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Optimal Preview Control of a Dual-Stage Actuator System
for Triangular Reference Tracking

Li Wang, Jinchuan Zheng, Member, IEEE, and Minyue Fu, Fellow, IEEE

Abstract— This brief proposes an optimal preview control
law for a dual-stage actuator (DSA) system to track triangular
reference, which is essential in many raster scan motion control
applications. The main difficulty of tracking triangular reference
is to follow the waveform fast and accurately when its slope
switches. For this goal, we first discuss a time-optimal controller
(TOC) for the primary stage, which is a double integrator system.
The TOC is then proved to achieve the minimum overshoot.
This result is a new contribution to DSA control applications
because it leads to a reference profile of minimum amplitude for
the secondary stage to follow and thus significantly prevents the
saturation of the secondary actuator. Subsequently, we propose
an optimal preview control with the use of the information of
the future reference to further reduce the settling time and
overshoot. Finally, the secondary actuator controller is also given.
Experimental results are shown to verify the effectiveness of the
proposed control design.

Index Terms— Actuator saturation, dual-stage actuator (DSA),
motion control, preview control.

I. INTRODUCTION

DUAL-STAGE actuator (DSA) servomechanisms are typ-
ically characterized by a structural design with two actu-

ators connected in series along a common axis. The primary
actuator (coarse actuator) possesses a long travel range but
with poor accuracy and slow response. The secondary actuator
(fine actuator) is typical of higher precision and faster response
but with a limited travel range. By combining the DSA system
with properly designed servo controllers, the two actuators are
complementary to each other and the defects of one actuator
can be compensated by the merits of the other one. Therefore,
the DSA system can provide large travel range, high position-
ing accuracy and fast response. The DSA servomechanisms
have attracted considerable industrial application such as the
dual-stage hard disk drive actuator [1]–[3], the dual-stage
machine tools [4], macro/micro robot manipulators [5], [6],
and the dual-stage XY positioning tables [7].
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The mechanical design of DSA systems appears to be
simple, but the control of the DSA systems is not straight-
forward because of several reasons. First, the DSA system
contains two control inputs but only one control output, which
requires a proper control strategy for control allocations of
the two actuators in response to a reference input. Second,
the actuators have input constraints in practice, which results
in difficulties when actuator saturation occurs. As such, these
specific characteristics have raised challenging tasks for DSA
control design to yield an optimal performance. A variety of
approaches have been reported to deal with the dual-stage
control problems. For example, the control design for track
following and settling (i.e., disturbance and residual vibration
rejection control problem) can be found in [8]–[10]. The
secondary actuator saturation problem was explicitly consid-
ered during the control design [11]–[13]. Tracking control is
another main control task to drive the position output to track a
desired trajectory such as setpoint references, which is used to
perform pick-and-place operations in nanoassembly [14] and
power sintering process [15]. Moreover, triangular reference
is the most common trajectories used in scanning probe
devices, which typically combine a triangular waveform in
the x-axis and a linear ramp in the y-axis to achieve the
desired raster scan motion [16], [17]. Though the setpoint
tracking control has been extensively discussed [18], [19],
triangular reference tracking control is rarely studied in the
literature. Therefore, this brief is focused on the control of
DSA systems for triangular reference tracking with fast and
accurate performance.

Because of the redundancy of actuators, the dual-stage
control design is divided into two control problems, one
for each stage. The primary stage control problem is to
enable the primary actuator to track the triangular reference
in minimal time when the slope changes, whilst allowing the
tracking error within a manifold, which thus motivates the
preview control. The secondary-stage control problem is then
to make the secondary actuator compensate for the tracking
error produced by the primary actuator, which if achieved
can lead to accurate tracking of the triangular reference.
Note that the control design for the two stages is closely
related because the primary-stage tracking error needs to
be guaranteed within the secondary actuator’s travel range.
Conversely, the secondary-stage control needs to incorporate
the primary-stage’s state to achieve sufficient compensation of
the primary-stage tracking error.

