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LPV sequential loop closing for high-precision motion systems*

Yorick Broens, Hans Butler and Roland Téth

Abstract— Increasingly stringent throughput requirements in
the industry necessitate the need for lightweight design of
high-precision motion systems to allow for high accelerations,
while still achieving accurate positioning of the moving-body.
The presence of position dependent dynamics in such motion
systems severely limits achievable position tracking perfor-
mance using conventional sequential loop closing (SLC) control
design strategies. This paper presents a novel extension of the
conventional SLC design framework towards linear-parameter-
varying systems, which allows to circumvent limitations that
are introduced by position dependent effects in high-precision
motion systems. Advantages of the proposed control design
approach are demonstrated in simulation using a high-fidelity
model of a moving-magnet planar actuator system, which
exhibits position dependency in both actuation and sensing.

I. INTRODUCTION

Growing demands in the industry result in increasingly
stringent requirements on throughput and positioning ac-
curacy of motion systems, such as wafersteppers, scan-
ners, pick-and-place machines and wire bonders, see [1]—
[4]. Traditionally, control design for multiple-input multiple-
output (MIMO) systems is simplified by excellent mechan-
ical design which ensures high stiffness and reproducibility
of the design, see [5]. Moreover, highly stiff mechanical
designs result in motion behavior dominated by rigid body
dynamics which simplify the control design procedure and
allow to use methods like rigid body decoupling to effi-
ciently handle MIMO systems, see [6]. In many industrial
applications, sequential loop-closing (SLC) strategies are
applied for rigid body feedback control design due to several
(practical) advantages. First, these methods employ well-
understood control design strategies, such as loop-shaping
techniques (see [7], [8]). Additionally, the SLC framework
allows for feedback control design using a non-parameteric
model of the motion system, e.g. frequency response function
(FRF) measurements, thus circumventing the necessity of
identifying an accurate dynamic model of the system that
can capture complicated high-frequent resonance dynamics.

However, the ever increasing throughput demands in the
industry necessitate the design of lightweight mechanical
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structures to allow for ultra-high accelerations, while keep-

ing the power demands relatively low. Therefore, increased

throughput is obtained at the cost of introducing low-frequent
flexible dynamics due to the limited stiffness of the mechan-

ical structure, see [9].

Additionally, control design of high-precision motion sys-
tems is further complicated by the presence of position
dependent effects. For many high-precision motion systems,
position dependent resonance dynamics are introduced by
relative displacements of the moving-body with respect to
the sensor frame and/or actuation frame, resulting in the
need for coordinate frame transformations to relate the input
forces and/or measurement signals to the center of mass of
the moving-body.

In general, the presence of flexible dynamics severely
limits the achievable feedback control bandwidth (see [10]),
which is even more critical in case they are position depen-
dent, since position dependent effects manifest as dynamic
uncertainties. While previously SLC control design strategies
handled position dependency in terms of robustness of the
resulting LTI controller, the performance price of robustness
in case of the novel lightweight designs would be intolerable
in practise.

In order to circumvent the aforementioned performance
limitations, a novel control design approach is presented,
which extends the conventional linear-time-invariant SLC
method (e.g. see [11]) to linear-parameter varying (LPV)
systems. The proposed LPV SLC control design strategy
preserves the advantages of the traditional SLC approach,
while allowing for increased closed-loop performance for
motion systems affected by position dependency. The pre-
sented control design approach is based on local controller
design with loop-shaping strategies, thus allowing for an
interpolation based parameterization of the controller coef-
ficients on the scheduling vector respectively. Additionally,
an efficient implementation strategy is presented, which
allows for real-time implementation of the designed position
dependent feedback controllers.

The main contributions of this paper are:

(C1) The development of an extension of the SLC control
design approach, such that position dependency is ex-
plicitly taken into consideration, thereby allowing for
additional degrees of freedom to the control design, such
that increased closed-loop performance is achieved.

(C2) The development of an efficient implementation strategy
for the position dependent controllers, which allows
for real-time implementation of the proposed control
concept.

