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Data-Driven Decomposition
Control to Output Tracking With
Nonperiodic Tracking—Transition
Switching Under Input Constraint

This paper is concerned with solving, from the learning-based decomposition control
viewpoint, the problem of output tracking with nonperiodic tracking—transition switching.
Such a nontraditional tracking problem occurs in applications where sessions for track-
ing a given desired trajectory are alternated with those for transiting the output with
given boundary conditions. It is challenging to achieve precision tracking while main-
taining smooth tracking—transition switching, as postswitching oscillations can be
induced due to the mismatch of the boundary states at the switching instants, and the
tracking performance can be limited by the nonminimum-phase (NMP) zeros of the sys-
tem and effected by factors such as input constraints and external disturbances. Although
recently an approach by combining the system-inversion with optimization techniques
has been proposed to tackle these challenges, modeling of the system dynamics and com-
plicated online computation are needed, and the controller obtained can be sensitive to
model uncertainties. In this work, a learning-based decomposition control technique is
developed to overcome these limitations. A dictionary of input—output bases is con-
structed offline a priori via data-driven iterative learning first. The input—output bases
are used online to decompose the desired output in the tracking sessions and design an
optimal desired transition trajectory with minimal transition time under input-amplitude
constraint. Finally, the control input is synthesized based on the superpositioning princi-
ple and further optimized online to account for system variations and external disturb-
ance. The proposed approach is illustrated through a nanopositioning control experiment

on a piezoelectric actuator. [DOI: 10.1115/1.4053763]

1 Introduction

Output tracking with nonperiodic tracking—transition switching
appears in various applications, ranging from manufacturing (e.g.,
wielding operation) [1], robotic operation (e.g., noncontact-to-
contact transition) [2], nanoscale measurement and manipulation
to telesurgery [3]. In these applications, precision tracking of an
operation-specified desired trajectory (e.g., follow the given part
contour as in robotic wielding operation) is immediately followed
and alternated by transition of the output between different posi-
tions in a nonperiodic manner (e.g., transit the welding head from
one location to another as in robotic welding operation). Chal-
lenges arise as postswitching oscillations of the output can be
induced by the tracking—transition switching, the tracking preci-
sion can be limited by the nonminimum-phase (NMP) dynamics
of the system, and the operation efficiency in minimizing the total
operation time can be confined by constraints such as the input
amplitude. These challenges, however, have not yet been
addressed efficiently and robustly and thereby motivate this work.

Limitations exist in current techniques developed for transition-
involved output tracking. For example, the problem might be
approached by treating and solving the output transition involved
as an optimal state transition problem (e.g., Ref. [4]). The solution
obtained, however, might be nonoptimal for output tracking and
does not lend itself to track the desired trajectory after the transi-
tion [5]. Although output tracking after the transition might be
addressed by using the input shaping technique [6] or the optimal
output transition (OOT) technique [5], only can some simple and
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special cases be accommodated—either the after transition output
needs to be maintained at a constant value [6] or the
tracking—transition switching needs to be periodic [7]. Particu-
larly, although the input energy is minimized in the OOT
approach, the optimal transition trajectory obtained can be highly
oscillatory when the system dynamics is lightly damped [7].
These issues have been tackled through the developments a multi-
objective two-norm optimization scheme [8] or an inversion-
based OOT technique [9]. In these techniques, however,
constraints such as the input amplitude and optimization such as
the minimization of the transition time have not been considered.
Such a constrained optimization problem has recently been
addressed in the stable-inversion framework through a multi-
objective optimization approach and solved using an improved
conjugate gradient technique [10]. It is shown that an optimal
smooth output trajectory along with the corresponding control
input can be obtained. Not only is smooth tracking—transition
switching without postswitching oscillation ensured, but also the
total transition time is minimized under the input (amplitude and
energy) constraints [10]. Practical implementation of this tech-
nique, however, faces issues arising from the online computation
being demanding and the control input obtained being sensitive to
system dynamics variations. These critical issues related to effi-
ciency and robustness require further investigation of this
problem.

In this work, we propose a data-driven decomposition-based
approach to achieve both time-minimal, input-constrained optimal
design of the output transition trajectory and precision output
tracking across tracking—transition switching. The basic idea is to
decompose the desired output trajectory in both the tracking and
the transition sessions into linear combination of output bases
while taking into account the boundary conditions at the switching
instants, then minimize the transition time under input constraint
through a one-dimensional search algorithm. Then, the control
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input needed is synthesized using the corresponding input bases
based on the superpositioning principle. The input—output bases
are selected from a dictionary constructed a priori via a data-
driven iterative learning control (ILC) technique [11]. Specifi-
cally, by utilizing the modeling-free ILC technique [11,12] along
with B-spline as the output bases [13] in the dictionary construc-
tion, the proposed data-driven approach not only avoids the
dynamics modeling process, but also is efficient in both the offline
learning and the online output decomposition and input synthesis.
Moreover, by using the input—output data to update both the dic-
tionary offline (right before the operation) [12] and the control
input online [14], both the robustness and the performance of the
control are enhanced. This work extends the notion of the decom-
position control [15-18] to input-constrained optimal tracking
with nonperiodic tracking—transition switching. The proposed
approach is illustrated through implementation in output tracking
of a piezoelectric actuator in experiment. In this paper, the
preliminary results reported in a recent conference [19] have been
substantially enriched and strengthened with online adaptive opti-
mization, extension to multiple-input multiple-output (MIMO)
systems, and more complete experimental results.

