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Constrained Optimal Preview Control of Dual-Stage Actuators

Aurélio T. Salton, Zhiyong Chen, Jinchuan Zheng, and Minyue Fu

Abstract—This paper proposes constrained optimal trajectories
for the preview control of dual-stage actuators (DSA). Relying on the
redundancy of actuators preview control allows the primary stage
to move before the transition instant, and uses the secondary stage
to compensate its movements. Contrasting existing strategies that
consider the secondary stage infinitely fast during preview control,
this study takes into account its dynamic limitations when design-
ing the trajectories to be followed during preactuation. It will be
shown that the problem may be cast in terms of quadratic program-
ming providing an optimal solution with respect to a quadratic cri-
terion. Experimental results validated the proposed strategy, which
is able to achieve a 30% improvement over state-of-the-art high-
performance DSA controllers, while respecting the limitations of
both actuators.

Index Terms—Dual-stage systems, macro/micromanipulators,
motion control, nonlinear feedback, preview control.

|. INTRODUCTION

Dual-stage actuators (DSA) were conceived in the 1980s
as an attempt to improve the performance of motion systems
[1]. The concept is composed of two actuators working in
parallel with complementary characteristics. A primary (coarse)
actuator is used to provide the system with a long range while
the secondary (fine) actuator improves the system dynamics
and ability to reject disturbances. Due to the complementary
characteristics of the individual actuators, this class of systems
also received the name macro/micromanipulator [2]. In the
following decade, the concept was picked up by the hard
disk drive (HDD) industry leading to the flourishing of ideas
regarding both the mechanical structure and the control system
design [3]. So, for several dual-stage systems, the term “track
seeking” is still used to mention the movement from one
reference point to another, and “track following” to mention
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the accuracy in which a given reference is followed under the
influence of disturbances. Since the latter was the primary
interest of the HDD industry, works in that time focused on the
problem of disturbance rejection and track following. However,
the structure of DSA is also interesting to problems related
to long range and high-resolution motion control, such as the
nanopositioner treated in [4] and dual-stage scanners [5].

Nonlinear control strategies designed for the track seeking
improvement of linear systems have been applied to DSA in re-
cent years. Well-known examples are the so-called proximate-
time optimal servomechanism (PTOS) [6] and the composite
nonlinear control [7]. These controllers, however, were origi-
nally designed to single-stage systems, and then, either applied
to the primary actuator, or straightforwardly extended to DSA.
Due to the fact that DSA make use of redundant actuators, any
given trajectory may be achieved by different input combina-
tions. An important contribution that explores this propriety
of the DSA was given in [7]: a strategy for cooperation be-
tween the actuators was created where the primary actuator is
designed to overshoot a limited amount that may be compen-
sated by the secondary actuator, thus providing a faster rise
and settling time for the overall output. Soon after, a similar
idea was suggested to be applied before the output transition
time in what came to be known as preview control [8]: the pri-
mary actuator is allowed to move ahead of the output transition
time and relies on the secondary actuator to compensate for
this movement. This strategy is based on the fact that the sec-
ondary actuator is considerably faster than the primary so that
movements of the latter may be considered disturbances well
inside the bandwidth of the former. In practice, this assumption
is not always valid and trajectory constraints must be applied
to the primary actuator so that the resulting error due to the
preview movement may be satisfactorily compensated by the
secondary.

This paper extends our previous work on preview con-
trol, reported in [9], to the development of feasible trajec-
tories to be followed during preactuation. In particular, we
present a systematic procedure in order to design trajectories
the primary actuator may follow such that the track seeking
time is reduced without compromising track following. Fur-
thermore, a constraint quadratic criterion will be minimized
so that an optimal trajectory that prevents the saturation of
the actuators may be found. The paper is organized as fol-
lows: Sections II and III describe the DSA model and the
problem at hand; a numerical solution is proposed in Sec-
tion IV followed by its implementation in an experimental
setup, presented in Section V; finally, Section VI concludes the

paper.
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Fig. 1. Schematic representation of a typical DSA.