This manuscript is organized as follows. First, the problem



formulation is presented in Section Next, Section
presents the conventional sequential loop-closing framework
for rigid-body feedback control design for high-precision
motion systems. In Section the proposed LPV SLC
framework approach is introduced together with an efficient
implementation strategy for real-time application of the re-
sulting position dependent controllers. Section |V| provides a
simulation study of the proposed LPV SLC control approach
on a high-fidelity model of a state-of-the-art moving-magnet
planar actuator. Finally, in Section conclusions on the
proposed methodology are drawn.

II. PROBLEM FORMULATION

A. Background

Many high-precision motion systems exhibit position de-
pendent effects, see Figure which are introduced by
relative sensing and actuation of the moving body. Therefore,
such systems are often represented in an LPV form, see
[12], where position dependency is expressed by a so-called
scheduling variable. Consider the equations of motion of a
mechatronic system that is subject to relative actuation and
relative sensing of the moving-body:

M(t) +Dq(t) + Kq(1) = Pa(p(t))u(t), ey

where M, D and K are the real symmetric mass, damping
and stiffness matrices of dimension n, x n, and ®,(p(r)) €
R"*"™ maps the control forces u(z) to the appropriate
masses based on the scheduling vector p: R — P C R".
Alternatively, (1) is represented in LPV state-space form as:

0 1 0
P=| -M'K —-M7'D|M'®,(p(t)) |, @
@, (p(1)) 0 | 0

where ®4(p(r)) € R»*" corresponds to a mapping of ¢(t) to
the output y(7) based on the scheduling vector p(z). Note that
the B(p(t)) and C(p(¢)) matrices are position dependent due
to relative actuation and sensing of the moving-body. If the
scheduling vector p(¢) is constant, implying p(t) =p € P for
allt € R, becomes an LTI system, which is often referred
to as frozen dynamics for a particular fixed position of the
motion system and is denoted by F,. Typically, such a family
of frozen dynamics is used in sequential loop closing (SLC)
control design strategies by viewing the position depen-
dent effects as a dynamic uncertainty. Consequently, during
conventional SLC control design, closed-loop performance
is traded off against robustness in order to ensure local
stability of the closed-loop system. Moreover, conventional
SLC control design strategies are no longer sufficient to
meet with the increasing performance requirements in the
industry. Therefore, there is a necessity for a (practical)
control design approach that is able to push performance
beyond LTI control design solutions, such that satisfactory
closed-loop performance is achieved.

-100

Jun
o
=

Magnitude (dB)
CooL L
[=2] P
(=] =]

—_
)
S

180
135

o
&S

o b
S5

Phase (deg)
=1

—
w
&

Jun
1o
S

L
107
Frequency (Hz)

,_
<

Fig. 1. Low-frequent position dependent resonance dynamics of a high-
precision moving-magnet planar actuator system, showing the rigid body
decoupled transfer in z-direction for several frozen positions of the mover.

B. Problem statement

The problem that is addressed in this paper is to construct

a position dependent control law that considers all local

aspects of the system by following a loop-shaping based

approach, capable to handle the MIMO nature of the plant.

The objective is to design a controller K, such that the

following requirements are satisfied:

(R1) The closed-loop system is locally stabilized by K for
allpeP.

(R2) The control design approach utilizes non-parametric
models, e.g. FRF measurements, thus circumventing the
necessity of identifying an accurate dynamic model of
the system that can capture complicated high-frequent
flexible dynamics.

(R3) The control design approach allows for modular design
of the resulting feedback controller K such that a
desirable structure can be imposed on the controller.

The goal of this paper is the development of an extension
of the conventional LTI SLC control design framework
towards a position dependent approach, such that the po-
sition dependent nature of the system is exploited during
feedback control design in order to maximize closed-loop
performance.