2 Input-Constrained Optimal Nonperiodic
Tracking-Transition Switching: Problem Formulation

We consider the input-constrained optimal (transition time min-
imal) nonperiodic tracking—transition switching (IC-ONTTS)
problem for a square linear time invariant (LTI) system given by
its state-space model as

X=Ax-+Bu, y=Cx (@))]
where x(-) € R is the state, and u(-) € R7, y(-) € Y are the
input and the output, respectively. We assume that

AssumpTION 1. System (1) is stable, controllable, observable,
and hyperbolic with a well-defined relative degree r=
[rl 312500y rq] ([20])

The above hyperbolic assumption (i.e., system (1) has no zeros
on the imaginary axis) is to guarantee the existence and unique-
ness of the control input, i.e., for any given sufficiently smooth
desired trajectory, there exists a unique control input to track the
desired trajectory [21] This requirement can be alleviated by the
right invertibility condition [22].

The NTTS occurs in preview-based output tracking involving
nonperiodic tracking—transition switching, where the future
desired output in a finite amount of preview time T, < oo is par-
tially specified in the tracking sessions, such that (see Fig. 1):

The number of tracking—transition switching, N, within the
preview time 7T, is known, i.., there are N, —1 transition
sessions.

The desired output trajectory in each tracking session Iy, is
specified, ie., yq(t) for t€ XL ,=(t;, try) is known for
Vk=1,2,...,N,, and sufficiently smooth, i.e., it is differentiable
up to the relative degree of system (1).

The output boundary condition at each tracking—transition
switching is specified: For any given kth transition session
L =[tri, teg] (k=1,2,.. Ny — 1),

y/(;l,Zim(tk‘f) :ylgzitz'(tkflf)

\ : (@)
1) =3 117)
for j=1,2,...,r — 1, where Yra,(-) and yxam(-) are the desired
output in the kth tracking session and the to-be-designed output in
the kth transition session, respectively.

The desired output being smooth in the tracking sessions is
needed to ensure the existence of the control input for exact track-
ing of the desired output—by the stable-inversion theory [21].
Moreover, as the exact-tracking control input is completely deter-
mined by the desired output along with the system dynamics [21],
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Fig. 1 Schematic representation of output tracking with non-

periodic tracking—transition switching

it is natural to assume that the desired output in each tracking ses-
sion is trackable under the given input-amplitude constraint:

ASSUMPTION 2. For a given M, < oo and any given kth tracking
session (k=1,2,...,Ny), the desired output yi q(t) for ¥t € Iy,
satisfies the condition that the control input uk,d,,.(-) to exactly
tracking yiar (-) has |uar (|| < M

In practice, the desired trajectories in tracking sessions can be
designed to satisfy the above Assumption 2 without knowing the
system dynamics model (1) explicitly—based on the a priori
knowledge of the system dynamics from, for example, past opera-
tion experience of the system.

For NMP systems, a large-enough preview time is necessary to
ensure the tracking precision—by the stable-inversion theory [21].
We define the lower bound of such a preview time as the effective
preview time T, (see Fig. 1):

Definition: Effective preview time T,p: For any given ¢ > 0 and
any given desired output trajectory y,(-), the effective preview
time T, is the amount of preview time such that with u(-) =u,(-),
we have |[y(-) —ya(-)||, <& where u,(-) is the preview-based
inverse control input obtained with T¢, [9].

Remark 3. For a given tracking precision (i.e., ¢ in the above
definition), the amount of preview time T, needed is determined
by the zero dynamics of the system [21] and can be quantified by
the smallest real part of the NMP zeros of the system. In practices,
such a preview time can be estimated experimentally without
knowing the dynamics model (1) explicitly. For example, the
modeling-free inversion-based iterative control (MIIC) technique
[11], a data-driven ILC technique, can be employed to track a
given desired trajectory of a finite support (i.e., finite duration),
and the preview time T, can be chosen for different tracking preci-
sion by truncating the pre-actuation time of the converged control
input [9].

Thus, we assume that enough preview time exists throughout
the tracking course:

AssuMPTION 4. At any given time instant t. (see Fig. 1), the
available preview time T, is at least twice of the effective preview
time Tep, i.e., T, > 2T,,.

The above assumption holds in practice as the amount of pre-
view time can be adjusted, for example, by extending the transi-
tion time. Moreover, a long enough preview time also ensures that
the input-constrained minimization of the transition time is well-
defined as the inputs for the tracking sessions and the transition
sessions, due to the pre-actuation and postactuation time, are
coupled together.

In the presence of tracking—transition switching, the entire pre-
viewed desired trajectory can be partitioned into

o Ni N, —1 N
yd(')_ <ng1yn.dlr(')) U < anJl ym,dm(')) ,m,n € (3)
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where U denotes union of two sets. Correspondingly, the control
input can be given as

N, N,—1
uTol(') = ('glun,n‘(')) U ( nLFJl Mm,m(')) (4)

£ U () U thn ()

where u, - (-) and u,, ,(+) are the control input for the nth tracking
and the mth transition sessions, respectively.