Il. SYSTEM OF INTEREST

The system under consideration is comprised of a primary
actuator modeled as a (possibly damped) double integrator, and
a mass—spring—damper secondary actuator. This model is de-
picted in Fig. 1 and describes a general type of the DSA where
a linear motor (LM) is used to drive the primary stage while a
piezoelectric actuator drives the secondary stage. In the figure,
ro 1s the reference being tracked and M, vy, and vy (m, y2, and
u9) are the mass, position, and input of the primary (secondary)
actuator, respectively.

From Lagrangian mechanics, one may readily obtain the
equations of motion of a dual-stage system

. U — 1Y keyo —u

ih = 1 Mlyl y2]\/[ 2 (1a)
.. 1 1 ) U

Jo = (M + m) (ug — oo — ksyo) — MI (Ib)

where f; € R? describes the external forces acting on the system
fi =sat(u;) — ¢y, i =1,2.

Here, c¢; are the damping coefficients of each actuator, and the
saturation function sat(w;) is defined as

sat(u;) = sgn(u;) min{a,, |u;|},i = 1,2

for a saturation level ;.

Notice that the set of equations in (1) describes all forces act-
ing on a typical dual-stage system, including the coupling forces
between the actuators, i.e., the forces acting on the primary actu-
ator that influence the secondary and vice versa. Such coupling
may excite high frequencies and disturb the controllers, degrad-
ing the system performance. In order to avoid this interaction
between the primary and secondary actuators, it is common
practice to design dual-stage systems such that the masses of
the actuators respect the condition M >> m, and that the band-
width of the secondary actuator is higher than that of the primary
actuator. By carefully picking actuators that satisfy these con-
ditions, (1b) may be simplified to

_ Uz — ksy2 — cipo
m

(7 @)
since 1/M will be negligible when compared to 1/m and the
remaining term may be considered a disturbance well inside
the bandwidth of the secondary actuator. A similar discussion
regarding (1a) leads to

Uy

91=M

since ksys — us << up and ¢, is typically negligible.

3

Thus, the system may be modeled as two independent ac-
tuators whose only interaction comes from the system output
Yy = y1 + y2. The aforementioned simplification of the system
is a good reason to rely on piezoactuators to drive the sec-
ond stage, since they match the assumptions in most situations.
Therefore, a typical linear DSA may be described in its state-
space form as follows:

Y@ = Aywy + Brug, 1(0) =0, Jug| <y
Yo X9 = Arxe + Bous, 562(0) =0, |UQ| < Uo
y= y1 +y2 = Cra1 + Coxs 4

where z; = [y; 1] is associated with the primary actuator
and 73 = [y 72" with the secondary one.

Furthermore
a= " Mo ="a=n o
1 = 0 O bl 1 — bl ) 1 —
0 1 0
Ay = , By = ,C’Q:[l 0]. 5)
ay am b2
where a; = —k;/m and as = —c¢/m.

Ill. PROBLEM STATEMENT

As depicted in Fig. 1, small deviations between the primary
actuator and the reference are adequately compensated by the
secondary actuator. This means that even if y; # r, it is possible
that y = r due to the actions of the secondary actuator. In regard
to track seeking, it has been noted that the actuator redundancy
may be explored by allowing the primary actuator to move ahead
of time, speeding up the transition time between one reference
level and another [9]. Naturally, this strategy requires the infor-
mation of the future reference level and of the transition instant,
i.e., the instant ¢ = 7 when the reference level will change from
ro to r1. Furthermore, due to the output saturation of the sec-
ondary actuator, i.e., yo, .. = Ua/ks, the trajectories of y; must
be constrained within the interval

(6)

The problem of constricting the trajectories to the interval (6)
was previously addressed in [9]. In this paper, we will extend
those results so that the dynamic limitations of the secondary
actuator—rather than only static ones—are considered in the
design of the preview control trajectory.