There has been a lot of research on preview control. For
example, [20] applied preview control to stable inversion
of nonlinear nonminimum-phase systems. Discrete-time H∞
preview control can be found in [21]. Our contribution in
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Fig. 1. Illustration of a class of DSA model.

this brief lies in the new optimal preview control for the
primary actuator. In particular, we develop a nonpreview time
optimal controller (TOC) and an optimal preview controller.
It is proved that these controllers have the properties of both
time optimal and minimal tracking error performance. Our
preview control differs from the conventional preview con-
trol [22], which uses the augmented system with the preview
information to generate the preview feedforward control input
that may require a large computational load. In our work, we
give the optimal control law directly for the continuous time
system and the result has a simple explicit expression without
solving a complex optimization problem. Another advantage
of our work is that we give an explicit expression of the
required preview time. For the secondary actuator control
design, we simply employ a feedback-feedforward controller
modified based upon the method we previously reported. As
such, the combined dual-stage controller is shown to achieve
fast and accurate tracking of triangular references as verified
by experimental results. The control law proposed in this brief
is based on the condition that the positions of both the primary
and the secondary actuator are measurable. This may not
be applicable to some applications such as hard disk drives,
where only the total position output is measurable. In this
case, a state estimator could be designed prior to applying the
proposed control law, the performance of which, however, is
yet investigated in this brief.

The rest of this brief is organized as follows. Section II
presents the DSA model and formulates the dual-stage control
problems. Section III derives the solution for the primary-stage
control, which includes a nonpreview TOC and an optimal pre-
view controller. Section IV simply gives the controller design
for the secondary actuator. Section V shows the experimental
results of the proposed control to validate its effectiveness.
Finally, concluded remarks are given in Section VI.

II. PROBLEM FORMULATION

We consider a class of DSA system that can be shown
by Fig. 1, where M and m denote the mass of the primary
and secondary stages, respectively, F1 and F2 the actuator
applied control force, and y the total position output of the
DSA. During the process of mechanism design, it is typical
to select the configurations of two stages such that M � m,
|y1| � |y2|, and |F2/F1| � m/M . In this way, the coupling
forces between the two actuators can be simply ignored and

the dynamic equations of the DSA system are given by{
M ÿ1 = F1

mÿ2 = F2 − c0 ẏ2 − k0 y2.
(1)

A typical experimental setup that matches the model in
Fig. 1 has been reported in [19] (see also Fig. 6), where
the primary stage is driven by a linear motor (LM) and the
secondary stage by a piezo actuator (PA). Suppose the power
amplifier gain of each actuator is g1 and g2, respectively, and
substitute Fi = gi ui (i = 1, 2) to (1), where ui is the actuator
control input. We can easily obtain the state-space model for
the DSA system as follows:⎧⎪⎨

⎪⎩
�1 : ẋ1 = A1x1 + B1u1

�2 : ẋ2 = A2x2 + B2u2

y = y1 + y2 = C1x1 + C2x2

(2)

where the state x1 = [y1 ẏ1]T , x2 = [y2 ẏ2]T , and

A1 =
[

0 1
0 0

]
, B1 =

[
0
b1

]
, C1 = [

1 0
]

A2 =
[

0 1
a1 a2

]
, B2 =

[
0
b2

]
, C2 = [

1 0
]

with b1 = g1/M , a1 = −k0/m, a2 = −c0/m, and b2 =
g2/m. Moreover, the control inputs of the two actuators and
the secondary actuator output have the constraints

|u1| ≤ ū1, |u2| ≤ ū2, |y2| ≤ ȳ2 (3)

where ū1 and ū2 denote the maximum control input of the
actuator, respectively, and ȳ2 is the maximum travel range of
the secondary actuator.