Data-driven decomposition control (DD-DC) of IC-ONTTS: Let
Assumptions 1, 2, and 4 hold for the LTI system (1), then the DD-
DC of the IC-ONTTS problem is to use only the input—output data
acquired a priori or in real-time without identifying and knowing
the parameters of the dynamics model (1) to

O;: Design the desired output trajectory in each of the transi-
tion sessions, Y, 4m(-) for m=1,2,...,N,_;, such that the
designed transition trajectory y,, 4(-) satisfies the required
boundary condition in Eq. (2) for m=1,...,N;,_;.

O,: Synthesize the control input ury(+) as a linear combination
of the input bases u(+)

N,
Ut (1) = Z grug (1) 5)

k=1

such that the required tracking precision is reached, i.e.,
with u(f) = ure(t), we have

1E,O 2 Iy() = yaO)ll <& for Ve>0 ©)
for any given ¢ > 0 under Assumption 4.

Os: With objectives O and O, satisfied, minimize the total
transition time

N,—1
min Y Ly, subjectto |[ura(-)|,, <M, (7

m=1

where ||utor(*)]| o, 2 SUP,ey |ua(?)], with M, the given
threshold of the input amplitude, respectively.

As the value of M, is user-specified in practice, all the desired
output transitions are reachable. Thus, the above minimization
problem (7) is well-defined—the challenge is how to solve it.
Unlike previous work [10] where the IC-ONTTS problem is
approached in the stable-inversion framework, we seek to obtain,
in this work, a decomposition control approach based on the
superpositioning principle to achieve objectives O; to Oz above.
Such a superpositioning-based approach aims to not only avoid
heavy online computation but also enhance the robustness against
system dynamics variations.

3 Data-Driven Decomposition Control

We propose to extend the learning-based decomposition
approach [16] to the IC-ONTTS problem. To ease the notation
and simplify the presentation, we present the proposed approach
below for single input single output (SISO) systems—extension to
MIMO systems will be discussed later in Sec. 3.6.

3.1 Data-Driven Construction of Dictionary of Input—
Output Bases. The dictionary is utilized online to both design the
transition trajectory and synthesize the control input. Specifically,
a dictionary consisting of pairs of input—output bases, g, is con-
structed a priori

DB:{(U(-,XJ(), b(, Sk))I Sk € §R+,k:1, 2, ceey ND} (8)

where u(-,s;) and b(-, s;) denote a pair of input—output basis at
speed s;, respectively, i.e., the output basis b(¢, s;) is obtained
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from an output basis at a prechosen speed 13(t)s (called the base-
speed output basis) via time scale

b(z, si)=b(t/s;), (si € (0, 1]: speed factor) )

and u(-, s) is the control input to track b(-, s;), i.e., application of
u(-,s) to system (1) results in the output tracking error, yy (-, s¢),
smaller than the given threshold value ¢g > 0

[yn (s s6) = by si)ll, < es (10)
We assume that .

AssuMPTION 5. The base-speed output basis b(+) is positive, con-
tinuously differential up to the relative degree of system (1), com-
pacted supported in [—ty, T2] with 1,12 > 0 much smaller than
the domain of the trajectory to be tracked, and is maximum at
t=0,i.e., max,b(t)=b(0).

This assumption is general and can be satisfied by many types
of bases employed in function approximation (e.g., uniform B-
splines) [23]. Inclusion of output bases at different speeds s;s in
the dictionary Dy is to optimize the decomposition—select basis
of speed that matches that of the trajectory to be decomposed will
not only reduce the number of bases used but also improve the
tracking precision.

Once the output bases satisfying Assumption 5 are chosen, con-
struction of the dictionary Dy is equivalent to obtaining the corre-
sponding input bases u(-,s;) to attain Eq. (10). We propose to
utilize data-driven iterative learning control techniques [12,24]
such as the MIIC technique [11] to obtain, offline a priori, the
input basis u(-, s;) for tracking b(-, s;) accurately (see Eq. (29) in
Sec. 4.2 later). Moreover, it can be shown [25] that only one type
of output (input) bases—one output basis b(-) and its time-shifted
copies—is needed in the decomposition (synthesis) process (see
Ref. [25] for the details). Therefore, the offline learning process
can be highly efficient to encompass bases at different speeds, i.e.,
at each speed we only need to learn the tracking of one output
basis, and do so at different speeds s;s to construct the dictionary
Dg.

The efficacy of the above offline data-driven dictionary con-
struction stems from the tracking precision of the ILCs used. It
can be shown [11] that in the presence of random output disturb-
ance and noise, precision tracking of the output bases can be
achieved by using the data-driven ILCs like the MIIC technique
without having a parameterized system dynamics model (1). The
efficacy of the data-driven ILCs has been experimentally demon-
strated [11]—tracking error around noise level has been achieved
in experiments for complicated trajectories such as a band-limited
white noise [11].

