. It constitutes Contribution M-2.

In Part III, the sampled-data feedforward control based on state tracking is extended to
structured parameterization and data-driven convex optimization. In Chapter 4, the state tracking
sampled-data feedforward control is presented in linearly parameterized feedforward control.
The linear parameterization enables intuitive tuning and ease for the extension to data-driven
parameter updates. The conventional multirate feedforward controllers are designed as the
inverse of the model. It is difficult to update the controller parameters intuitively by using
experimental data. Therefore, to enable the data-driven tuning of the sampled-data feedforward
controller based on state tracking, the feedforward controller is linearly parameterized by basis
functions corresponding to the reference and the physically intuitive tuning parameters. The basis
functions are designed by sampled-data differentiator considering zero-order-hold dynamics to
improve intersample performance. The effectiveness of the approach is validated in a two-inertia
system motor bench compared to the conventional basis function design that does not consider
the zero-order-hold dynamics. It constitutes Contribution M-3. In Chapter 5, the state tracking
sampled-data feedforward control that is presented in Chapter 4 is extended to an iterative
learning control for MIMO motion systems. It enables the data-driven parameter update and
interaction compensation of MIMO systems without the MIMO model. The MIMO feedforward
controller is parameterized by physically intuitive basis functions and tuning parameters as a fixed
structure based on low-frequency error dynamics of MIMO multi-modal systems. The tuning
parameters of the controller are updated by iterative learning control using experimental data and
a diagonal rigid body model to minimize errors. The effectiveness of the approach is validated
in a suspended beam compared to the conventional feedforward controller that does not consider
MIMO interaction. It constitutes Contribution D-1.

In Part IV, the feedback controller design using frequency response data and convex opti-
mization for disturbance rejection in multivariable motion systems is presented. In Chapter 6 the
frequency response data-based disturbance rejection is presented with robust performance in the
system with model variations. In the conventional data-driven feedback controller design, there
is a challenge that the improvement of the error is directly formulated as an objective function.
To improve the disturbance rejection performance, it is necessary to design a feedback controller
that can deal with the variations of models and disturbances. The approach formulates resonant
filters corresponding to multiple disturbance frequencies in structured linear parameterization.
The frequency response data is directly used for the controller design problem that is solved
by an iterative convex optimization using sequential linearization. The multiple resonant filters
enable disturbance rejection in several frequencies and the controller is optimized considering
the model variations to minimize the error. The effectiveness of the approach is validated in a
dual-stage actuator hard disk drive benchmark problem. It constitutes Contribution D-2. In Chap-
ter 7, the frequency response data-based disturbance rejection is presented with robust stability
in MIMO systems. The feedback controller design in MIMO systems has a challenge because
MIMO systems have an interaction that can deteriorate robust stability and the parametric model
identification of the MIMO systems is difficult and time-consuming. The disturbance rejection
at a specific frequency is difficult to ensure robust stability in actual implementation because
the gain of the controller becomes high at that frequency. Therefore, the approach formulates
the robust controller design problem that directly uses the frequency response data considering
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the interaction of the MIMO system. The feedback controller is designed by an iterative convex
optimization using sequential linearization. The effectiveness of the approach is validated in the
experiment and it is the first attempt to apply the high-gain controller to the actual industrial
large-scale MIMO high-precision scan stage. It constitutes Contribution D-3.

In conclusion, the dissertation constructs a general framework of multivariable high-precision
motion control with structured modeling and data-driven convex optimization for industrial ap-
plications. The developed approaches are theoretically novel and the engineering applicability
is successfully demonstrated in simulation and experimental validation including the implemen-
tation in commercial products. The dissertation contributes to both the academic and industrial
fields, and its importance will continue to increase in the future. These facts show that the
dissertation makes a major breakthrough in control engineering about performance improvement
and practical applicability for industrial applications.
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Abstract 3

Multivariable High-Precision Motion Control

with Structured Modeling and Data-Driven Convex Optimization
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