For the DSA system in (2), our control objective is to design
the control law u1 and u2 such that the total DSA output can
track a triangular reference r(t) fast and accurately. An intu-
itive control strategy is to design u1 to drive the primary
actuator to track the reference at its best capability; and then
u2 is designed to drive the secondary actuator to compensate
the residual tracking error of the primary actuator. Provided
that the tracking error is within the secondary actuator’s travel
range and the secondary actuator has a much faster dynamics,
the resulting total tracking error of the DSA will be negligible.
In general, the control difficulty occurs when the slope of
the triangular reference changes because the primary stage
typically suffers from an overshoot and requests a tedious time
to settle down to steady state. Therefore, in the sequel, we
will focus on how to design u1 to reduce the transition time
and the overshoot. Moreover, we propose a preview control
method if the further information of the reference is known in
advance. Fig. 2 shows the preview control strategy, where 0 is
the switching time instant at which the slope of the triangular
reference changes; τp is the preview time; and τs is the settling
time. We assume that the period of the reference is sufficiently
long so that the tracking error will be able to reach zero before
the waveform switches direction. Furthermore, we have the
following definitions.

1) The tracking error of the primary stage is denoted by

e1(t) := y1(t) − r(t). (4)
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Fig. 2. Illustration of preview control strategy for the primary
actuator. Solid line: triangular reference r(t). Dashed line: output response
of the primary actuator y1(t) with preactuation. We set the time t = 0 to
represent the switching time instant at which the slope of the triangular
reference switches; τp the preview time; τs the settling time; and T the
period of the triangular reference. u1− represents the preview control input and
u1+ represents the post-actuation control input; and the brackets underneath
represent the time zones that the control inputs apply to.

Fig. 3. Block diagram of the DSA control structure.

Here, the triangular reference r(t) has the characteristics
that ṙ(t) and r̈(t) are both piecewise constant but have a
discontinuity when the slope of the triangular reference
switches.

2) The overshoot denotes the maximum tracking error

overshoot := max |e1(t)|. (5)

3) The minimum overshoot is denoted by σ , which is
defined by

σ := min
u1∈U

max |e1(t)| (6)

where U represents the set of all feasible control inputs.
The block diagram of the DSA control structure is shown in

Fig. 3. In the following, we will formulate the control problem
for each actuator, respectively.

A. Primary Actuator Control Problem

For a given triangular reference r(t), find a controller

u1(t) =
{

u1−(t), −τp ≤ t ≤ 0
u1+(t), t > 0

(7)

subjected to

|u1(t)| ≤ ū1 (8)

and an appropriate preview time τp ≥ 0 such that

σ is achieved. (9)

Based on (9), there are two other goals

τs is minimized (10)

τp is minimized. (11)

If such an u1 exists, we call it an optimal preview control.
Moreover, if we choose τp = 0 where no preview control
is applied, then the resulting controller is called nonpreview
time-optimal control.

B. Secondary Actuator Control Problem

Given the designed primary actuator controller, find a
controller

|u2(t)| ≤ ū2 (12)

such that the secondary actuator output y2 can compensate
for the tracking error generated by the primary actuator, i.e.,
y2 ≈ −e1. Thus, we can achieve

y = y1 + y2 = e1 + r + y2 ≈ r (13)

which implies that the total DSA output can track the trian-
gular reference accurately.

III. PRIMARY ACTUATOR CONTROL DESIGN

This section addresses the solution to the primary actuator
control problem, as stated in Section II-A. We first derive
a time-optimal control law without preview, based upon
which an optimal preview control law is proposed. Finally,
a proximate time-optimal servomechanism (PTOS) controller
is combined with the proposed control law to achieve robust
tracking performance.