3.2 O: Transition Trajectory Design Via Decomposition.
To design the transition trajectory in any given kth transition ses-
sion (k=1,2,...,N,) in the previewed window, we first decom-
pose the desired trajectory in the preceding kth and the following
(k + 1)th tracking session by using the output bases b(z,s;)
selected from the dictionary [Dp (see Eq. (8)). This decomposition
is needed such that the boundary conditions (Eq. (2)) are satisfied
in the transition trajectory design, and the input synthesis (see
Eq. (5)) can be obtained via the superpositioning principle.

The desired trajectory in the adjacent tracking sessions can be
decomposed as

Mi+q

Yiar(t) = > gib(t = ¥y, 51) 25, 4y (1) (11
JNi—p

for i=k, k + 1, where, respectively, b(z, s) € Dy, Py, is the cor-
responding speed s-dependent knot period

Y, =si¥o (12)
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W, is the base knot period of b(z), and p, ¢ € N are integer con-
stants determined by the support of the bases b(-, s;), [—T1x, T24]

p=124/¥s, =12/ Yo (13)
g=1t1/¥s, =71/ Y0

In Eq. (13), 7 =s¢7; (i=1, 2), and |x] is the floor function (i.e.,
|x] is the largest integer not larger than x € ), respectively. As
the desired trajectory in each kth tracking session, in general, has
nonzero boundary values, the decomposed trajectory y, 4,.(f) in
Eq. (11) extrudes to the preceding (k — 1)th and the next kth tran-
sition session, called the head- and the tail-extrusion (see Fig. 2),
respectively. Thus, to match the boundary condition (2) in the
transition trajectory design, these head- and tail-extrusions must
be accounted for, and to further avoid the interference to the pre-
ceding and the next tracking session, we assume that

AssuMPTION 6. The transition session period Iy, is no less than
(p+q— 1Y, ie.,

7Ntr -1

minlew > (p+q—1DW¥, k=12,... (14)

where p, q, and W, are as given in Egs. (13) and (12),
respectively.

In practice, this minimal transition time requirement is reasona-
ble as both the knot period, ¥y, , and the normalized support of the
output basis, [—p, ¢, are much smaller than the length of the
tracking sessions Iy ;s.

Then, the transition trajectory in any given kth transition ses-
sion Iy, (k=1,2,...,N,—1) will be designed by incorporating
the head- and tail-extrusions as

Ykain () =Yg o (1) +ylltclfdtn(t) + Vet 1)y t € L (15)
where  y, (1) for te M+ (g —pe—1), Mc +qi] and
Visran(t) for ¢ € [Niw1 —pi, Niw1 — (pr — qe — 1)) are  the

tail- and head-extrusion from the preceding kth and the following
(k + 1)th tracking session, respectively, as specified in Eq. (11),
and )7{” un(s) s the “free-portion” of the transition trajectory
obtained via decomposition as

N1 —qi—1
o (1) = gb(t —j¥s, s1),
FM+pi+1

1€ e (16)

where the coefficients g;s can be “freely” designed to meet other
control purposes, for example, to meet objective O3 in this work.
Smoothness of the trajectory designed in Eq. (15) is guaranteed as
all the output bases are smooth, so is their summation [26]. More-
over, by including the bases across the tracking—transition switch-
ing in the transition trajectory design, truncation of the output

4 Yd® Tracking ! Transition ! Tracking
| |
i = > Decomposition instant
j Tail-extrusion; Yk+1,dtr

Yk, dtr iYk,ex : <
t : Head-extrusion,
~YYk+1,ex,”
: \ \\j [ !'Weighted basis
P T
\ !
\ v ]
/N i \ 2 ' -
Ng N +1°°7 My NNkt T My t(VXUJ)

Fig. 2 Decomposition of the desired trajectory in the tracking
sessions, resulting in tail- and head-extrusion into the transi-
tion session, where “A” denotes the decomposition instant (at
which the trajectory decomposition occurs
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bases to match the switching boundary condition [9] is avoided,
and the boundary conditions are satisfied automatically. More-
over, the decomposition coefficients g;s in Eq. (16) can be
adjusted and even optimized to reduce and minimize the oscilla-
tion of the designed trajectory in the transition sessions.

3.3 O,: Input Synthesis Via Superpositioning. The decom-
position representation of the desired trajectory in both the track-
ing and the transition sessions implies that the corresponding
input can be obtained via the superpositioning principle of LTI
systems [9]. Thus, to track the desired trajectory in any kth transi-
tion trajectory, yiam(-) in Eq. (16), the corresponding control
input uy 414 () can be synthesized as

U am (1) =utgan(t) + u’;’fdm(t) + 1,4 (1) a7

where i (+), u’;f’ un(+), and w1 gy (-) are the control input to
track y; 4, (1), yffdm(t), and y,,, 4 (1) in Eq. (15), respectively,
with the éorresponding coefficients gs given by those used in decom-
posing Vi gy (1), ¥iam (1), and yy iy 4, (1), respectively, and u(z, s;)s
are the input bases corresponding to the output bases b(z, s; )s.

