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Abstract

Deformable mirrors are used for changing the wavefront of the reflected light by using one
or more actuators behind the mirror to physically deform it. This application is widely
used in telescopes to compensate for atmospheric aberrations using a feedback wavefront
sensor. Recent advances in lithography process require more precise wavefront control than
ever, and deformable mirrors are being considered as a suitable optical unit in the optical
column of lithography systems. Using electrostrictive materials for the actuation provides
benefits like less hysteresis, no creep, and fast response time. One major limiting factor in
the use of such materials is the high sensitivity of strain response to temperature. Due to
application constraints a position sensor is not available for the position control. This leads to
a requirement of temperature dependent strain-field model in a feedforward control scheme to
compensate for the temperature changes and predict the position to sufficient accuracy. In this
thesis, different electrostrictive models are explored, and through high frequency impedance
measurements and precise quasi-static strain-field experiments, actuator response is analyzed
and model parameters are estimated. The parameters are then used in a feedforward control,
with temperature sensor, to compensate for the temperature change resulting in decrease of
temperature induced strain variation by 75%-87%. Furthermore, an optimum voltage region
is identified for maximum actuation performance with compensation of temperature induced
strain variation. Lastly, a novel temperature self-sensing approach is explored for which a
patent application is filed.
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Chapter 1

Introduction

1-1 Background

The growth in semiconductor chip industry has spawned a revolution in multiple sectors such
as mobile phones, computers and IoT devices. The lithography process is one of the main
steps in manufacturing chips with increasingly complex architecture and smaller size. With
ever increasing demand of making these chips smaller, the requirement of high precision has
never been more. Lithography process involves passing UV light through an array of lenses
and mirrors in a precise way for chip manufacturing. To improve the control over the precision
of light’s wavefront, an additional optical element was needed. For this purpose a deformable
mirror assembly (fig. 1-1) was deemed suitable to be installed in the machine by ASML.

Location for
deformable mirror

Figure 1-1: ASML machine with lens arrangement. Figure adapted from [1]

The deformable mirror contains an actuator grid behind the mirror surface to control the
topography of the mirror. By modifying the mirror topography, the reflected wavefront can
be changed with a high degree of control. The actuator grid behind the mirror needs to
deform in a precise manner in order to have a predictable mirror deformation. This in turn
would help in correcting the error in wavefront, resulting in more precise chip manufacturing.
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2 Introduction

Due to multiple constraints in complex lithographic tools, it is often not possible to have local
position sensing in the mirror assembly. The lack of position sensing meant that position-
feedback control of these actuators was not possible. This means only the actuators having low
hysteresis, low creep and having accurate and fast response, would work best in the current
setup. One of the actuators that suits these needs is the PMN-PT based electrostrictive
ceramic actuator [2]. Electrostrictive actuators have been also previously used for deformable
mirror applications [3][4][5]. The main challenges in using PMN-PT electrostrictive actuator
for position control are:

e The response of the actuator is highly nonlinear

e The actuator has high temperature sensitivity. This is a challegen as due to UV light,
the mirror heats up and subsequently heats the actuator grid raising its temperature as
shown in fig. 1-2.Consequently, the temperature induced strain variations are also high
that affect the mirror deformation.

ouv

Mirror heats up due to DUV
radiation

. .

.;4'- = ——— =}

Actustor heats up due 1o self heating and heat

Electro-strictive actuator transfer(internal losses)
stack

Figure 1-2: Actuator heating due to heat transfer from mirror

Despite the mentioned challenges, electrostrictor is a favorable type of actuator compared
to piezoelectric actuator as it has extremely small hysteresis non-linearity above a certain
temperature while having large strain energy. As the hysteresis type of non-linearity is chal-
lenging to compensate in open loop configuration, the absence of hysteresis above a certain
temperature makes these electrostrictors suitable for a feedforward application. As it is pos-
sible to have temperature sensors on the actuator grid, a "feedback" with temperature sensing
could be used to correct for the temperature induced variations in the actuator response.