A. Nonpreview Time-Optimal Control

We first transform the primary actuator system into the error
space in the following form:

ẋe =
[

0 1
0 0

]
︸ ︷︷ ︸

Ae

xe +
[

0
b1

]
︸ ︷︷ ︸

Be

u1 (14)

where xe = [e1 ė1]T , |u1| ≤ ū1, and the initial state of the
system is given by

xe(0) = [e1(0) ė1(0)]T . (15)

Firstly, we aim to find a TOC u1(t), t ≥ 0 for (14) to
achieve the goal of (10) for any initial state xe(0). It is well
known that the solution is a bang-bang function [23], whose
control law is directly given by

u∗
1(t)=sign†(−sign(e1(t))

√
2b1ū1|e1(t)| − ė1(t),−ė1(t)

)
ū1

(16)
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Fig. 4. System state trajectory under the time-optimal control law, which is
shown to be optimal control law for minimum overshoot as well.

where sign(·) and sign†(·, ·) are defined as follows:

sign(�) =
⎧⎨
⎩

+1, � > 0
−1, � < 0

0, � = 0
(17)

sign†(�1,�2) =
{

sign(�1), �1 	= 0
sign(�2), �1 = 0.

(18)

Next, we address a very useful property of the control law
above.

Lemma 3.1: The time-optimal control law u∗
1(t) in (16)

for (14) is also the optimal control law for the minimum
overshoot σ , as defined by (6), i.e., the goal of (9) is also
achieved under the same control law. Furthermore, the mini-
mum overshoot equals to

σ = max

(
|e1(0)|,

∣∣∣∣e1(0) + ė1(0)|ė1(0)|
2b1ū1

∣∣∣∣
)

. (19)

Proof : According to the locations of the initial state in
the phase plane, as shown in Fig. 4, we divide the right-half
plane into three regions indicated by I, II, and III, where the
curve going through the point O(0, 0) is

ė1(t) = −sign(e1(t))
√

2b1ū1|e1(t)|. (20)

For the initial states in the left-half plane, it is easy to follow
the similar divisions and proof procedure as stated below,
which are omitted for simplicity.

Suppose each region contains a sample point A, B , and
C , respectively. Applying the time-optimal control law u∗

1
(16) to (14), it is straightforward to verify that the state
trajectory of (e1(t), ė1(t)) is a parabola, which appears as the
three cases of curves, as shown in Fig. 4. The curves going
upward correspond to u1 = ū1, and those going downward
correspond to u1 = −ū1. The point O(0, 0), which is the
target state, corresponds to u1 = 0.

To prove the time-optimal control law u∗
1(t) can also achieve

the minimum overshoot compared with other control laws,
we define (e∗

1(t), ė∗
1(t)) as the state response under u∗

1, while

(e1(t), ė1(t)) under nonoptimal control law |u(t)| ≤ ū1. In the
sequel, we derive the result (19) by proving three cases as
follows.

Case 1: When the initial state xe(0) is in region I, e.g.,
point A(e1(0), ė1(0)) (see Fig. 4), then the state trajectory
under u∗

1 starts with u1 = −ū1 until getting to point A′′
and then reaching the target point O by switching u1 = ū1.
It can be easily observed from Fig. 4 that the overshoot occurs
at point A′(e∗

1(t1), 0), where t1 denotes the time it takes to
travel from point A to A′. Next, we consider the system is
under nonoptimal control law u1(t) within the time interval
t ∈ [0, t1]. Then, we have{

ė∗
1(t) = ė1(0) + ∫ t

0 b1(−ū1)dt, t ∈ [0, t1]
ė1(t) = ė1(0) + ∫ t

0 b1u1(t)dt, t ∈ [0, t1]. (21)

From the above equation, we can obtain

e∗
1(t) − e1(t) =

∫ t

0
(ė∗

1(t) − ė1(t))dt

= −
∫ t

0
b1(u1(t) + ū1)dt

≤ 0, t ∈ [0, t1]. (22)

This implies that the time-optimal control law u∗
1 has the

minimum overshoot σ . Now, let e∗
1(t) = 0 in (21) and we

can obtain

t1 = ė1(0)

b1ū1
.

