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Abstract—This paper presents the first studies on robust closed-
loop deflection control of vanadium dioxide (VO2 )-based microac-
tuators using self-sensing. The deflection output of the microactu-
ator is estimated by VO2 resistance-based self-sensing through a
high-order polynomial in order to eliminate the need for compli-
cated external sensing mechanisms. An H∞ robust controller is
designed and implemented for precision deflection control, where
uncertainties produced by the hysteresis between the deflection
and the temperature input and the error in the self-sensing model
are accommodated. The performance of the robust controller is
tested in experiments under step and multisinusoidal reference in-
puts and compared to that of a proportional–integral–derivative
(PID) controller. The robust controller outperforms the PID con-
troller with 36% and 18% less tracking error for the step and
multisinusoidal reference responses, respectively. To further show
the robust performance of the H∞ controller, a multisinusoidal
reference tracking experiment with simulated white noise current
signal is conducted, where the error using robust control is 34%
less than that with PID control.

Index Terms—Microactuators, microelectromechanical sys-
tems, robust control, self-sensing feedback, vanadium dioxide
(VO2 ).

I. INTRODUCTION

IN recent years, there has been increased interest in vanadium
dioxide (VO2) for microactuation purposes due to its ability

to produce microstructure curvature changes close to or greater
than 2000 m−1 [1], [2]. A maximum strain energy density of
8.1×105 J/m3 in a temperature window of only 15 ◦C has been
recently reported for a microactuator similar to the one in this
paper [3]. The responsible mechanism that drives this behavior is
a temperature-dependent solid-to-solid phase transition [4], [5].
The phase-transition in VO2 is highly hysteretic and comes
with drastic changes in crystallographic parameters [6], electri-
cal resistivity [4], and optical transmissivity (mainly for infrared
wavelengths) [7]. For a VO2-coated silicon (Si) cantilever, as
the temperature is increased across the transition temperature,
which is approximately 68 ◦C, the VO2 crystallographic plane
parallel to silicon substrate (100) plane contracts abruptly from
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(011)M to the (110)R , where M and R denote the monoclinic and
rutile VO2 phases, respectively [1]. This contraction is known
to produce strain changes of up to 0.3% in structures of the same
geometry used in this paper, which causes the large deflections
observed [3]. VO2 has shown full reversibility after tens of thou-
sands of actuation cycles, showing that the VO2 stain changes
are completely recoverable [8].

For microactuator applications, such as microgripping and
micromanipulation, it is vital to measure and control accurately
the deflection of the VO2 device [9]–[12]. Optical measurement
methods like laser scattering [1] and interferometry [13] require
complicated and large testing setups. While other more compact
measurement techniques, like embedded piezoresistors, have
been demonstrated [14], [15], they usually involve a relatively
complex device fabrication process. Self-sensing, on the other
hand, represents an alternative measurement technique, where
the variable of interest is estimated by monitoring a coupled
parameter—usually much easier to measure and does not need
to be embedded in the device—through a mapping model.

Self-sensing has been used effectively in multiple studies
as a mechanism for achieving closed-loop control of mechani-
cal displacements in microstructures [16]–[19]. Self-sensing of
lead zirconate titanate (PZT) in microactuators has been used
to effectively control the vibrations of the device for hard disk
drives [17]. By measuring the PZT voltage, which is modeled
through a capacitor decoupled in a bridge circuit, the deflec-
tion of the PZT-based microactuator can be estimated and con-
trolled [17]. Thermal expansion-based deflection of a microac-
tuator comprising layers of two different materials has also been
estimated using the resistance change of one of the materials,
based on the monotonic coupled changes in the material resis-
tance and structural deflection as the temperature is varied [18].
A microstructure composed of layers of two different materials
was heated, causing both materials to expand at different rates;
producing monotonic coupled changes in material’s resistance
and structure’s deflection. Shape memory alloys (SMAs)-based
microgrippers have taken advantage of self-sensing by approx-
imating and controlling their strain/deflection using contraction
force-to-resistance polynomial models [19]. Although similar
to the thermal expansion case, SMAs are highly hysteretic [20],
which makes resistance-to-deflection modeling more challeng-
ing, thus producing relatively large errors (>5%) between the
achieved and desired deflections in tracking-control experi-
ments [21]. These large errors in hysteretic microactuators, like
VO2-based actuators, are undesirable and could be detrimental
in applications such as micromanipulation [22], [23], microop-
tics [24], and microsorting [25], where highly precise control is
required.
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Inverse compensation has been used to reduce the impact
of strong hysteresis nonlinearity in smart material actuators
[26]–[28]. Although this technique is effective, it is also highly
computationally demanding and does not perform robustly
against disturbances. Robust control theory has been used in
systems based on self-sensing to reduce environmental distur-
bances and plant uncertainties, although such studies have been
typically limited to piezoelectric-based actuators [29]–[32]. The
controllers in [29] and [30] were designed to control the deflec-
tion of piezoelectric microactuators based on charge measure-
ments. Although external disturbances and model uncertainties
were considered for the controller designs, the error between
the actual deflection and the reference error was not addressed
explicitly. The robust controllers in [31] and [32] were synthe-
sized for suppression of piezoelectric structure vibrations by
self-sensing the rate of strain change, where tracking desired
reference signals was not a concern. The work done in [31] fol-
lowed a similar control framework as in [29], although it was
designed to follow a desired deflection value of zero (in order
to reduce vibrations). Although the controller design in [32] ac-
commodates constraints on control effort, it does not account
for effects of model uncertainties, hysteresis, or disturbances.
In terms of other hysteretic materials, such as SMAs, there has
been no reported work in robust control using self-sensing for
deflection control.