III. CONVENTIONAL SLC CONTROL DESIGN
FRAMEWORK

This section gives a brief overview of the conventional
SLC control design framework (e.g. see [11]), which is
widely employed in industrial applications. The key concept
of the SLC framework is that the multi-variable control
design is decomposed into a number of equivalent SISO
control designs, for which well-known control design tools
are available, e.g. loop-shaping techniques. The equivalent
plant for the i-th design step of the frozen high-precision
motion system dynamics, denoted by g;, is described by:

g =F(P,—K'), 3)

where K' = diag(k;) with j = {1,...,n,} and j # i, see
[13]. The diagonal feedback controller corresponds to K =



diag(ki,...,ky,,). Furthermore, Pé = W;B,W;, where W; cor-
responds to an identity matrix which has its 1-st and i-th
row interchanged. Closed loop stability of the multi-variable
rigid body decoupled system is assessed by considering the
characteristic equation det( +P,K) Vp € P, which is related
to the equivalent plant as (see [14]):

1y

:H(1+gpk)vpeP 4)
i=1

det(/ + B,K)

In terms of (), stability of the multi-variable system is
reduced to the assessment of n, SISO Nyquist criteria.

Generally, the controllers k; are designed in an itera-
tive manner using the rigid body decoupled dynamics of
the corresponding high-precision motion system, such that
(local) stability is achieved for all frozen positions p € P,
thus sacrificing performance for robustness during control
design due to the presence of position dependent flexible
dynamics. Typically, a SLC based rigid body feedback con-
troller is structured as a cascade interconnection of various
LTI filters as illustrated by Figure [2| where C{< corresponds
to a proportional gain, which ensures that the open loop
dynamics of the equivalent plant g;ki cross the 0 dB line
at the desired rigid body target bandwidth. To suppress low-
frequent disturbances, integral action is imposed on k; by
means of the filter Cf, which corresponds to:

(1) = u(r)
yi(t) = xi(t)
In order to stabilize the closed-loop system, lead filters

are added to the SLC based controller. The time domain
representation of a lead filter Cy, is given by:

ip(t) = =2 fowxp (1) + 27 fowup ()

yp(t) = 1 — oxp (1) + &up ()
such that approximately 45 degrees phase margin is present
at the rigid body target bandwidth f,, > 0, while being
subject to integral action Cf. The parameter & > 0 is used to
shift the cut-off frequencies of the differential action and the
integral action of the lead filter, such that sufficient phase
lead is present at the desired target bandwidth. Typically,
o is chosen to be 3. At last, a notch filter CI"\I is imposed
on k; to suppress the effects of position dependent flexible
dynamics. The time domain representation of a notch filter
Cy; is denoted by:

in(t) = {‘4”1‘“2 ‘4{)22 ”T o (t) + [4%”1 ux (1)

(&)

; (6)

)

Bihi—Bfo 13 } 5 2 7
t 1—%|x —Sun(?
le) = [BAE 1= B lan(n)+ (o)
ki
ui(t)| [ v i i ;1L vi(®)
'CK_)CI —>C’D ”’CN >
Fig. 2. Typical structure of a SLC based rigid body feedback controller,

where the controller is composed from a cascade interconnection of sub-
components, such as a proportional gain, an integrator, a lead filter and
notch filter.

it u; (t Y it
) [ gl

Y

Fig. 3. Schematic representation of the proposed LPV SLC control design
concept, where I'; denotes a cascade interconnection of LTI filters and ¥;
corresponds to a cascade interconnection of LPV filters.

where B, B, fi and f> correspond to the notch filter
coefficients respectively.

IV. LPV SLC CONTROL DESIGN APPROACH

This section presents a novel extension of the conventional
SLC control design framework towards a position dependent
approach, which allows to push closed-loop performance of
the position dependent system beyond LTI control strategies.