Similarly, the control input for each kth tracking session can be
synthesized as

Mi+qr

uk,d,,.(t) = Z gjll(t — k\Psk,Xk)
JANk—DPk

(18)

where the coefficients g; € #s are as given in Eq. (11), respec-
tively. Thus, the corresponding control input can be directly
obtained via the superpositioning principle as

N, N,—1
Uuro (1) = kgluk,dtr([) U AL:JI Uk an (1)

= Z gkuk(t — k‘Psk,S/()

19)

where, respectively, g;s are as those given in Eqgs. (17) and (18),
and Np is the total number of knot periods over the entire pre-
viewed trajectory, respectively.

The performance of the above synthesized control urel(-) is
guaranteed by the tracking precision of the output bases and that
at any given time instant 7, only few number of output bases are
employed in the decomposition, i.e., at any time instant #, there
are only a handful bases added together—a new output basis is
added only at time instant t=n¥; for n € Z. For example, only
three output bases are added at any time instant # when the third-
order uniform B-splines are chosen as the output bases [16]. Thus,
precision tracking can be largely inherited from that of the bases
tracking. Readers are referred to Ref. [16] for the quantification of
the tracking performance of the decomposition control approach.

In the proposed DD-DC approach above, the decomposition-
synthesis operation only occurs at the so-called decomposition
instants [16]—at each decomposition instant 74, the desired out-
put and the corresponding input are decomposed and synthesized
for time 7 € [tgec, taee + T — 2Ta), Where T, is the pre-actuation
time (see Fig. 2). Readers are referred to Ref. [16] for the detail.

Moreover, the tracking performance of the proposed DD-DC of
OIC-NTTC is not limited by the NMP zeros of the system. For
NMP systems, pre-actuation is needed for precision output track-
ing [21]—the tracking error can be rendered arbitrarily small by
having the pre-actuation time (i.e., by applying the control input
ahead of the start of the output early enough) no less than the
effective preview time T, (see Remark 3). Thus, the transition
trajectory design and the control input synthesis should be con-
ducted ahead with a pre-actuation time of T, and the control
input applied becomes

Transactions of the ASME



ﬁTot(t) :MTot(t) + MTOI,H[([)u re [[k,dem Tkt 1,dec — Tep) (20)
where #; g denotes any kth decomposition instant, ury(?) is as in
Eq. (19) (called below the current decomposition input), and
uTm,m(t) is the pre-actuation control input (i.e., the synthesized
input obtained from the design and decomposition at the next

decomposition instant).

3.4 (Oj3: Input-Constrained Transition Time Minimization.
The linear combination representation of the desired transition tra-
jectory (11) implies that the transition time is determined by the
support of each output basis b(-, sx)s and the total number of bases
used in the transition trajectory design. Thus, we convert the
input-constrained time-minimization in Eq. (7) to the minimiza-
tion of the knot period ¥y, and the total number of knot periods
involved—under the input-amplitude constraint. More concretely,
the optimal knot period ‘¥§ and the optimal number of knot peri-
ods F* are sought to minimize the total transition time

NII
min ZF ¥y, suchthat
G on
Np+q

[mor() o < My With e (1) = geu(r — kW)
k=—p

where Fy =N, — M; + 1 is the number of knot periods in each
kth transition session, with F:Z,i”i_l F. We propose to solve
the above optimization problem sequentially: First, an optimal
knot periods W* is sought offline a priori. Then second, during
online tracking, the optimal knot period W* is selected and used to
minimize the total number of knot periods F via searching.

As the length of the support for the combined output bases, in
general, is proportional to that of each basis, and the tracking pre-
cision achieved in practice, is inverse proportional to the number
of input bases combined at each time instant, the optimal knot
period W* is sought to minimize, under the input saturation con-
straint, the length of the support of the output basis and thereby
the length of both the head- and tail-extrusions and the transition
session Iy ;. As the length of the output basis support is governed
by the speed factor s;, and the number of input bases added at
each time instant is governed by its settling time (when the type
of basis function has been chosen), we propose to select the opti-
mal knot period W* by minimizing the following “speed
indicator” Sy:

ins i 715+ 7 T,
min =min Sk A
g v WY, 1ok 2 qsk(DO

Sk St

(22)

N T
— . A 7?}\ " 7
e ( Iy, T2 qu,,‘)

where 11,4, € RT, with 4; € (0, 1), 4y + 4, =1 are the weights,
respectively, and 7, is the rising time of the input basis measured as
the first time instant when the input basis reaches 2% of its maxi-
mal value, respectively. As ¢'¥; quantifies the decaying time of the
input to asymptotically approach to zero, ¢\¥;, /T, provides a mea-
sure of the oscillation and thereby the settling time of the input
basis ¥, . The weights 4; and /, can be adjusted to account for the
a priori knowledge of the tracking task (e.g., the estimated fre-
quency spectrum of the desired trajectory in the tracking sessions,
and the tracking precision required) in the above search of optimal
knot period W*. For example, for tracking a relatively high speed
trajectory with high-speed tracking—transition switching, a larger 4,
over A, can be chosen. Whereas a larger /, over 4, shall be selected
when a smooth input with shorting settling time is preferred.