This work presents the first study of self-sensing for VO2 mi-
croactuators and its use in closed-loop control of large bending.
It is found that the actuator deflection has strong correlation
with the resistance in VO2 . Although the resistance change is
due to an insulator-to-metal-transition (IMT) and the mechan-
ical change is due to a structural-phase-transition (SPT), these
two mechanisms are strongly coupled [33]. Thus, self-sensing
is achieved by mapping deflection to resistance and model-
ing it with a high-order polynomial. By employing this tech-
nique, not only the impact of hysteresis can be reduced due to
the highly coupled deflection and resistance changes in VO2 ,
but the measurement setup is also greatly simplified. A robust
controller is developed, which takes into account the error in
modeling temperature-deflection hysteresis, and environmental
disturbances, in order to minimize the tracking error. Unlike
previous work on robust bending control of hysteretic microac-
tuators based on self-sensing [29]–[32], the controller in this
paper takes into consideration the error between the desired
and actual deflection values in order to precisely control the
microactuator. The performance of the robust controller is also
compared to a proportional-integral-derivative (PID) controller.

II. EXPERIMENTAL PROCEDURES

A. VO2 Deposition

The VO2 thin film was deposited, through pulse laser de-
position, on a chip containing a Si microcantilever with length,
width, and thickness of 300, 35, and 1 μm, respectively. The mi-
croactuator chip was attached to a Si test piece and was placed
in a vacuum chamber with a mixed gas pressure of argon (40%)
and oxygen (60%) at 20 mTorr and maintained through a 30 min
deposition. A ceramic heater, controlled at 600 ◦C, was used to

Fig. 1. Schematic for the experimental setup used for deflection and resistance
measurements as a function of temperature and the closed-loop control of self-
sensed deflection. The microactuator, film, and heater representations are cross-
sectional views of the structures.

heat the sample during deposition. Although the temperature
at the sample was not directly measured, a calibration done be-
fore the deposition approximates the temperature at 550 ◦C. The
sample was also rotated throughout the deposition to ensure uni-
form temperature and thickness distribution. A krypton fluoride
excimer laser was focused on a rotating vanadium target 5 cm
apart from the sample with an intensity of 350 mJ and a rep-
etition rate of 10 Hz. After deposition, the VO2 thickness was
measured to be 172 nm. To determine the quality of the VO2 ,
the resistance of the film on top of the test chip was measured as
a function of temperature through a heating-cooling cycle (20–
85 ◦C) (vide infra). A drop of two orders of magnitude in film
resistance is observed, which is similar to resistance changes
reported in the literature for stoichiometric polycrystalline VO2
on Si substrates [15], [16].

B. Measurement Setup

The measurement setup shown in Fig. 1 was used for all
experiments performed in this paper. The VO2-coated Si mi-
croactuator (shown in cross-sectional view) was attached to the
same test piece used during deposition, which was also Si coated
with the same VO2 . This test piece was needed in order to create
the electrical connections to the VO2 and measure its resistance.
These contacts were located next to the microactuator chip and
fabricated by evaporating aluminum through a custom-made
metal mask. A voltage divisor (not shown in the schematic) was
used in order to measure the resistance of the VO2 film.