Heat load

Deformable mirror

Temperature
sensor

T FFE
Reference -

setpoint - 4

Figure 1-3: Temperature compensation with feedforward control concept
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1-2 State of the Art 3

1-1-1 Motivation

The theory of electrostriction has been investigated quite well during the past few decades.
Though many materials have been studied for actuator applications, PMN-PT (Lead Magne-
sium Niobate-Lead Titanate) has been found to be one of the most effective electrostrictors.
The deformable mirror application at ASML requires these actuators to deliver precise posi-
tion control without position sensing and in the presence of temperature disturbances. For
such a requirement, a precise model of PMN-PT electrostrictive actuator is needed. The non-
linear behavior of this material has been researched well but its application to position control
has only had preliminary research. Also, as temperature disturbances can cause substantial
changes in the actuator response, an accurate actuator model, that contains temperature
dependent parameters, has not yet been formulated for position control applications. This
analysis and experimentation is needed due to the absence of position sensor in the deformable
mirror system, because of which feedback control of the actuator is not possible. Therefore,
there is also a need for suitable feedforward control schemes that achieve position control in
real time with active temperature compensation as shown in fig. 1-3.

As the actuator response is nonlinear, a high performance region of working in the presence of
temperature induced strain variation has not yet been identified where calibration and feed-
forward control could be implemented in the easiest way. For this high performance operation
of the actuator, along with compensation of temperature induced strain variation, a suitable
model must be formulated for devising appropriate feedforward scheme. Understanding and
formulating this would lead to enabling real time temperature compensation of these actua-
tors, that will help in achieving desired position control and therefore precision actuation of
deformable mirror.

Thus, this thesis has broadly two-fold goals:

1.) To characterize the nonlinearities and performance in the electrostrictive response with
varying voltage and temperature from the mindset of position control application.

2.) Model the response changes due to temperature change in the operating frequency band
(0.1-100 Hz) and using the resultant model, devise a feedforward controller that can maintain
a position.

The material is so far not been studied within ASML for position control application with
high position accuracy. Therefore a thorough understanding of the state of the art is re-
quired. Through this knowledge, actuator response to composition, voltage, frequency and
temperature changes would be understood and proper operating parameter bounds would be
identified. Based on the literature review, a research gap would be identified.

1-2 State of the Art

1-2-1 OQutline

This section is focused on discussing the relevant properties and models of electrostrictive
PMN-PT actuator in the current state of the art. The dependency of strain on voltage, fre-
quency of voltage, temperature, material composition and aging process is discussed and its
importance on tuning the actuator behavior is also highlighted. As the analysis is done in
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4 Introduction

stress free conditions, the variation due to compression stress would not be discussed. The
purpose of this study is to understand which actuator properties are most important for op-
eration and how can they be tuned in order to get maximum performance under the given
operating conditions. This in turn will help in devising an effective feedforward control.

Electrostriction is a property of any insulating material. In the most basic sense, it is the
displacement of the charges in a dielectric. This displacement of charges translates to po-
larization of the overall material which translates into a displacement. The displacement is
related to the polarization with a square law [6]. As the polarization increases with increas-
ing dielectric constant, the strain is usually small for materials with low dielectric constants.
Moreover, for linear dielectric materials, which includes almost all insulating materials, the
induced polarization is directly proportional to the applied electric field.

P=¢E (1-1)

where P is the induced polarization ( % ), € is the dielectric permittivity (£) and E is the
applied electric field (%) This results in a quadratic strain-electric field curve as seen in

eq. (1-1).

004 10 0.005 o eerrrrrrrrr
— 71 0.004Ey M=4.9*10"" m* Vi 0.004 £ \ 0=0.038 m*/C
£ 0.02 ] £\ s \
; ~= 0.003F \ /31 = 0003F |\ 3
— =, E N / ] &, ¢
= 0.00] = 0.002F V / = 0.002 "‘\ ¢
g E o001l % e E 0.001 \ i
2 -0.02 “ T { A" M
o 4 e * 4 e N
= [ (a) “E r;‘__f.. (b) E 0 A‘\-.‘,’lA (©
00l 0001 PPUTETTL B T T ST T Tl
100 =50 0 S0 100 -100 -50 0 S50 100 004002 0 002 004
Electric field [kV/em)] Electric field [kV/em] Polarization [C/m”)
Figure 1-4: Linear dielectric characteristics [7]
The quadratic relation can be written as
r=ME? [8§ (1-2)

where x is the strain and M is the electric field based electrostrictive coefficient (T&L—;) The
strain response of a normal linear dielectric material is extremely small due to its small di-
electric constant. Nonlinear dielectrics like PMN-PT and few others have a nonlinear relation
between polarization and applied electric field. For a strain-field response this translates to a
non-linearity different from quadratic non-linearity as seen in fig. 1-5.
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Figure 1-5: Nonlinear Dielectric response characteristics [7]