Similar to the SLC control design framework, the (local)
equivalent plant for a particular frozen position of the motion
system, denoted by g;, corresponds to a lower fractional
transformation (LFT):

where Kri> = diag(kp;), j=1{1,...,n}, j #i. Moreover, the lo-
cal diagonal feedback controller, which corresponds to the lo-
cal plant dynamics P, is defined as K, = diag(kp,,. .., kp,, )
where local stability is assessed using the characteristic
equation det(/ + P,K;) Vp € IP, which, in case of a position
dependent controller, is related to the equivalent plant as:

1y

[1(1+8iky,) VP EP 9)
i=1

det(/+ P,K;) =

For the design of the position dependent controllers ky,,
the structured controller is partitioned into a low-frequent
LTT controller, denoted by I';, and an interconnection of LPV
filters, denoted by W;, as illustrated by Figure [3] Typically, I;
consists of a proportional gain Ck, an integrator Cl, see llb
and lead filters Ci, see @ The position dependent cascade
filter interconnection ¥; consists of LPV notch filters, which
actively combat the effects of position dependent flexible
dynamics in a position dependent manner, therefore allowing
for increased rigid body feedback control bandwidth. The
time-domain representation of a LPV notch filter corresponds
to:

[ () } _ [ o (p(r)) | #(p(1)) } [ §§E§§ ] (10)

N () ¢(p(t)) | 2(p(1))
with:
R e L
o) = [P )
€(pt)) = [ﬁl(P(f))fl (Pf(ll();&gzz(z(f))fz(P(l)) 1— 2258;2



Similar to the SLC control design approach, a set of frozen
dynamics, denoted by {Pé}?i |» is used to construct a set of
frozen controllers {Ké};’i , by utilizing loop shaping tech-
niques, thus allowing for an interpolation based parameteri-
zation of the position dependent filter coefficients using the
corresponding frozen scheduling vectors p € P respectively,
where n, denotes the number of frozen positions that are
considered for controller design. The parameterization of
the position dependent filters can be accomplished using
two approaches. First, a global parameterization of the filter
coefficients can be considered with polynomial dependence
on the parameters. Therefore, the polynomial dependence
can be tuned using SLC control design approaches , thus
taking all the local dynamics into account during the tuning
of the position dependent filters. As an alternative, local
parameterization strategies can be applied, for which each
individual filter coefficient is interpolated based on a poly-
nomial relationship which is dependent on the scheduling
vector. In this paper, the latter strategy is investigated.

Consider the vector ®(p(t)), which contains the position
dependent notch filter coefficients of (I0):

®(p(1)) = [Bi(p())  B2lp(®)  filp(t) S(p)]" (12)

Using the set of local controller designs {Ké}?i |» the position
dependent filter coefficients can be individually parameter-
ized using a polynomial dependence on the scheduling vector

as:
(-1 (=D ©
@ (p(1)) = Z Z 6, g ()" qy(1)",
w=0

v=0

(13)

where ®,,(p(¢)) denotes the m™ element of the vector

®(p(t)) and gy,qy C p. The parameters i and j denote the
order of the assumed dependency, governing the smoothness
of the allowed variation. Additionally, from @]), it is ob-
served that each parameter ®,,(p(t)) is expressed by spatial
coordinates (e.g. dependency on the ¢.(t),q,(¢) position) and
weighting coefficients &, thus allowing for reformulation

w2

of the parameterization as:

.
@ulp(r) = 2(p) [0 .. o] . s

where the vector x(p(t)) € R/ corresponds to:
x(p(0)) = [1 a0 el (1)~ (15)

In order to obtain the weighting coefficient vectors, the poly-
nomial parameterization, expressed by (14), is reformulated
into a least-squares regression problem using the designed
local filter coefficients of {Ké}’;i | and their corresponding
frozen positions respectively. Moreover, the least-squares
formulation for the approximation of ®,,(p(¢)) is given by:

q)ml X (Pl) eﬁm
= : D (16)
4 (png) 93)’"
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where the coefficient vectors @g,, are obtained by minimiz-
ing ||A@g,, — Yo, ||*. Therefore, the parameterization of the
position dependent filter coefficients is based on minimizing
the [, loss between the local coefficient tuning of {K}l) 7i |
and the fit of the polynomial parameterization.