To measure the deflection of the device, a sensing laser
(λ = 808 nm, 0.5 mW) was focused on the tip of the microac-
tuator and the reflected light was then focused on the active
area of a position sensitive detector (PSD). A charged-coupled
device camera was used to aid in the alignment of the laser.
The PSD output was a voltage proportional to the deflection
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Fig. 2. (a) VO2 film resistance, and (b) VO2 -coated microactuator actual
deflection as a function of temperature through a heating-cooling cycle (20–
85 ◦C). Both variables were simultaneously measured.

of the microactuator, which was calibrated by sideview images
of the cantilever at different deflection values. In particular, the
calibration of the PSD reading was done by first assigning the
initial deflection of the cantilever at 20 ◦C as 0 μm. Then the
sample was heated to 85 ◦C, which resulted in the maximum
deflection of the cantilever, 70 μm, as measured from the side
view images of the cantilever. The total voltage change in the
PSD output from 20 to 85 ◦C was 7.8 V, resulting in a mea-
surement sensitivity of 0.111 V/μm. We note that the PSD used
in this paper had a resolution of 0.2 μm for the laser spot dis-
placement, while the range for the laser spot displacement was
13.875 mm when the temperature varied from 20 to 85 ◦C. This
means that the PSD reading was highly accurate since the out-
put resolution was 1.4×10−5 of the operational range. A Peltier
heater was used to control the temperature of the sample. The
temperature at the heater was measured with a platinum tem-
perature sensor. A data acquisition card and field programmable
gate array (DAQ/FPGA) was used to access the PSD output, the
resistance of the VO2 film, and the temperature sensor output.
The DAQ/FPGA system was programmed to either: 1) control
the temperature of the Peltier in closed loop in order to measure
the deflection of the microactuator and the VO2 resistance of the
test piece simultaneously, or 2) control, using PID or robust con-
troller, the deflection of the microactuator by self-sensing the
deflection through resistance. For both cases, the DAQ/FPGA
controlled the magnitude of the current signal sent to the Peltier
heater. All the variables were controlled and observed in a com-
puter connected with the DAQ/FPGA system.

III. SELF-SENSING DEFLECTION

Fig. 2 shows the major heating-cooling cycle of the microac-
tuator deflection and film resistance as a function of temperature.
The deflection in this paper is defined as the tip displacement
change relative to the initial position. A total deflection of 70 μm

Fig. 3. (a) VO2 -coated microactuator actual deflection as a function of VO2
film resistance during the heating-cooling cycle. A polynomial function of
degree 9 was used to model the deflection-resistance mapping. (b) Maximum
model error obtained from the major heating and cooling curves.

and a resistance drop of two orders of magnitude were measured
during the VO2 transition through a temperature span of 15 ◦C.
Both variables were simultaneously measured, and by mapping
deflection with resistance, it was observed that the hysteresis
between the deflection and the resistance was insignificant, en-
abling the use of the resistance of the film in the test piece to
estimate the deflection without the need of physically measuring
its value.

The deflection-resistance mapping is shown in Fig. 3(a),
which also includes a ninth-degree polynomial used to estimate
the deflection in the experiments. This model was obtained from
fitting the average of the heating and cooling curves and was
used as the deflection sensing mechanism in the closed-loop de-
flection control experiments done in this paper. The maximum
errors between the heating/cooling curves and the self-sensing
model are shown in Fig. 3(b). For a wide range of the resistance,
the deflection estimation error was lower than 2 μm whereas
slightly larger estimation error was found at the two ends. It is
observed that some hysteresis remains. This is believed to be
due to the slightly different energy requirements between the
IMT and the SPT [33]. This hypothesis is supported by the fact
that this difference in energy requirements has been found to
be more pronounced at the onset of the phase transition, which
would correspond to the higher resistance-low deflection region
in Fig. 3(a). Hereinafter, the estimated and measured deflection
values will be addressed as self-sensed and actual deflections,
respectively.

Two types of controllers will be considered and compared:
1) a PID controller, which only considers the error between
the controlled variable (in this case self-sensed deflection) with
the desired reference signal, and 2) a robust controller, which
aside from considering the error from the controlled variable,
also accommodates the error brought by the self-sensing model,
noises, and system uncertainties.
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Fig. 4. Block diagrams of the (a) simplified physical closed-loop control
system with self-sensing and (b) closed-loop system augmented with weighted
functions.