On the other hand, the strain has quadratic nonlinearity with induced polarization in both
linear and nonlinear dielectric materials [9]. The higher order non-linearity in the nonlinear
dielectric materials like PMN-PT is associated with its structure at nanometer level (PMN:
fig. 1-7, PMN-PT: fig. 1-6). The compound PMN has rich Magnesium(Mg) and Niobium (Nb)
regions [8]. These regions are highly inhomogenous which results in fluctuations in polariza-
tion due to temperature and electric field. Due to nanoscale size of these inhomogeneties, and
due to strong coupling of the dipoles in Niobium rich region instead of lead dominated crystal
lattice, an unstable structure is formed. This results in a system that responds strongly to
temperature, stress and electric fields giving large strain and dielectric responses. Due to this
unique feature of having polar nano-domains, these materials exhibit frequency dispersion of
dielectric permittivity and loss. This dispersion is called dielectric relaxation and hence the
materials are termed relaxor ferroelectrics [10].

Figure 1-6: Crystal Structure of PMN material [11]

Above a certain temperature, depending on composition, relaxor ferroelectric are dominated
by paraelectric phase (fig. 1-8). This results in low hysteresis, but large electrostrictive strains
[13]. The low hysteresis again arises from the nano-domains associated with the paraelectric
phase. As the domain size grows, hysteresis increases due to bigger domain wall motion [14].
Hysteresis creates servo-displacement problems which can be corrected in feedback systems,
but in feed-forward systems hysteresis needs to be as small as possible in order to have good
position control.
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6 Introduction

y/ PMN-PT (001) plane

Figure 1-7: Crystal structure of PMN-PT [12]

P P P

E - /
- A

a.) b.) c.)

Figure 1-8: a.) Linear Dielectric, b.) Paraelectric, c.) Ferroelectric, polarization to field response
[15]

In the subsequent sub-sections the state of the art on the variation of actuator parameters with
voltage, frequency of the applied voltage, material composition and temperature is discussed.

1-2-2 Effect of Voltage

PMN-PT or specifically, (1-y)PMN-yPT ceramic (where y is the composition fraction), is
electrostrictive in nature and hence has an even strain response to electric field [13] ,[16],
[17]. Due to its abnormally large dielectric constant [18], the material is highly polarized on
application of electric field/voltage. The domain re-alignment due to this high polarization
translates into a macroscopic strain. Due to the un-poled nature of the material, domains
re-align by the same amount irrespective of the direction of the applied electric field/voltage,
resulting in net expansion of the material.

The PMN-PT has an approximate quadratic strain-field response at low electric field [19] as
shown in eq. (1-2). As the applied electric field is increased, higher even-harmonics occur in
the actuator response which eventually saturate [20] as shown in fig. 1-9.
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Figure 1-9: Response of PMN-PT to applied electric field [14]

As the response shows higher even harmonics, a model involving all the even harmonics was
proposed by Hom and Shankar [21] in the form of hyperbolic relation. The relation is a
charge based model of electrostriction (eq. (1-5)). The foundation for the model is based
on nonlinear hyperbolic relation between induced polarization and applied electric field as

described in eq. (1-3). The polarization has a saturation behavior with increasing electric
field.

P = Pstanh(kE) (1-3)

Using 1-3 the constitutive equation under constant stress can be written in the form of implicit
nonlinear relation between polarization and electric field,

1 P
E=—-QPT + %tanh_l(z)

T =sT + QP2 (1-5)

(1-4)

where () is the charge based electrostrictive coeﬂicient(%ﬁ), P, is the saturation polarization
(%), k is the relaxation parameter (%), s is the material compliance (4-), 7' is the stress

(722)-

Using the stress free response and substituting polarization term from eq. (1-3) in eq. (1-5),
z = QP?*tanh*(kE) (1-6)

The eq. (1-6) describes the variation of strain with electric field for the whole range of actuation
for electrostrictive PMN-PT materials. The model does not describe hysteresis and assumes
the parameters to be independent of voltage.
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8 Introduction

1-2-3 Effect of Frequency of Voltage

Relaxor ferroelectrics show frequency dispersion effects in dielectric permittivity and corre-
sponding loss coefficient. The change in frequency affects the response characteristics as it
shifts the permittivity vs temperature curves. Due to this effect, the maximum dielectric con-
stant drops and the corresponding temperature, T;, shifts to higher temperatures as shown
in fig. 1-10.