In particular, previous works have considered the secondary
actuator infinitely fast, redefining (2) to the static form y, =
us /ks. Then, any trajectory z(t) followed by the primary actu-
ator that satisfies |z(¢)| < g /ks, will be compensated by the
secondary actuator, and the total output of the system will be
secured at the reference. In this study, we consider a practical
case with a dynamic secondary actuator. The motivation for this
is the fact that a bounded input will generate bounded states,
which in turn implies that the secondary actuator may not track
any trajectory within its reach. Rather, this actuator’s dynamics
must be considered such that limits on Z(¢) and Z(t) may be
imposed.

“Yomax S YL < Y2,
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Let us define the secondary actuator tracking error as e; (¢) :=
y2(t) — z(t) and assume that a trajectory z(t) described by

K(z(t)) = —ar12(t) — ag2(t) + Z(t)

(7
satisfies

|k (2(t))] < taby (8)

for negative constants a; and as. Then, it is possible to find an
input uo that asymptotically drives the tracking error e; to the
origin. In particular, due to the equations of system X, it is easy
to verify that the choice us = k(2(t))/be implies

€ = aje; +azey
which, in turn, satisfies

T [35 (8) = =(t)| = 0 ©)

since ay, ay < 0. Furthermore, if y2(0) — 2(0) =0 and
92(0) — 2(0) = 0, then y2(t) = 2(¢) Vt > 0.

However, from the fact that the system output error is defined
as

e(t) =y(t) —r = (t) +ya(t) —r

one notices that in order to achieve e(t) = 0 during preview
control, it is necessary that y, (¢) = 7o — v1(¢), and hence, that
it is the primary actuator that defines the trajectory z(t) to be
followed by the secondary. In other words, it is the primary actu-
ator’s trajectory that must satisfy condition (8). This is formally
expressed in the next Lemma.

Lemma 1: Consider the dual-stage system described by (4),
let ry be the reference level to be tracked during preactuation,
let 1 (t), 91 (¢), and ¢, (¢) satisfy

lay (y1(t) = r0) + azgn (t) — 1 (t)] < Gzby  (10)
and let us (t) be given by
1 . .
u2(t)=g(al(y1 —10) +axgn — ). (11)
Then
B fy1 (8) + 92 () = rof = lim [y(t) —ro[ =0. (12)

In particular, if y(0) = ry and §(0) = 0, then y(t) = 1Vt > 0.

Proof: Since y = y; +y2 and y = 91 + 92, it follows that,
for the DSA in (4) with the secondary actuator under control
law (11)

= i + (alyg + asys + bQUg)
a1(y1 +y2 — o) + a2(91 + %)

= ai(y —ro) + a2y (13)

which satisfies (12). Furthermore, from the assumption on the
initial conditions, it is clear that y(t) = r9 V¢ > 0. a

Remark 1: Robustness may be added to controller (11) by
an extra term (e, &) = hie, + hoé, with e, (t) = y2(t) —
(y1(t) — 70), for negative constants hy and hy. The secondary
actuator control law is then defined as

1

U9 (t) = E

(a1 (y1 —10) + aotn — 4 +v(er)). (14)

This term will compensate deviations from the desired trajectory
due to initial conditions, disturbances and/or model uncertain-
ties, but may be neglected during the computation of (-). This
will be shown in Section V, where successful experimental re-
sults are demonstrated.

Given Lemma 1 it is now straightforward to define the prob-
lem addressed in this study: find a preview control trajectory for
y1 (t) that is able to both satisfy the conditions given in (10) and
improve the performance of the system by being closer to and
moving toward r; at the switching time ¢ = 7.