IV. ROBUST CONTROLLER DESIGN

Following H∞ design techniques [34], an H∞ controller was
designed to accommodate perturbations, noises, and model un-
certainties in deflection tracking.

A. Modeling of VO2 Microactuator

The block diagram for the simplified physical closed-loop
system with self-sensing is shown in Fig. 4(a) and the modeled
closed-loop system augmented with weighted uncertainties is
shown in Fig. 4(b). The variable yref is defined as the desired
deflection output. The input of controller K(s) is the deflec-
tion error defined as the difference between yref and the self-
sensed deflection yself . The controller output is the current Ic ,
which is corrupted by Id that account for environmental dis-
turbances d. A(s) denotes the transfer function for the Peltier
heater with temperature T as its output. The hysteresis between
temperature T and actual deflection of the VO2 cantilever y
is modeled by the summation of a linear relationship Kc and
a noise n1 . The VO2 film resistance is defined as R. The self-
sensing error is taken into consideration through a noise n2 . The
functionsWu,Wd,Wn1 ,Wn2 , and We are weighting functions
that represent the importance of the corresponding signals. For
example, Wu reflects the control effort constraints and We ac-
counts for actual deflection performance. The variables ũ and ẽ
are weighted input and weighted deflection error, respectively.

The temperature dynamics due to the Peltier heater are mod-
eled by a first-order system and a time delay represented by a
first-order Padé approximation [35]

A (s) =
(− τd

2 s + 1
τd

2 s + 1

)(
−A0

τs + 1

)
(1)

where τ is the time constant associated with the system tran-
sient, A0 is the gain, and τd is the time constant associated with

TABLE I
STEADY-STATE VALUES OF STEP EXPERIMENTS FOR SYSTEM IDENTIFICATION

the system delay. For the system, in this paper, the deflection
transfer function was assumed to have no dynamics since the
time constants associated with heat transfer through the can-
tilever and drag produced by air are much lower than that of the
Peltier heater dynamics [8]. Hence, the Peltier heater dynamic
response was considered the dominant dynamic in the system
under study.

A series of open-loop step input experiments were conducted
to identify the system parameters in (1) and the results are shown
in Table I. These were done by manually controlling the current
through the Peltier and measuring the temperature transients.
The initial current value for each experiment was zero, which
corresponded to 25 ◦C (room temperature). Only heating steps
were considered in this parameter identification and a parameter
δ was used as an uncertainty parameter due to the differences
from heating and cooling with δ ∈ [−1, 1]. From the measured
data, the time constant τ and the gain A0 of the plant model were
calculated to be 25(1 + 0.2δ) and 50 ◦C/A, respectively. The 0.2
factor that multiplies δ is chosen to cover the range of measured
time constants, which span from 20 to 30 s. The time delay τd ,
which is defined here as the time interval between a change in
the input current to the system and the temperature response
to that signal (dead time), was experimentally measured to be
0.375 s.

There exists a considerable amount of hysteretic nonlinearity
between temperature and deflection of the VO2 microactuator.
Although there are several models that capture the hysteresis
memory effects in microactuators, such as Preisach [36], [37],
Bouc–Wen [27], and Prandtl–Ishlinskii operators [38], due to
the complexity consideration in online processing, the hysteresis
nonlinearity in this paper was approximated as follows:

y = KcT + n1Wn1 (2)

where Kc is the rate of change in deflection as a function of
temperature across the transition, which was identified to be
5.9 μm/◦C. The second term in the sum represents the hysteresis
modeling error. The self-sensed deflection was then modeled
from (2) by

yself = KcT + n1Wn1 + n2Wn2 (3)

where the third term in the sum represents the self-sensing er-
ror obtained with the high-order polynomial in Fig. 3(a). By
considering these modeling errors and the remaining weight-
ing functions in Fig. 4(b), a robust control framework can be
designed that accommodates environmental disturbances, mod-
eling errors, and uncertainties while effectively controlling the
actual deflection of the VO2-based microactuators.
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Fig. 5. (a) Framework of H∞ control for the system and (b) robust perfor-
mance test by augmenting the uncertainty Δ to M .