25000
100kHz
20000 - r
T Im W
S
2 15000 A
o
o
(2]
= 10000 A
[3]
2
9L
o 5000
0 Al L] L] L B L] T
60 -40 -20 0 20 40 60 80 100
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Figure 1-10: Variation of dielectric permittivity with frequency. Figure adapted from [6]

Changes in dielectric constant directly affect the strain response of the material. Increase
in frequency of applied voltage results in 7;,, shifting to higher temperatures, where material
becomes more normal ferroelectric at the reference temperature. This also results in increased
hysteresis.

The frequency dispersion of the dielectric permittivity and its variation with temperature
near T, can be modeled using Smolensky’s work [22].

1 (T — Tp)?
e(T,w) B Emaar(w) <1 * 2(52 > (1_7)

where, € is the dielectric permittivity at the temperature T, €4, is the maximum dielectric
constant across the temperature range, T}, is the temperature at maximum dielectric constant
and ¢ signifies the degree of dielectric relaxation or the broadness of the dielectric peak.

At a certain temperature above T,,, the frequency dependency of the dielectric constant,
and therefore electrostrictive parameters, becomes negligible. This frequency dependence or
dispersion is maximum at the maximum dielectric constant [18], €,,, for temperatures lower
than T, as shown in fig. 1-10. Operating the material above that temperature, T, makes
the material parameters independent of operating frequency.

Earlier, the variation of dielectric constant with temperature was described using Smolensky’s
equation 1-7. The frequency of operation can be obtained using Volget-Fulcher equation
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[23]that uses the Maximum dielectric temperature (75,) and Freezing temperature (7x) under
low electric field conditions.

=t ) w

where, f is the applied frequency (Hz), fy is a pre-exponential factor, T}, is the maximum
dielectric temperature (K), and Tp is the freezing temperature (K), E4 is the activation
energy that describes relaxation process (J), kp is the Boltzmann constant (JK 1)

The frequency invariance in the deformation is shown by the experiments done by Ren and
Masys [24] using electromechanical properties. In the fig. 1-11, experiment is done at room
temperature(~ 20°C') with materials that have T,, of 15°C (PMN-0.1PT or PMN-15), and
T, of 38°C (PMN-0.15PT or PMN-38). At room temperature, PMN-15 shows frequency
independence with respect to electrostrictive parameters as room temperature is more than
Ty, . The effect of temperature is elaborated more clearly in the section 1-2-5.
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Figure 1-11: Variation of effective piezoelectric coefficient at a bias electric field [24]

In the fig. 1-11, the ds3 is the effective piezoelectric coefficient for an electrostrictive material
at DC bias in direction of the applied field and deformation (33). For electrostriction, d can
be understood as effective piezoelectric coeflicient at a certain DC bias. It can be shown that,

x =dE, Piezoelectric stress free equation (1-9)

z = ME?, Electrostrictive stress free equation (1-10)

Differentiating eq. (1-10) with E at E,4. will give the response variation around the DC bias.
With small enough actuating field, the strain response can be considered linear around the
operating DC bias.

Tde = <2MEdC)E (1—11)
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Comparing eq. (1-9) with eq. (1-11),

d=2MEyg, (1-12)

This shows that the electrostrictive response can be tuned to piezoelectric response around
a specific DC bias. The electromechanical coupling coefficient is voltage dependent in that
case.

1-2-4 Effect of Material Composition

(1-y)PMN-yPT is a solid solution of relaxor ferroelectric PMN and normal ferroelectric ma-
terial PT (Lead Titanate). Normal ferroelectric materials have a strong memory effect and
operate far from their Curie Temperature (7.). Relaxor ferroelectrics exhibit paraelectric ef-
fect and hence are hysteresis free. Addition of PT content increases the dielectric constant of
the resulting solid solution but only up until 35% PT. The composition around 35 % is called
morphotropic phase boundary in phase plot of the solid solution. Above that PT composition,
the dielectric constant decreases and therefore strain response to electric field reduces [25] as
shown in fig. 1-13. The ideal composition of the (1-y)PMN-yPT should be around the point
when the dielectric constant is high enough to provide usable strain with minimal hysteresis.
As shown in the fig. 1-13, that appears to be around 10-15% PT content [26].