IV. CONSTRAINED OPTIMAL PREVIEW CONTROL

The approach taken in this paper is that of framing problem
stated in Section III in a quadratic programming (QP) form.
In order to do so, it is first necessary to discretize the system.
Henceforth, the following notation will be used to describe the
primary actuator in discrete form:

Td1 (k + 1) = Ajxq (k‘) + Byuy (/f) (15)

where x41 (k) € R? are the discrete equivalent of the primary
actuator states and u; (k) € R is its input. The matrices A, and
B, are obtained from matrices A; and B; in (4) via some dis-
cretization method with sampling time 7', e.g., Euler Forward.
The solution sought is the set of discrete inputs to be applied to
the primary actuator during preview control

up = [41(0) Gy (1) ... 0 (N)] " (16)

that satisfy the discrete version of constraint (10), namely

[a1 ag] wa1 (k) — bruy (k) < batia. (17)

On the aforementioned, we have assumed oy = 0 and used the
system equations ¢ (t) = byuy (¢) in order to simplify the ex-
position. Also, NT' = 7 is the duration of preactuation, and N
the so-called prediction horizon.

In order to obtain u; , we consider the following cost function:

1 N-1
V= S (@ar(N) = 2) " Plaar(N) — 24) + > A (18)
k=0

where

1
Ay = 5
P, @ > 0,and R > 0 are free weight matrices and z, represents
the desired states for the primary actuator at the transition instant
t = 7. With this cost function and an appropriate choice of the
matrices P, @, R, and z,, it is possible to design a trajectory
that minimizes the distance |r; — y; | and maximizes the speed
in which y; approaches r; at the final instant of the trajectory
t=nr).

Recall that the problem of minimizing the cost function (18)

is equivalent to finding the vector u; (z) € R™ given by

(za1 (k)" Qzar (k) + ui (k)" Ruy (k) (19)

1
u = argLII}liEZ iulTHul + ulTF(z — ). (20)

where H = I'"QI" + R is the so-called Hessian of QP and L
and Z describe the constrains that must be respected [10]. The
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matrices may be defined as follows:

By 0 ... 0 0
AyBy By .. 0 0
F=TTQQ,TI =
Afiv_le AiV_QBd .. By
2D
with
Q = diag{C'QC,...,C"QC, P}
R := diag{R,..., R}
Q= [4; A7 ... AN (22)

The necessary constraints on the input |u;| < @; and on the
trajectory of the primary actuator as given in (10) are readily
included in this formulation through matrices L and Z. Thus,
trajectories for the primary actuator during preview control that
are feasible in the sense of (17) and optimal in the sense of (18)
may be computed according to the following theorem.

Theorem 1: Consider system (4) with the secondary actuator
control law uy as in (11). Let the primary actuator follow a
trajectory given by (20) through (22) during preactuation, and
define the matrices L and Z as follows:

Iy Wy ax
v Z
L= I , 4= ul (23)
- -7
where Iy is the NV x N identity matrix
[ 0 0 ... 0] [0 1 1
0 v 0 0 0 0 1
v—1|0 0 v ... 0 T —b
0 0 1
10 0 0 ... 9] 10 0 0 ... O]
(24)
and
Z = —Qxq (0) + byu?,,
Y= [a1 as]
I (25)

fori =1, 2. Then, given y(0) = r¢ and y(0) =0
y(k) =19, 0 <k <N.

That is, the tracking of r is achieved during preactuation.

Proof: From Lemma 1, it follows that if inequality (17) is
satisfied, then y(k) = r( during preactuation. In order to satisfy
(17) note that the multiplication of any row of ¥ by u; will
result in

YByy (k) — by (k+1) < —AR2q1(0) + baity

Yaar(k+1) — by (k+1) < bsuy  (26)

Fig. 2. Picture of the experimental setup comprised by an LM and a
piezoelectric actuator.

for k=0... N — 1, satisfying condition (17) for all points in
the trajectory. Furthermore, the constraints on the control ef-
fort are obviously satisfied from Iyu; < u}nax, resulting in a
feasible trajectory both for the primary and secondary actuator.
O
Remark 2: From the solution (16), a reference trajectory
#q1 = [01 ©1]" may be computed and tracked via some clas-
sical controller such as state feedback

Uy (k‘) =1y (k) + W(l‘dl (k) — a1 (k))

The combined use of (16) with a PD controller adds some ro-
bustness to the system since small deviations from the desired
trajectory may be compensated. It turns out that the solution pro-
vided by quadratic programming generated a rather interesting
and unexpected trajectory described in what follows.