B. Robust Control Design

Fig. 5(a) shows the system framework after a linear fractional
transformation (LFT), which facilitates the H∞ controller de-
sign process. The transfer functions Δ(s) , P (s), and K (s)
denote the uncertainty, interconnection matrix, and controller,
respectively. The interconnection matrix is denoted as follows:

P (s) =
[

P11 (s) P12 (s)

P21 (s) P22 (s)

]
(4)

where the lower LFT is defined, from (4), as Fl (P,Δl) =
P11 + P12Δl (I − P22Δl)

−1 P21 and, similarly, the upper LFT
asFu (P,Δu ) = P22 + P21Δu (I − P11Δu )−1 P12 with com-
patible dimensions. The H∞ control design objective is to
find a controller K(s), such that, given γ > 0, it minimizes
the H∞ norm of the transfer function from the inputw =
[ d n1 n2 yref ] T , which includes the noises, disturbance,
and reference signal, to the output z = [ ẽ ũ ]T , which includes
the control effort and tracking error, by solving

‖ Fl (Fu (P (s) ,0) ,K (s)) ‖∞< γ (5)

where Fu (P (s),0) represents the nominal model and ‖ · ‖∞
denotes the H∞ norm.

Choosing appropriate weights is very crucial in robust control
design. The main guidelines in this paper are as follows: 1) the
control effort weight Wu and disturbance rejection weight Wd

are very important across a wide frequency range in order to
deal with disturbances with arbitrary frequencies; 2) the actual
deflection performance weight We is also given importance, es-
pecially at low frequencies since the frequency of the desired
deflection signal is relatively low due to the relative big time con-
stant of the temperature dynamics; and 3) the noise weightings
Wn1 and Wn2 are more important at higher frequencies since
noises will usually have higher frequencies than those of the
reference signals. With these guidelines, the transfer functions
for the weights are chosen as follows:

Wu = 0.12
(s + 1)(
s
10 + 1

) (6)

Wd = 0.1

(
s
2 + 1

)
(s + 1)

(7)

We = 0.09
1(

s
10 + 1

) (8)

Wn1 = 0.002
(s + 1)(
s

100 + 1
) (9)

Wn2 = 0.002
(s + 1)(
s

100 + 1
) . (10)

Based on the model parameters and the weighting functions for
the model in Fig. 4(b), the system can be expressed in the follow-
ing state-space representation, P (s) = C (sI − A)−1 B + D,
where

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.04 0 0 50 0 0 −50

0 −10 0 0 0 0 0

−0.24 0 −10 0 1 0 0

0 0 0 −5.33 0 0 10.67

0 0 0 0 −100 0 0

0 0 0 0 0 −100 0

0 0 0 0 0 0 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.008 0 0 2.5 0 50

0 0 0 0 0 10.8

0.048 −0.2 0 0 1 0

0 0 0 −5.33 0 −10.67

0 19.8 0 0 0 0

0 0 19.8 0 0 0

0 0 0 −0.05 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

C =

⎡
⎢⎢⎢⎣

1 0 0 0 0 0 0

0 0 0.9 0 0 0 0

0 −1 0 0 0 0 0

−0.24 0 0 0 1 1 0

⎤
⎥⎥⎥⎦

D =

⎡
⎢⎢⎢⎣

−0.2 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 1.2

0.048 −0.2 −0.2 0 1 0

⎤
⎥⎥⎥⎦ .

Using (5) and the weighting functions from (6) to (10), the
transfer function of the controller is calculated based on the
algebraic Riccati equation

K (s) =
−918 (s + 1.1) (s + 5.3) (s + 8.2) (s + 100)

(s + 40830) (s + 89) (s + 1) (s + 4.4 + / − 1.6i)
.

(11)
In order to implement the resulting controller in (11) it is
changed to its discrete z-transform with a sampling time of
125 ms. This sampling time was more than an order of magni-
tude faster than the closed-loop control response of the system,
which ensured a fully reconstructed signal. From (5), the vari-
able γopt is the optimum over all γ such that the controller is
admissible, and, for the controller in (11), it was calculated to
be 0.118.

In order to verify the robustness of the closed-loop system,
there are two specifications to test: robust stability and ro-
bust performance. Black–Nichols diagram has been utilized to
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analyze the robust stability in [39], whereas small gain the-
ory [40] and μ synthesis [34], [41] have been utilized to analysis
robust stability and robust performance. The latter is a unified
approach for analyzing robust stability and robust performance
with multiple sources of uncertainties, which is advantageous
over the small gain theory approach. Thus, μ synthesis is adopted
in this paper, which is represented in Fig. 5(b).