After the optimal knot period W*, and thereby, the optimal
input—output basis is determined, we propose to minimize the
transition time session by session through a one-dimensional
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search. First, as the desired trajectory in each kth transition session
consists of three portions, where the tail extrusion and the head
extrusion are completely determined by the decomposition in the
preceding and the following tracking session, respectively (see
Eq. (11)), each of the kth transition time can be adjusted/reduced
through the design of the free-portion, )’/kp (). Particularly, under
Assumption 2, the input portion for the tail extrusion and head extru-
sion, uy g4-(¢) and ugy1 4, (¢) in Eq. (17), respectively, are both below
the saturation threshold. Thus, as the free-portion )7’;(7’ () does not
depend on the boundary condition, y{” m(+) can be designed without
altering the boundary conditions—to minimize the transition time,
set )7’2’ m(-)=0 and the corresponding time interval Ty, =0. Thus
next, the minimization of each kth transition time amounts to mini-
mizing the total number of knot periods of the preceding tail extru-
sion and the following head extrusion, by overlapping these two
portions in time (see Fig. 2) under Assumption 6.

We propose an online one-dimension search algorithm such as
the bisection search (see Algorithm 1 below) to reduce the total
number of knot periods until the constraints are reached. Other
search algorithm such as the Fibonacci search algorithm [23] can
also be employed. As a modeling-free approach, this search algo-
rithm also does not require identifying the model (1). The pro-
posed approach can be easily extended to consider other
constraint such as limited input energy (i.e., ||uro(-)||, < M,) or
limited input-energy and amplitude combination (i.e.,
Jad [tror ()]]5 + (1 — )| |uror()]] oo < My with 4, € (0, 1) a con-
stant), by using the corresponding bound in the above one-
dimension search. Moreover, the proposed approach can also be
extended to optimize the input (e.g., minimal input energy) for a
given transition time, through the design of the free-portion of the
transition input qudm(-) in Eq. (17).

Algorithm 1 Input-constrained time-minimal transition trajec-
tory design via bisection search

1: Initialization: k <« 1,
2:for k=1:N, — 1 do
3: Decompose the kth and k + 1th tracking sessions by using the
selected output element b(z, s;) corresponding to the optimal
knot period ¥*; Obtain the decomposition coefficients g;s for
k:]\/k7 Nk + 17 ceey Mk+1;
Set the initial search index as the prechosen transition session period:
a—0,b— |[Tr,/¥
4: while a < b do

S: Obtain the total number of independent decomposition knot
periods: Sy < [(a+b)/2];
6: Obtain the starting index of the k + 1th transition:
Niy1 < My + Sk + p + g + 1; > Probably no need to
mention
7. Obtain the corresponding input u; 4, via Eq. (17) with coeffi-
cients g;s for k=Ny, Ny + 1, ..., Miyq;
8: if sup(utg 4m) > M, then
9: a«— |(a+b)/2]
10: else if NV is odd then
11: b~ |(a+b)/2]
12: end if
13: end while
14: end for

3.5 Online Adaptation and Optimization. Finally, to further
improve the robustness of the synthesized input against random
disturbances (e.g., measurement noise, external disturbances, and
rapid and/or nonlinear variations of the system dynamics), we pro-
pose an online moving-horizon input optimization. Similar to the
idea explored in Ref. [16], we introduce a tuning factor y; into the
synthesis of the control input, i.e., the decomposition coefficients
g;s in Eq. (19) are now replaced as g; + y; instead—We consider
the current decomposition input ity () as in Egs. (19) and (20) at
any given time instant 7 between any two given decomposition
instants, 1 € (f gec, tht1,dec)
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MTot([) :Z(gj + Vj)uj(t 7jq’smsk)

=l

(23)

where the total number of input bases Ny depends on the output
bases employed (e.g., when the third-order uniform B-splines are
used as the output bases, Ny=4), and the following cost
function:

t Ny
LFZJ (@) = D (8 + 7)bi(z — ¥y, ) dr 24

Ik dec =l

where y(?) is the measured output, and
T
r:['))] V25 "/‘N\y]
Then, the optimal I'* that minimizes L can be readily obtained
via the least-mean square minimization method.

3.6 Extension to MIMO Systems. Finally, we briefly discuss
the extension of the above DD-DC approach to IC-ONTTS to
MIMO systems. Mainly the extension requires minor modification
in the offline dictionary construction—the online decomposition
and synthesis can be conducted separately for each output channel
and thereby reduced to the SISO case.

For MIMO systems, the dictionary 1Dz now becomes

Dp = {(u;(-, st), b(-, 5¢))
with
bi( s)=[0 - b(-, ) -

ci=1,...,q,k=1,...,Np}
(25
O]T, for

where in each output basis b;(-, s¢), only one output basis b(-, s;)
appears in the ith output channel, and u;(-, s;) is the corresponding
input basis—in general u,(-,s;) € 19! contains nonzero input in
multiple input channels due to cross-axis coupling.