Integrating (21) with the obtained t1 above, we can calculate
the minimum overshoot

σ = e∗
1(t1) = e1(0) + ė1(0)|ė1(0)|

2b1ū1
. (23)

Case 2: When the initial state xe(0) is in region II, e.g., point
B(e1(0), ė1(0)), then the state trajectory under u∗

1 follows the
curve B → B ′ → O. It can be easily observed from Fig. 4
that the overshoot occurs at point B and thus equals to e1(0).
For nonoptimal control law u1(t), we can easily obtain

e∗
1(t) ≤ e1(0) = σ ≤ min

u1∈U
max
t≥0

|e1(t)|. (24)

Case 3: When the initial state xe(0) is in region III,
e.g., point C(e1(0), ė1(0)), then the state trajectory under u∗

1
follows the curve C → C ′ → C ′′ → O, where point
C ′(e∗

1(t1), 0). Then, we have

e∗
1(t1) ≤ e∗

1(t) ≤ e1(0) t ∈ [0,+∞). (25)

For nonoptimal control law u1(t) within the time interval
t ∈ [0, t1], we have

e∗
1(t) − e1(t) ≥ 0, t ∈ [0, t1]. (26)

It follows that:
e1(t1) ≤ e∗

1(t1) ≤ e∗
1(t) ≤ e1(0) t ∈ [0,+∞). (27)

Therefore, we have

σ = max
(|e1(0)|, |e∗

1(t1)|
)

= max

(
|e1(0)|,

∣∣∣∣e1(0) + ė1(0)|ė1(0)|
2b1ū1

∣∣∣∣
)

. (28)
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We can easily follow the above procedure to get the results
for initial states in the left-hand plane. Combined the results
from the different cases, we can finally get the result in (19).

Thus, the proof is completed. �
Remark 3.1: We now prove that using the TOC u∗

1(t) to drive
the primary actuator from xe(t2) = [p,−v] to xe(t2 + tr ) =
[0, 0] will lead to the minimum overshoot σ as well. The fact
holds if the process is inversed. That is, we can drive the
primary actuator from xe(t1) = [0, 0] to xe(t1 + tr ) = [p, v]
by applying u∗

1(t) to achieve the identical performance. Either
tracking error trajectory is actually the mirroring of the other.
More specifically, we have

min
u1∈U

max
t1≤t≤t1+tr

|e1(t)| = min
u1∈U

max
t2≤t≤t2+tr

|e1(t)|

= max

(
|p|,

∣∣∣∣p − v|v|
2b1ū1

∣∣∣∣
)

. (29)

From the above analysis, we shall obviously adopt the TOC
u∗

1(t) as the preview control law u1−(t) as will be stated next.

B. Optimal Preview Control

The preview control algorithm can take the advantage of the
information of the triangular reference to further reduce the
overshoot. The optimal preview control law that can achieve
the goals of (9)–(11), is stated as follows.

Lemma 3.2: The optimal preview controller u1−(t) with the
following form:

u1−(t) = sign†(�1,�2
)
ū1, t ∈

[
− |v1 − v2|

b1ū1
, 0

)
(30)

�1 = −2b1ū1

(
e1(t) + sign(v1 − v2)

(v1 − v2)
2

16b1ū1

)

−
∣∣∣∣ė1(t) − v2 − v1

2

∣∣∣∣
(

ė1(t) + v2 − v1

2

)

�2 = v2 − v1

2
− ė1(t)

can lead to the minimal overshoot

σ = |v1 − v2|2
16b1ū1

(31)

where v1 = ṙ(t), t ∈ (t−, 0), and v2 = ṙ(t), t ∈ (0, t+). Note
that the symbols t− and t+ are shown in Fig. 2.