To test for system robust stability, denote

M (s) = Fl (P (s) ,K (s)) =

[
M11 (s) M12 (s)

M21 (s) M22 (s)

]
. (12)

If ||M11 ||∞ < 1/β and β > 0 are always satisfied for all Δ(s)
with ‖ Δ ‖∞< β, then the system is robustly stable. For the
system shown in Fig. 4(b), using the controller in (11), it is ver-
ified with (12) that ||M11 ||∞ = 0.26, which makes the system
robustly stable since ‖ Δ ‖∞=‖ δ ‖∞< 1.

To test for robust performance, assume M (s) haveq1 + q2 in-
puts and p1 + p2 outputs, M11 (s) has q1 inputs and p1 outputs,
and denote

Δp =

{[
Δ 0

0 Δf

]
: Δ ∈ Δ,Δf ∈ Cq2 ×p2

}
(13)

where Δ ≡ δ ∈ [−1, 1] in this paper and Δf is shown in
Fig. 5(b). A structured singular value can be defined as follows:

μΔ p
(M) =

1
min [σ̄ (Δ) : Δ ∈ Δ,det (I − MΔ) = 0]

(14)

where σ̄ (Δ) is the largest singular value of Δ. If for all Δ(s)
with ‖ Δ ‖∞< β and β > 0, supω∈RμΔ p

(M (jω)) ≤ 1/β is
always satisfied, then the system has robust performance. Based
on D–K iterations [34], supω∈RμΔ p

(M (jω)) is found to be
0.32, for the case presented here. Hence, the robust performance
of the designed robust controller is verified.

V. RESULTS AND DISCUSSION

This section provides experimental results using the H∞
controller derived in the previous section for step and multi-
sinusoidal reference inputs with and without added noise to
the current generator. Its performance is compared to that of
a proportional-integral-derivative (PID) controller in order to
show its robustness to noises and perturbations, as well as the
control effort advantages over the PID controller. We have cho-
sen a PID controller instead of a proportional-derivative (PD)
controller for the comparison, because, for the dynamics shown
in (1), a PD controller would result in nonzero steady-state error
for step references even under ideal conditions. The root-mean-
square error (RMSE) has been selected to quantify the tracking
error in all the experiments, although the average steady-state
error has been also calculated for experiments with step refer-
ence inputs. Standard deviation (SD) was used to measure the
control effort in the multisinusoidal reference input experiment
with and without noise.

The parameters of the PID were tuned in simulation based
on the same nominal model shown in Fig. 4(b). Since most of
the potential applications for the presented microbenders will
require high-precision and fast response, the PID controller was

Fig. 6. (a) Actual, and (b) self-sensed microactuator deflection under self-
sensed, closed-loop PID and robust control through a series of step reference
inputs.

TABLE II
CONTROLLER COMPARISON FOR STEP REFERENCE TRACKING

designed to have an overshoot of less than 2%, which would
ensure accuracy during the transients, and to have a settling
time of smaller than 10 s, which would ensure relatively fast re-
sponse given that the time constant of the Peltier dynamics was
approximately 25 s. The resulting controller parameters were:
proportional gain Kp = 0.059, integral gain Ki = 0.004, and
derivative gain Kd = 0.0136. The obtained transfer function for
the controller was transformed to its discrete counterpart in the
z-transform with the sampling time of 125 ms for implementa-
tion, similar to the robust controller case.

A. Tracking of Step Reference Input

Experiments with step reference inputs were designed so that
the microactuator followed a set of three different setpoints, each
with duration of 15 s, programmed in the DAQ/FPGA. The goal
of these experiments was to study the transient behavior and
steady-state error of the robust controller and compare those to
the performance of PID controller. Fig. 6(a) and (b) shows the
experimental performance in terms of the actual deflection and
self-sensed deflection. Although the controlled variable is the
self-sensed deflection and a better steady-state performance is
observed in Fig. 6(b) for the PID, Fig. 6(a) shows that the actual
steady-state deflection under the robust controller is closer to
the setpoint for every step value, whereas it has a higher differ-
ence under the PID controller. The actual steady-state deflection
errors and control efforts are shown in Fig. 7(a) and (b). Table II
compares the RMSE of the actual deflection and the average
(over three setpoints) steady-state deflection error. Although the
largest tracking error for both controllers is similar, the RMSE
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Fig. 7. (a) Actual deflection error and (b) controller effort for the PID and
robust control approaches through the step reference tracking experiment.

and average steady-state error under the robust controller are
3.66% and 36%, respectively, less than those of the PID. This
proves that the designed robust controller outperforms the PID
controller in effectively and robustly reducing the steady-state
error of the microactuator’s actual deflection by considering the
self-sensing modeling error. In practice, the actual deflection
performance is of relevance, thus only the actual deflection is
provided for the remaining figures in this paper.