Real-time implementation of the position dependent con-
troller blocks is achieved by using the controller structure
given by (I0), which allows for implementation of the
position dependent notch filter using an integrator chain with
position dependent coefficients as illustrated in Figure [4]

i (p(t))
2rf1 (p(t))

N (t)

uN (t)

Fig. 4. Implementation concept of a position dependent notch filter using
an integrator chain.

In total, a novel control design approach has been pro-
posed, which allows for position dependent sequential loop
closing based control design. In this way, position dependent
phenomena in high-precision motion systems can be explic-
itly handled, allowing for increased closed-loop performance.
Additionally, the structure of the position dependent filters
allows for efficient implementation of the filters using an
integrator chain, where the total feedback controller k; is
obtained by interconnecting the LTI filters I'; with the LPV
filters ;.

V. SIMULATION STUDY

In this Section, a simulation study of the LPV SLC control
design approach is presented. First Subsection [V-A| presents a
brief description of a moving-magnet planar actuator system.
Next, simulation results are presented in Subsection
where the proposed LPV SLC control design approach is
compared to conventional SLC control design strategies on a
state-of-the-art moving-magnet planar actuator model, which
exhibits position dependency in both actuation and sensing.

A. System description

Magnetically levitated planar actuators are high-precision
motion systems which are used in lithographic machines
for nanometer accurate positioning of silicon wafers under
projection optics, see [1]. A moving-magnet planar actuator
system, which is illustrated by Figure [5] is comprised of
three main components: the stator base, the translator and the
metrology frame. The stator base is a double layer coil array,
consisting of 160 coils of which 40 coils are simultaneously
activated at every time instant using 40 power converters,
depending on the relative position of the translator (see
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Fig. 5. Photograph of a moving-magnet planar actuator system prototype.

[15]). Proper actuation of the coils offers the means of both
levitation and propulsion of the magnet plate in 6 Degrees of
Freedom (DoF). The translator, comprised of 281 permanent
magnets structured in a Hallbach array, is constructed to be a
lightweight magnetic plate, thus enabling high accelerations.
However, due to its low mass, low-frequent flexible dynamics
are introduced (first flexible mode at ~ 226.5 Hz), which
severely limit position tracking performance capabilities. The
metrology frame, which rests on air mounts to suppress the
effects of floor disturbances, is used as a global reference
frame in order to assess positioning accuracy of the mover.
On the metrology frame, 9 laser interferometers (LIFMs)
are mounted to measure the relative displacement of the
translator with respect to the metrology frame. The relative
actuation and sensing of the moving-body introduces the
presence of position dependent flexible dynamics, which
severely limit the achievable rigid body feedback control
bandwidth, see Figure I} A detailed description of the
moving-magnet planar actuator prototype is given in [16].

B. Simulation results

For validation of the proposed control design approach,
both a conventional SLC feedback controller and a LPV
SLC controller are designed for the z-axis of the moving-
magnet planar actuator model, which is severely limited
in achieving sufficient rigid body feedback control band-
width due to the presence of position dependent flexible
dynamics as illustrated in Figure [T} In order to compare
the performance of both controllers with respect to each
other, a performance criteria is introduced by means of a
6 dB upper-bound on the sensitivity function of the closed-
loop. Additionally, both controllers are constructed from a
proportional gain, an integrator, lead filters and (position
dependent) notch filters. Using the aforementioned filters, the
conventional SLC feedback controller achieves a rigid body
feedback control bandwidth of approximately 95 Hz. The
LPV SLC feedback controller achieves a feedback control
bandwidth of approximately 175 Hz due to the additional
degrees of freedom during controller design. The introduc-
tion of position dependent notch filters to the controller
design has several advantageous properties. First, the effects
of position dependent flexible dynamics can be explicitly

handled in a position dependent manner, thus allowing to
push performance beyond robust LTI SLC control design.
Secondly, the position dependent notch filters allow for
relaxation of the feedback control design constraints, since
phase lead can be introduced in a position dependent manner
by means of skewing the notch filter (shifting the notch filter
frequency f>, see (I0), to a higher frequency compared to
f1), thus allowing for increased feedback control bandwidth,
while still satisfying the 6 dB upper-bound of the sensitivity
function respectively. The constructed position dependent
notch filter is illustrated in Figure [6] for the positions g, =
0.1 m, gy € [0m 0.2m].
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Fig. 6. Visualization of a designed position dependent notch filter for the
positions g, = 0.1m and g, € [0m  0.2m].