Proof : Because the primary actuator output trajectory and
velocity is continuous, we have⎧⎨

⎩
e1(0−) = e1(0+) = e1(0)
ė1(0−) = ẏ1(0) − v1
ė1(0+) = ẏ1(0) − v2.

(32)

According to (29), we can obtain

σ1 = max

(
|e1(0)|,

∣∣∣∣e1(0) − ė1(0−)|ė1(0−)|
2b1ū1

∣∣∣∣
)

(33)

for −τp ≤ t ≤ 0.
From Lemma 3.1, we can obtain

σ2 = max

(
|e1(0)|,

∣∣∣∣e1(0) + ė1(0+)|ė1(0+)|
2b1ū1

∣∣∣∣
)

(34)

for t > 0.

Therefore, we have

σ = max(σ1, σ2)

= max

(
|e1(0)|,

∣∣∣∣e1(0) − (ẏ1(0) − v1)|ẏ1(0) − v1|
2b1ū1

∣∣∣∣,∣∣∣∣e1(0) + (ẏ1(0) − v2)|ẏ1(0) − v2|
2b1ū1

∣∣∣∣
)

. (35)

To simplify the proof, we use the symbols d and v to replace
e1(0) and ẏ1(0), respectively.

Case 1: When d+min((v1−v)2/2b1ū1, (v2−v)2/2b1ū1)≥0,
and v2 < v < v1, from (35), we can obtain

σ = max

(
|d|, d + max

(
(v1 − v)2

2b1ū1
,
(v2 − v)2

2b1ū1

))

≥ max

(
|d|, d + (v1 − v2)

2

8b1ū1

)

≥ (v1 − v2)
2

16b1ū1
. (36)

Therefore, σ = (v1 − v2)
2/16b1ū1 only when v =

(v1 + v2)/2 and d = sign(v2 − v1)[(v1 − v2)
2/16b1ū1].

When d +min((v1 − v)2/2b1ū1, (v2 − v)2/2b1ū1) < 0 and
v2 < v < v1, it is easy to derive that

σ >
(v2 − v)2

8b1ū1
. (37)

Case 2: When v ≤ v2 < v1, from (35), we have

σ ≥ max

(
|d|,

∣∣∣∣d + (v1 − v2)
2

2b1ū1

∣∣∣∣
)

≥ (v1 − v2)
2

4b1ū1
. (38)

Case 3: When v2 < v1 ≤ v, it is straightforward to obtain
the same result as (38).

When v1 < v2, we can also obtain σ = (v1 − v2)
2/16b1ū1

only when ẏ1(0) = (v1 + v2)/2 and e1(0) = sign(v2 − v1)
[(v1 − v2)

2/16b1ū1].
The TOC control signals u1−(t), which drive the primary

stage from xe(−τp) = 0 to

xe(0−) =
[
−sign(v1 − v2)

|v1 − v2|2
16b1ū1

,
v2 − v1

2

]
can be easily calculated by the traditional time optimal theory.
Its form eventually turns out to be that of (30). The derivation
process is omitted for simplicity.

Thus, the proof is completed. �
Remark 3.2: Fig. 5 shows the system state trajectory under

the preview control law in the case of v2 > v1, where the
system is driven from the origin O to point P ′ and finally
reaches the target point P , the state of which is given by the
aforementioned xe(0−). The curve going through the point P
is the switching curve with �1 = 0. Similar to Fig. 4, the
curves going upward correspond to u1 = ū1, and those going
downward correspond to u1 = −ū1.

Remark 3.3: From Lemma 3.2, we can make a constraint
on the preview time length τp as follows:

τp ≥ |v1 − v2|
b1ū1

. (39)
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Fig. 5. Illustration of system state trajectory and switching curve under the
preview control law.