The advantages of the robust controller in terms of settling
time over the PID controller can be noticed from Fig. 6(a),
although there is higher overshoot with the robust controller. A
closer examination of the controller efforts, quantified here as
the amount of current change, reveals that the robust controller
performs slightly higher work than the PID for longer time
duration [see Fig. 7(b)], which explains the transient differences.

B. Tracking of Multisinusoidal Reference Input

Experiments involving multisinusoidal reference inputs were
carried out to study the performance of the microactuator un-
der continuous input changes. For this experiment, the sum of
three different sinusoidal waveforms with frequencies of 0.001,
0.005, and 0.01 Hz, maximum amplitude of 20 μm and an
offset of 35μm was chosen as the input signal. The different
frequency components of the signal were used to study the de-
flection control at different frequency values. The amplitude
and offset values were chosen in order to cover a wide actu-
ation range throughout the hysteresis. Fig. 8 shows the actual
deflection of the microactuator as a function of time with PID
and robust control. From the observed data, it is seen that the
robust controller performance is better than that of the PID. This
is more evident by looking at the tracking errors and control ef-
forts under the two controllers, which are shown in Fig. 9(a) and
(b), respectively. The values for RMSE and SD calculated for
this experiment are summarized in Table III. From the values
in Table III it can be calculated that the robust controller has

Fig. 8. Microactuator deflection response to a multisinusoidal reference input
under PID and robust control.

Fig. 9. (a) Actual deflection error and (b) controller effort for the PID and
robust control approaches in the multisinusoidal reference tracking experiment.

TABLE III
CONTROLLER COMPARISON FOR MULTISINUSOIDAL REFERENCE TRACKING

around 18% less tracking RMSE and 1.8% less control effort
than the PID controller. The effectiveness of the robust con-
troller in reducing the steady-state error of the actual deflection
is again verified experimentally.

C. Noise Rejection for Multisinusoidal Reference Tracking

In order to study the robustness of the H∞ controller to en-
vironmental disturbances, modeled in Fig. 4(b) as Id , a white
noise signal with maximum value of ± 0.01 A and band-limit of
8 Hz was added to the controller effort. The same input signal
used in the multisinusoidal reference input experiment without
noise was adopted for this study (see Fig. 8). The white noise
amplitude corresponded to 25% of the total current change ob-
served in Fig. 9(b), which represented an overestimate of real-
life noise signals due to current variations. Fig. 10(a) shows
the actual deflections of the microactuator with the noisy input
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Fig. 10. (a) Microactuator deflection response and (b) error under a multisi-
nusoidal reference input under PID and robust control with induced white noise
in current input to the system.

Fig. 11. (a) Control effort and (b) Peltier input for a multisinusoidal reference
input under PID and robust closed-control with induced white noise in current
input to the system.

under robust and PID control. It is seen from the observed data
that the closed-loop deflection system under the H∞ controller
performs robustly against noise disturbances better than with
the PID. This difference in performance is evident in Fig. 10(b)
where the largest error between actual deflection and reference
input with robust control is 3.07 μm and for PID is 4.28 μm.
This translates to a 28% decrease in the largest error for the
robust controller. While the largest tracking error for PID con-
troller under noisy tracking is 43% larger than the noiseless
tracking case, the robust controller ends with not evident de-
terioration in the largest tracking error. Fig. 11(a) shows the
control effort applied by both controllers in these experiments
and, for clarity, a separate plot in Fig. 11(b) shows the Peltier
input, which includes the controller effort and the white noise.
Table IV shows the RMSE and control effort SD values for this

TABLE IV
CONTROLLER COMPARISON FOR MULTISINUSOIDAL REFERENCE

TRACKING WITH NOISE

Fig. 12. Frequency spectrum analysis of the tracking errors under the ro-
bust controller and the PID controller, for scenarios with and without injected
actuation noise.

experiment. For the system with robust control, the RMSE is
34.7% less than with PID, and the control effort SD is 6% less.
Although the robust control RMSE in this experiment is close
to the one obtained without noise (see Table III), an increase
of 18.6% is observed for the system under PID control. This
verifies the robust performance and stability of the controller to
compensate for deflection control, not only for modeling errors,
but also against environmental disturbances.