The PT content fixes the T, of the electrostrictive material at a certain frequency. This can
be used to tune the T, to be less than the operating temperature for the frequency range of
operation. This effect is shown in the fig. 1-12
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20000
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Dielectric Constant
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Figure 1-12: Variation of dielectric constant with material composition [26]. Here, = is the
fraction of PT content in (1-y)PMN-yPT.
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Figure 1-13: Effect of material composition [25] on a.) polarization and b.) strain response

1-2-5 Effect of Temperature

The study of temperature variation has been extensively studied in the domain of dielectric
response [27], [28], strain response in quasi-static [29], [30] and high frequency sonar appli-
cations [31]. At quasi-static frequencies, due to changing temperatures, the strain response
of the actuator changes as shown in fig. 1-14. For high frequency applications, a microscopic
temperature model was created by Hom and Shankar [31] and the effect of hysteresis was stud-
ied to characterize self-heating of the electrostrictive actuator. A microscopic temperature
constitutive model was developed by Hom and Smith for the relaxor ferroelectrics by using
hysteresis as the source of temperature generation [32]. This model focused on quantifying
saturation polarization and material distribution as function of temperature [32]. The result
is an ODE model that predicts nonlinear behavior of the material and hysteresis. Though the
model predicts hysteresis with changing temperature, it has to be fitted to the observed data
to get the varying parameters. These parameters do not all provide a functional dependency
on temperature. Moreover the model is dependent on microscopic parameters that are hard
to determine with sufficient accuracy for different PMN-PT composition and phases.
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Electric field [kV/cm]

Figure 1-14: Variation of strain-electric field curves with varying temperature for an electrostric-
tive material [33]

Thermal expansion of electrostrictors is negligible (<3.5X10—6°C~!) at temperatures be-
tween -100°C - 100°C for a wide range of PT composition [34] as shown in the fig. 1-15.

Various important features of the thermal expansion measurements in the selected PMN-PT ceramics

Sample T. (°C) Thermal expansion Calculates P at room
coefficient (x 10°6 r"C")“ temperature (|.LC/’crn2 )b

PMN —10 1.6 72.97

0.8PMN-0.2PT 100 20 94.58

0.7PMN-0.3PT 120 24 56.33

0.65PMN-0.35PT 175 32 54.76

Figure 1-15: Thermal expansion table for wide range of PMN-PT ceramics [34]

The important temperature regions for the paraelectric functioning of electrostrictive mate-
rials can be marked using 75, (Maximum dielectric temperature), T¢ (frequency invariance
temperature) and Tr (freezing temperature) as shown in fig. 1-10. The freezing temperature
occurs below T, and is associated with freezing of domains with respect to thermal pertur-
bations. Tr is defined under quasi-static conditions and the remnant polarization vanishes
above this temperature (depolarization) [23]. The freezing temperature is defined at static
conditions, under dynamic conditions a temperature called as the depolarization tempera-
ture, Ty is used, and its value also changes with the material composition [30]. Above the
depolarization temperature (T,), the material does not have remnant polarization and hence
loses all piezoelectric effect.

Electrostrictive behavior (relaxor ferroelectric) is different from normal ferroelectrics due to
its broad dielectric maximum peak, resulting in a diffused phase transition. This results in
the depolarization temperature shifting from the Curie temperature (7;), which is defined for
normal ferroelectrics, to a new temperature slightly less than 7,.. For electrostrictive materials
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therefore, T, is replaced with T (or Ty) and T}, which is the maximum dielectric temperature.
In normal ferroelectrics like PZT, the Curie temperature and depolarization temperatures are
the same due to narrow dielectric maximum peak. The variation of Ty, with respect to T, by
changing PT content can be seen in fig. 1-16. It is observed that as PT (normal ferroelectric)
content increases, the depolarization temperature and T;, approach each other. Operating
the electrostrictor above T}; gives a dominant electrostrictive behavior, but operating it above
T, gives reduced hysteresis as mentioned before. Another temperature, as mentioned before
in [1-2-2], T+ can be used to denote the absence of frequency dispersion for a certain frequency
band. T} is different for every frequency, hence depending on the operating frequency, the
operating temperature should be above the corresponding T’ for low hysteresis and frequency
independent material parameters.