Remark 3.4: Consider a special case with v1 = −v2 = vx ,
according to (31), we can achieve a minimum overshoot

σpreview = v2
x

4b1ū1
(40)

under the optimal preview control. To compare with the result
without preview (19), we set e1(0) = 0 and ė1(0) = 2vx for
a fair comparison. Then, we have

σnonpreview = 2v2
x

b1ū1
. (41)

It is obvious that the optimal preview control has greatly
reduced the overshoot by eight times from that of nonpreview
control.

C. Combination With PTOS for Practical Implementation

For practical implementation and robustness, we use the
PTOS controller [23] to approximate the postactuated time-
optimal control law u1+. Its control law is given by

u1+ = sat[k2(− f (e1) − ẏ1 + ṙ)] (42)

where

f (e1) =
{

k1
k2

e1, for |e1| ≤ yl

sign(e1)
(√

2b1ū1|e1| − ū1
k2

)
, for |e1| > yl

(43)

where sat[·] is with the saturation level of ū1, k1, and k2 are
constant gains, which can be designed by traditional pole-
placement method [23]. ṙ(t) is the derivative of r(t) with
the convention that ṙ(t) = 0 at the turning points of r(t).
The following constraints guarantee a continuous switching
of the controller:

yl = ū1

k1
, k2 =

√
2k1

b1
(44)

where yl is the linear region close to the setpoint, which is
introduced to reduce the control chatter.

Fig. 6. Experimental setup of the DSA positioner.

IV. SECONDARY ACTUATOR CONTROL DESIGN

To complete the task of compensating for the primary
actuator tracking error, the secondary actuator controller is
designed as a linear feedback-feedforward controller borrowed
from [19] with a trivial modification. Its control law is given
by

u2 = u2L + u2F (45)

where u2L is a linear feedback control law with

u2L = [w1 w2]x2 (46)

where w1 and w2 can be calculated by the linear control
design method as proposed in [19] to achieve an appropriate
bandwidth and damping ratio for the secondary actuator. The
feedforward control signal u2F is given by

u2F = 1

b2
((a1 + b2w1)e1 + (a2 + b2w2)ė1 − b1u1) (47)

which leads to the design objective y2 = −e1. This can be
easily verified by substituting (45) into the secondary actuator
plant model in (2) and by applying the fact of b1u1 = ÿ1 = ë1.

With the primary actuator controller in (30) and (42) and
the secondary actuator controller given by (45), we can simply
follow the proof in [19, Lemma 1] to obtain the result that the
total tracking error of the DSA system will asymptotically
converge to zero for any triangular reference even in the
presence of actuator saturation.

V. EXPERIMENTAL RESULTS

This section carries out the experiments to study the pro-
posed control design. The experimental setup is shown in
Fig. 6, which consists of a LM with a 500 cm travel range and
a piggyback PA with a ±15 μm travel range. The LM position
is measurable by a 1-μm resolution optical encoder and the
PA position relative to the LM can be detected by a capacitive
sensor with 0.2-nm resolution. Because the total dual-stage
position output is the summation of the positions between
the LM and the PA, the ideally best dual-stage positioning
accuracy is thus limited by the resolution of the LM encoder,
i.e., 1 μm. In reality, the system contains several undesired
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Fig. 7. Single-stage (with LM only) tracking control without preview. The
maximum tracking error is 88 μm.

dynamics such as the nonlinear friction in the LM and the
hysteresis effect and resonance mode in the PA. To shape the
system model equivalent to (2), we employ an inner-loop fast
servo controller to eliminate these undesired dynamics [19].
Therefore, the resultant DSA model parameters are given as
follows:

b1 = 1.5 × 107, ū1 = 0.1 V

b2 = 3 × 106, a1 = −106, a2 = −1810

ū2 = 5 V, ȳ2 = 15 μm.