27

V. IMPLEMENTATION

The DSA used to validate the proposed design is depicted in
Fig. 2 and comprises a LM as the first stage and a piezoelectric
actuator (piezo) as the second one. While the piezo actuator’s
range is limited in £15 pm and has an integrated capacitive po-
sition sensor with 2-nm resolution, the LM has a traveling range
of 0.5 m and a 1-pum resolution glass scale encoder. Since the
capacitive sensor is used to measure the incremental displace-
ment provided by the piezo in relation to the LM, the system
output is limited by the resolution of the LM encoder. While the
primary actuator is dominated by the dynamics of a rigid body
and well described by a double integrator, the piezo actuator
is of high stiffness and follows a flat gain in low frequencies.
Furthermore, the interaction between the actuators is minimal,
making the testbed well suited for the application of the devel-
oped controller. The DSA setup is fully described by (4) with
the following parameters:

a; =—10% b =1.7x 10", 4y =1
as = —1810, by =3 x 105, uy = 5. (28)

For further details, please refer to [7] where this system iden-
tification procedure is given.
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A. Secondary Actuator Control Law

Several advanced techniques relating to piezoeletric actuators
could be employed to the control of the secondary actuator [11],
[12]. However, for the purpose of this study, the secondary
actuator controller will be given by the simple expression in
(14) and will be maintained both during and after preactuation.
The applied control law becomes

1
Uy = E((yl —ro)ar +g1ar — G1 + ()
Yo — (yl - 7‘)
7(m1’$27r) = H . . (29)
Y2 — Y1

with H = [hy ho] a linear gain that may be designed via clas-
sical methods of control systems’ theory. In this case

H = [83.85 0.036] x 1072, (30)

B. Primary Actuator Control Law

The primary actuator will be subject to two different con-
trollers, one during the preview control interval, and another
one after it. For 0 < ¢ < 7, the controller calculated in Section
IV is used. This is now a “responsible” form of preview con-
trol that achieves a faster performance without compromising
the tracking of ry. The optimization problem is solved with
T=0.1ms, N =200, R =1.5x10% Q = 1073 and

100 0
0 10!

Whent > 7, the preview control is over and the system output
y must now track r; instead r,. While the secondary actuator
controller may remain unchanged, the primary control law must
switch to some form of fast tracking control. There are several
forms of advanced controllers for fast tracking servomecha-
nisms [13], but, since the primary actuator controller outside
the preview control interval is not the main contribution in this
study, the traditional PTOS will be used. This strategy is an im-
proved approximation of the time-optimal control in the sense
that it does not suffer from chattering. The PTOS control law is
given by

U1 (t) = kQ(*fptns (61) - yl)
with ey :=y; —r and
(kl/k2>617

sgn(e)(y/2biaty ler| — uy /kq), for |er] > y;.

A stability condition requires that 0 < o < 1, and the following
constraints guarantee the continuity of the controller:

[
blOz.

This controller has several interesting properties whose de-
tailed descriptions are outside the scope of this paper. Here, its
ability to overshoot a controlled amount is explored. As pro-
posed in [7], one may allow this controller to overshoot without
surpassing the limitation of the secondary actuator. Since this
overshoot is compensated by the second stage, the total output

for |er| <y
fptos(el) -

1001
e 75
=X
S 50f
."§
o 25f
0
0 0.01 0.02 0.03 004 0.05 0.06
Time [s]
Fig. 3. DSA hig-performance control without the use of preview control.

The primary actuator (thin line) overshoots a desired amount, the sec-
ondary actuator (dashed line) compensates for the overshoot achieving
a settling time of 13 ms (thick black line).