The above dictionary D Eq. (25) can also be constructed by
using the data-driven ILCs like the MIIC technique above by tak-
ing the cross-coupling between input—output channels into
account. For example, the cross-coupling effect can be accounted
for by using the MIIC technique to learn the input—output pair
iteratively: (I) Learn the input of the ith channel for each ith out-
put base b;(+,s;) in Eq. (25), and record the coupling-caused out-
put in other channels, yi;:/-(ySk) for j=1,...,q and j # i. (Il) Learn
the input for tracking the opposite coupling-caused output in other
channels —yj (-, s¢) for j=1,...,q and j # i by using the MIIC
technique, and record the combined coupling-caused output in the
ith channel, y{ ;(-,s¢). (III) Learn the ith-channel input for the
updated output bases b; (-, s¢) — ¥, ; (-, s¢). Steps (II) and (III) can
be iterated if needed to improve the accuracy (in practice, only
few iterations are needed).

Online implementation of the proposed approach for MIMO
systems is almost the same as that for SISO systems. The
decomposition-based transition trajectory design, the desired tra-
jectory decomposition, and the input synthesis are conducted sep-
arately for each input—output channel, and the synthesized inputs
(of each channel) are then applied simultaneously in parallel (i.e.,
by following the same time order). Compensation for the cross-
coupling effect is ensured by the superpositioning principle: The
cross-coupling-caused outputs are eliminated when applying the
input bases u;(-,s;) € R*! (to each input channel simultane-
ously) to precisely track the corresponding output bases b; (-, s¢) in
Eq. (25) and thereby are also eliminated when the synthesized
input is applied—by the superpositioning principle. Also, this
decoupled decomposition and synthesis scheme to MIMO systems
also implies that each subsystem can have different input-
amplitude constraint and the same approach can be applied.
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Therefore, with minor changes, the proposed DD-DC approach is
extended to MIMO systems.

4 Experiment Implementation

4.1 Experiment Setup. We demonstrated the proposed
approach for output transition/tracking by implementing it to a
piezoelectrical actuator for lateral scanning (x—y axes direction)
on an atomic force microscope (FastScan, Bruker Nano, Inc.,
Santa Barbara, CA). The output tracking with nonperiodic
tracking—transition switching studied in this experiment mimicked
that appearing in applications such as nanomanipulation and nanoma-
nufacturing. All the control algorithms were coded and implemented
through matLAB (Mathworks Inc.) software environment along with a
data acquisition system (PCI6259, National Instruments Inc.), at a
sampling frequency of 20 kHz.

4.2 Implementation of the Proposed Data-Driven Decom-
position Control Approach. Implementation of the proposed
approach consisted of offline dictionary construction and optimal
bases selection, and online desired tracking trajectory decomposi-
tion, transition trajectory design, and input synthesis.

Offline  B-spline-based dictionary construction: Uniform
B-splines were chosen as the output bases in the dictionary Dp,
where the output basis b(-) was given by the third-degree B-
spline obtained recursively via

t— 1y tktjr1 — 1

B(t)=
) Tktj — Tk

Biy1j-1(t),  (j=1,2,3)

By j-1 (1) +

letjrt = Tkt (26)

where # =k, and initially

L,
Bio= 0,

where the base-speed output bases are given as

@27

te <1<t

otherwise

B()2£Bys(1), t€[-2%, 2¥) (28)
Knot period of Wy=5.0 ms for the base output bases B(-) was
chosen based on the desired output in the tracking sessions. Then,
by setting s=2,2.5, 5, and 10 in Eq. (9), output bases at four dif-
ferent speeds were also obtained via Eq. (9) and used to construct
the dictionary [Dg. These five speeds of input—output pairs were
chosen as they covered the dynamic range of the desired output
considered in this experiment and provided a good balance
between the optimization of the decomposition (i.e., reducing the
number of bases used) and the time and efforts needed in diction-
ary construction via ILCs. The corresponding input bases U (-, s;)
(k=1,2,3, and4) were obtained by using the following MIIC
technique [11] offline a priori:
Ui(jo, sx) =kaB(jo, si)
> Un(jwvsk) (29)

U o, Sg) = - B(jw, s;
’H'l(J k) y”(jw’ Sk) (J /‘)

where B(jw,s;) is the Fourier transform of the output basis
B(+,sx), Un(jo,s;) and y,(jo,s;) are the control input and the
corresponding output obtained in the kth iteration, and k. is a pre-
chosen constant (e.g., the inverse of the DC-gain of the piezo actu-
ator, respectively). The convergence was reached in three to five
iterations when tracking each of the output bases. The five pairs of
input—output bases obtained are shown in Fig. 3.

Offline optimal bases selection: To minimize the total transition
time while accounting for the input threshold limit, the optimal
input—output pair to be used was identified first, as described in
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Fig. 3 Pairs of (left column) output elements and (right col-
umn) input elements at five different speeds used in the experi-
ment, where the input elements were obtained experimentally
via the MIIC technique [11] a priori

Table 1 The indicators of each element in the dictionary
\P: (ms) \}lx/\YO Tset/(qlps) S‘P
5.0 1.0 1.74 1.37
2.5 0.5 1.09 0.80
2.0 0.25 1.48 0.87
1.0 0.2 2.83 1.52
0.5 0.1 7.6 39

Sec. 3.4. 21 =7, =0.5 were selected in Eq. (22) to equally weight
the “speed” of the bases and the corresponding input amplitude in
the optimization. Then, the speed indicator Sy was computed via
Eq. (22). As shown in Table 1, among the five knot periods
employed, the speed indicator Sy was smallest at W;=2.5 ms.
Thus, the optimal knot period of W*=2.5 ms was selected.