The triangular reference for the control validation is chosen
with the period of T = 0.2 s and the amplitude of 1000 μm.
We follow the proposed controller design to obtain the control
parameters as follows:

k1 = 0.0095, k2 = 4.78 × 10−5

w1 = −0.8385, w2 = −0.0005

and according to (30), the preview time length τp =
0.0107 second. The controllers were implemented by a real-
time DSP system (dSPACE-DS1103) with the sampling fre-
quency of 5 kHz. The velocities of the LM and PA stage
are estimated by the backward differentiation of the feedback
position signals, respectively.

A. Single-Stage Actuator Tracking Results

First, we perform single-stage tracking control with the
LM only to validate the efficacy of the preview controller.
Fig. 7 shows the experimental results. We can observe that
the maximum tracking error is 88 μm. When the preview
controller is applied, the maximum tracking error is greatly

Fig. 8. Single-stage (with LM only) tracking control with preview. The
maximum tracking error is significantly reduced to 15 μm due to the optimal
preview control.

reduced to 15 μm, as shown in Fig. 8. Moreover, this result
closely matches the theoretical value (i.e., 13 μm) according to
the formula, as derived in (31). From the top plot of Fig. 8, the
zoomed-in position profiles clearly imply the reason why
the optimal preview control strategy can effectively minimize
the overshoot is because an equivalent amount of undershoot
is introduced at the turning point of the triangular reference.

Note that the time responses of e1 and u1 during steady
state, as shown in Figs. 7 and 8 contain some oscillations.
This is mainly caused by the encoder quantization noise and
the velocity estimation error, which are difficult to eliminate
completely. However, we observe that the positioning accuracy
in steady state achieved is within ±2 μm, which is actually
closed to the ideal performance as compared with the encoder
resolution aforementioned.

B. DSA Tracking Results

Next, we apply the optimal preview controller to the LM
together with the PA controller, which is used to compensate
for the LM tracking error. Fig. 9 shows that the maximum
tracking error achieved by the DSA without preview is 73 μm,
which, however, cannot be further reduced because the LM
tracking error is beyond the PA travel range, as shown in
Fig. 7. Finally, Fig. 10 shows the DSA tracking control with
preview, which shows that the maximum tracking error is
significantly reduced to 5 μm. Moreover, the settling time
(defined by the time it takes for the tracking error to converge
within ±2 μm) achieved is only 0.005 s, which is much
smaller than 0.021 s achieved by the case without preview,
as shown in Fig. 9.
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Fig. 9. Dual-stage tracking control without preview. The maximum tracking
error with the use of the PA is 73 μm but cannot be further reduced because
the maximum tracking error generated by the LM without preview control is
beyond the PA travel range, as shown in Fig. 7.

Fig. 10. Dual-stage tracking control with preview. The maximum tracking
error is further reduced from 15 μm (see single-stage preview control in
Fig. 8) to 5 μm by the PA. Moreover, the settling time is reduced to 0.005 s
as compared with the case of 0.021 s without preview (see Fig. 9).

Finally, the implementation results of the above experiments
are summarized in Table I for easy comparison. It is shown
that compared with the nonpreview cases the proposed optimal

TABLE I

COMPARISON OF THE TRACKING PERFORMANCE

preview control can reduce the settling time by more than 50%
and the maximum tracking error by at least five times in either
the single-stage control or the dual-stage control. These results
coincide with our theoretical analysis. Hence, the experimental
results confirm that the proposed optimal preview controller
can achieve accurate triangular reference tracking performance
not only with a minimal settling time but also with a minimal
overshoot for the DSA system.

VI. CONCLUSION

In this brief, we have proposed an optimal preview control
law with the use of the information of the future references
for a class of DSA systems to track triangular references fast
and accurately. It is proved that the optimal preview control
can not only reduce the settling time, but also minimize the
overshoot of the primary stage, which beneficially leads to a
reference profile of minimal amplitude for the secondary stage
to compensate and also minimizes the control effort of the
secondary actuator as a result. Experimental results on a real
DSA positioning system are shown to verify the effectiveness
of the proposed optimal preview control design and its feasible
application on the dual-stage control systems.
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