1001
€ 75t
=
S 50f
.‘é’
o 25f

0
0 0.01 0.02 0.03 004 0.05 0.06
Time [s]
Fig. 4. Proposed controller with the preview control strategy. The set-

tling time of 10 ms indicates a 30% improvement due to preview control.

rise time is faster. This will be clear during the discussion on
the obtained results. The controller is tuned as follows:

a=0.7, k = 2.09, ky = 0.019. 31)

Finally, since no velocity sensors were available in the im-
plementation setup, state observers were used to reconstruct the
unmeasured states, i.e., the actuators’ velocities.

C. Results

Figs. 3 and 4 compare the same DSA controller with and
without the aid of preview control. In both figures, the primary
actuator is depicted as the thin line, the secondary one as the
dashed line, and the total output as the thick black line. Results
given by the controller that does not make use of preview control
are shown in Fig. 3. This figure shows the advantage of allowing
the primary actuator to overshoot, i.e., as soon as this actuator is
sufficiently close to 71, the secondary reaches the reference and
achieves y = ry within a small tolerance (in this case +2 pm).
The resulting settling time is 13 ms and considerably faster than
what the system would achieve with the primary actuator alone.

The plot in Fig. 4 shows the preview control strategy working
with a trajectory designed according to Theorem 1. Note that
the primary actuator moves away from the future reference r;
in the first moments of preactuation so that it may accelerate
toward r; before the switching instantt = 7 = 0.02 s arises. The
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Time [s]
Fig. 5. Input responses for a reference step of 100 xm. During preview

control, the actuators’ saturation levels are respected and track following
is not compromised.

resulting improvement is of about 30% since the settling time
with preview control is 10 ms. It is also important to emphasize
that during preactuation the tracking of r is not compromised
and both input signals are within the limits given by saturation,
as depicted in Fig. 5.

D. Discussion

The faster dynamics of the second stage is well exemplified
in Fig. 3 (dashed line), where the secondary actuator rushes to-
ward the new reference level 7; only to saturate immediately
after. It stays saturated till the primary actuator (thin line) is
sufficiently close to the reference, showing that the system is
severely limited by the dynamics of the slow actuator whenever
the fast actuator is saturated. In other words, whenever the sec-
ond stage is saturated, the system’s response is only as fast as
the first stage. Fig. 4, on the other hand, uses preview control
to improve the performance of the primary actuator, reducing
the time it takes to reach the reference after preactuation. As a
result, the system dynamics is dominated by the secondary ac-
tuator because it leaves its saturated condition sooner. Since this
actuator is considerably faster than the primary, a remarkable
performance improvement is achieved.

The success of this strategy, however, is entirely dependent on
the system’s ability to track r( during preactuation, inasmuch as
any movement away from this reference level could compromise
the control application. Therefore, not only the trajectory fol-
lowed by the primary actuator must be in range of the secondary
during this period, it must also respect the dynamic limitations
of the fast actuator. The computation of such safe trajectory,
depicted in Fig. 4, was the objective of this paper. Furthermore,
Fig. 5 shows that both actuators respect their input saturation
levels during preview control, a necessary condition in order to
achieve y = ry. After the transition instant, however, when the
output is being transferred from r( to r1, the actuators are free
to saturate so a fast response is achieved.

Remark 3: Since the secondary actuator has a consider-
ably faster dynamics than that of the primary, it perceives the

trajectory error as a series of steps caused by the sensor quan-
tization of the LM (recall that us is a function of  — y;). This
causes an apparent chattering in the input of the fast actuator, as
shown in Fig. 5 . However, if not for the quantization of y;, the
chattering would not be present.

VI. CONCLUSION

This paper has proposed constrained optimal trajectories for
the preview control of DSA. In particular, the limitations of
the secondary actuator were carefully taken into account when
designing the trajectories to be followed during preview control.
Thus, the proposed approach provides guarantees that the output
will remain at the reference prior to the transition instant. In
order to achieve this safe form of preview control, not only
static but also dynamic constraints have been considered. The
problem was cast in terms of quadratic programming so that a
quadratic criterion could be minimized, providing an optimal
solution. Experimental results validated the proposed strategy,
which was able to achieve a 30% improvement over state-of-
the-art high-performance controllers for the DSA.
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