From Figure [] it is observed that the constructed position
dependent notch filter allows for introduction of phase lead
for critical positions of the system due to the additional
design freedom of the position dependent filters, thus al-
lowing for increased closed-loop performance compared to
conventional SLC control design approaches. Additionally,
the designed notch filter is suppressing the effects of the
resonance dynamics. In order to evaluate the performance
improvement of the proposed LPV SLC control design
approach, both the conventional SLC controller and the LPV
SLC controller are implemented in simulation together with
a mass feedforward. For simulation purposes, a 4™ order
reference trajectory is generated based on the methodology
proposed by [17]. Figure[7]illustrates the motion profiles that
are used for simulation.
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Fig. 7. Motion profiles that are considered for simulation of the conven-
tional SLC controller and the LPV SLC controller.
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Fig. 8. Position tracking error in z-direction, where the green area denotes
the (de-)acceleration interval, the yellow area denotes the settling time
interval and the red area denotes the constant velocity interval.

The resulting tracking error is illustrated in Figure [§]
where the position tracking error using the conventional
SLC controller is depicted in blue and the position tracking
error using the LPV SLC controller is depicted in red.
Furthermore, the green area denotes the acceleration and
de-acceleration interval, the yellow area denotes the settling
time interval and the red area denotes the constant velocity
interval.

In industry, accuracy of the lithographic exposure process,
which takes place during the constant velocity interval, is
assessed by two values: the Moving Average (MA(r)) and
the Moving Standard Deviation (MSD(¢)), see [1]. These
values are calculated a posteriori from the measured position
tracking error using:

a7

MSD(7) = \/ % /Hf (e(7) — MA(r) 2d

where T corresponds to the exposure window. The mean
values of the MA(t) and MSD(t) filtered error signals during
the constant velocity interval are listed in Table [I] together
with the relative reduction of the performance values.

TABLE I
MEAN VALUES OF MA(t) AND MSD(t) FOR BOTH CONTROLLERS
DURING THE CONSTANT VELOCITY INTERVAL

Conventional SLC | LPV SLC | Relative reduction
MA [m] 5.3139¢-10 4.4360e-11 91.65 %
MSD [m] 4.8913e-08 4.0785e-08 16.62 %

Based on Table[l] it is clear that the LPV SLC design based
controller has a relative reduction of the mean MA(t) error
of 91.65 % and a relative reduction of the mean MSD(r)
error of 16.62 %, thus highlighting the effectiveness of
the proposed control design approach. From Figure [§] it
is difficult to observe the improvement in MA(¢) error as
the low-frequency behavior is obscured by the resonance.
Moreover, an important observation is that the LPV SLC
controller is better equipped to handle the position depen-
dent resonance, which leads to increased feedback control

bandwidth. Nonetheless, the resonant behavior (MSD error)
is hardly reduced as it is excited by the mass feedforward.

VI. CONCLUSIONS

This paper presents a novel extension of the conventional
SLC control design framework towards a linear-parameter-
varying approach, which allows to circumvent limitations
that are introduced by position dependent effects of high-
precision motion systems. Moreover, the proposed frame-
work introduces additional degrees of freedom to the con-
troller design by means of exploiting position dependent filter
design, which allows for increased closed-loop performance
of high-precision motion systems. Simulation results based
on a state-of-the-art moving-magnet planar actuator model
highlight the effectiveness of the proposed control design
approach.
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