In addition to the RMSE and the maximum tracking errors,
we have further conducted fast Fourier transform of the tracking
errors under the PID and H∞ controllers, for the scenarios with
and without injected actuation noises. As shown in Fig. 12, the
tracking error under the H∞ controller is lower than that under
the PID controller for all frequency components. This is true for
both the cases with and without noise.

VI. CONCLUSION

This paper presented, to the author’s best knowledge, the first
robust deflection control of a microelectromechanical systems-
based VO2-coated actuator based on self-sensing. The relation-
ship between the resistance and the deflection as a function of
temperature of the VO2 microactuator was provided, and the
feasibility of the deflection self-sensing based on resistance was
shown and implemented experimentally. A ninth-order polyno-
mial was adopted to model the self-sensing relationship between
deflection and resistance. Using the information from the actual
deflection and the transfer functions representing the real sys-
tem, an H∞ controller was designed and implemented. The
effectiveness of the robust controller was compared with a PID
controller in terms of tracking accuracy and control effort in
a series of experiments. A more accurate model relating the
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measured resistance to the deflection, through, for example, a
hysteresis operator, could further improve the performance of
the proposed controllers at the cost of computational complex-
ity. Investigation of such strategies is the subject of our ongoing
work.
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2009 and 2011, respectively. He is currently working
toward the Ph.D. degree in the Department of Electri-
cal and Computer Engineering, Michigan State Uni-
versity, East Lansing, MI, USA.

He has participated in numerous research
and industry-related programs including: memristor
group intern at Hewlett–Packard Laboratories, Palo
Alto, CA, USA, in 2013, independent contractor at

the Universal Technology Corporation, Dayton, OH, USA, in 2011, research
intern at the United States Army Corps of Engineers, Vicksburg, MS, USA,
in 2009, and research intern at the Power System and Automation Laboratory,
Texas A&M University, College Station, TX, USA, in 2008, among others.
His research interests include design, fabrication, and implementation of micro-
electromechanical actuators, smart-materials-based microtransducers, control
systems of hysteretic systems, and tunable microresonators.

Prof. Merced was awarded the National Science Foundation Graduate Re-
search Fellowship in 2011 and was named the Electrical Engineering Outstand-
ing Graduate Student for 2012–2013.

Jun Zhang (S’12) received the B.S. degree in au-
tomation from the University of Science and Technol-
ogy of China, Hefei, China, in 2011. He is currently
working toward the Ph.D. degree in the Department
of Electrical and Computer Engineering, Michigan
State University, East Lansing, MI, USA.

His research interests include modeling and con-
trol of smart materials.

Prof. Zhang received the Student Best Paper Com-
petition Award at the ASME 2012 Conference on
Smart Materials, Adaptive Structures and Intelligent

Systems, and the Best Conference Paper in Application Award at the ASME
2013 Dynamic Systems and Control Conference.

Xiaobo Tan (S’97–M’02–SM’11) received the
B.Eng. and M.Eng. degrees in automatic control from
Tsinghua University, Beijing, China, in 1995 and
1998, respectively, and the Ph.D. degree in electri-
cal and computer engineering from the University of
Maryland, College Park, MD, USA, in 2002.

From September 2002 to July 2004, he was a Re-
search Associate with the Institute for Systems Re-
search at the University of Maryland. He joined the
faculty of the Department of Electrical and Computer
Engineering at Michigan State University (MSU),

East Lansing, MI, USA, in 2004, where he is currently an Associate Professor.
His current research interests include electroactive polymer sensors and actua-
tors, modeling and control of smart materials, biomimetic robotic fish, mobile
sensing in aquatic environments, and collaborative control of autonomous sys-
tems.

Dr. Tan is an Associate Editor of Automatica and a Technical Editor of the
IEEE/ASME TRANSACTIONS ON MECHATRONICS. He served as the Program
Chair for the 15th International Conference on Advanced Robotics. He is a
recipient of an NSF CAREER Award (2006), MSU Teacher-Scholar Award
(2010), and several Best Paper Awards.
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