4.3 Transition Design and Trajectory Tracking Results.
Next, the selected optimal input—output element (corresponding to
the optimal knot period W*) was used in the online trajectory
design and tracking with nonperiodic tracking—transition switch-
ing. The desired trajectory consisted of four tracking and three
transition sessions in between to be designed, as shown in
Fig. 4(a). With the support of the entire trajectory at ~200 ms, the
preview time was set at 100 ms.

Two different speeds of tracking were tested and examined in
the experiment, where two different speed factors at s; =0.25 and
sy =0.5 were selected for the relatively slower and faster tracking
(corresponding to the total tracking time of 300 ms and 200 ms),
respectively. The decomposition of the tracking sessions and the
design of the transition sessions at the speed factor s, =0.5 are
shown in Fig. 4, where the desired tracking sessions and the
designed transition sessions are shown in Fig. 4(a), respectively,
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Transition design results
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Fig. 4 (a) The decomposition of the tracking sessions and the
design of the transition sessions and (b) the decomposition
error in the tracking sessions

and the decomposition error is shown in Fig. 4(b). Then, the
obtained desired trajectory was tracked by using the synthesized
input. To compare the tracking performance, we also applied a
conventional PI feedback controller to track the same designed
trajectory, where the control parameters were well tuned experi-
mentally at K,=0.42 and K;=35, respectively, resulting in a
closed-loop bandwidth at ~120 Hz. The tracking results obtained
are compared in Figs. 5(a) and 5(b) for s;=0.5 and s;=0.25,
respectively.

The experimental results showed that the decomposition-caused
error was extremely small (nearly 4 orders of magnitude smaller
than the trajectory) and can be ignored (see Fig. 4(b)). The track-
ing results showed that by using the proposed approach, smooth
transition trajectory design and tracking was achieved. The
designed desired trajectory in the transition sessions was smooth,
particularly cross the tracking—transition switching instants
(Fig. 4(a)). The tracking results, as presented in Fig. 5, clearly
showed that by using the proposed technique, precision tracking
was maintained over the entire course. Whereas the tracking error
was pronounced when using the well-tuned PI controller. At the
relatively slow tracking at s;=0.5, the relative RMS tracking
error and the relative maximum error were at 0.90% and 3.5%,
respectively, over 3.5 times and 2.5 times smaller than those
obtained by the PI controller, respectively. Such a precision track-
ing was maintained as the speed increased (at s, =0.25), with the
relative RMS tracking error and the relative maximum error were
at 1.60% and 5.9%, over 3.6 times and 2.6 times smaller
than those obtained by the PI controller, respectively. Particularly,
spikes-like transient tracking error was pronounced at the
tracking—transition switching instants when using the PI control-
ler, but became much subdued with the use of the proposed tech-
nique (see Fig. 6). As the same desired trajectory in the transition
sessions was tracked when the PI controller was applied, the
transient-caused spikes at the switching instants could have been
larger otherwise.

Moreover, the experiment also demonstrated the efficiency and
ease of use of the proposed technique in practical implementation:
As a data-driven approach, the proposed technique removed the
modeling process and instead exploited the high performance and
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Fig. 5 Comparisons of the tracking result obtained in the
experiment by using the proposed method (DSBOTT) with that
by the PID control at (a) s,=0.5 and (b) s,=0.25, respectively

robustness against system dynamics changes of the data-driven
ILC techniques for tracking. Through the proposed decomposition
approach, these virtues of ILCs were extended to general nonrepe-
titive tracking and exploited for nonperiodic tracking—transition
switching. The trajectory decomposition, transition trajectory
design, and control input synthesis were only needed at a small
number of instants—in this experiment, the decomposition
instants (see Fig. 2) only accounted for less than 4% of the total
sampling instants. Therefore, the experimental results clearly
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Fig. 6 Comparisons of the tracking error obtained in the
experiment by using the proposed method (DSBOTT) with that
by the PID control at (a) s, = xxand (b) s, = xx, respectively
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demonstrated the performance of the proposed method in output
tracking with nonperiodic tracking—transition switching.

5 Conclusion

A data-driven decomposition control was proposed to optimal
input-constrained output tracking with nonperiodic tracking—
transition switching for linear systems. A dictionary of paired
input—output bases was constructed a priori offline through data-
driven iterative learning control technique. Then, the desired
transition trajectory was designed as a linear combination of the
output bases by taking the boundary condition into account, and
the total transition time was minimized under the input-amplitude
constraint through a one-dimensional searching algorithm.
Finally, the corresponding control input was obtained as the linear
combination of the corresponding input bases via the superposi-
tioning principle, where the combination coefficients were online
adjusted to compensate for the dynamics variations and external
disturbance. The proposed method was implemented in experi-
ment on a piezoelectric actuator to illustrate the proposed
technique.
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