0000 0.3
I 0,.9PMN:0.1PT

s 25
A00D0 F 0

W0

- 0,15

P(Cim™)

20000
[N}

10000 (.09

SO

A |-

K[

P (Cfm’)

Rl

10004

30000 1]

- [1.2%
000 =

0K

=

0135

Ele
P(C/m")

20000
0.l

10000 0.05

. it ]
0 a0 1o 144 170 20y

Temperature{"C})

Figure 1-16: Shifting of depolarization temperature towards 7, with increase in normal ferro-
electric content (PT) [30]
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1-2-6 Effect of Aging

Aging of relaxor ferroelectric materials like PMN-PT is significant concern as it degrades
the properties with time. The changes in actuator response can change significantly with
aging and the actuator needs to be stable in this region. Investigations showed that amount
of aging in the material increases with increasing PT content [35]. The aging process for
any material constant (D) of electrostrictive actuator can be modeled using an exponential
function dependent on aging rate (7) and relaxation parameter (v).

D = Dy + Dyexp(— (i)y), [36] (1-13)

Considering all the even harmonics of the electrostrictive strain-electric field response, the
2nd and 4th harmonic are the only ones that show minimal aging effects and hence have
minimum deviation with time [37]. This is the same as the variation of the first two odd
harmonics of polarization response to electric field as shown in fig. 1-17.
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Figure 1-17: Comparison of aged and de-aged polarization harmonic (odd harmonics) responses

At low electric fields, response has negligible contributions of higher harmonic content as
understood by the quadratic dependency of strain to electric field [38]. At higher electric
fields, the higher harmonics get included to the strain response as seen by the hyperbolic
function fit to the strain response data [14]. As the higher harmonics are affected by aging,
the response should change at high electric fields. Corresponding polarization-field harmonics
to 2nd and 4th strain-field harmonics would include 1st and 3rd. The degradation due to
aging can be seen by observing variation of effective piezoelectric coefficient, ds3 as shown in
the fig. 1-19. The data also shows how doping with particular elements that inhibits charge
mobility of charges in the lattice structure [36].
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Figure 1-18: Changes in polarization with aging a.) Aged sample, b.) De-aged sample
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Figure 1-19: Aging data showing reduction effective piezoelectric coefficient, ds3 fo 0.71PMN-
0.29PT. Curve A shows results of sample with Mn doping and Curve B shows sample without Mn
doping [36].

The material can be de-aged at temperatures significantly above the maximum dielectric
temperature of the material. This temperature can vary but it is usually about 50°C-60°C
above the T, [39]. The dielectric constant of the material decays with time after the material
is de-aged and it is important for precision applications that this behavior be modeled and
contained. Moreover, the dielectric maximum temperature shifts to the higher temperatures
in the case of de-aged samples [40]. The mechanism of aging in relaxor ferroelectrics is quite
different from other ferroelectric material and is beyond the scope of this thesis. There are
several mechanisms which explain the behavior as discussed by Colla [41] and Shrout [42].
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1-3 Measurement Methods

Actuator response analysis for static and dynamic conditions can be done using quasi-static
measurements (low frequency input-output measurements), and high-frequency strain-field
and impedance measurements respectively.

Quasi-static strain-field measurements have been previously done, by Pilgrim and Williams
[20] for harmonic analysis, Ren and Masys [24] for frequency dependence analysis of static
model parameters, and Pilgrim [43] for polarization analysis, among others [32],[44],[30]. But
none have created a macroscopic temperature dependent model that can be used for position
control with electrostrictive actuators. This is probably due to a lack of requirement of such
a process, as with position feedback control, temperature compensation would not be needed.

Another measurement method is using High Frequency Impedance measurements. High fre-
quency impedance analysis can give information on actuator behavior and subsequently model
parameter variation, without the need for high-precision strain-field measurements. This is
handy for getting to know the actuator characteristics with changing operating parameters
like voltage and temperature. For this purpose Sheritt and Mukherjee [19] use piezoelectric
equations to relate to electrostriction at a DC bias. Robinson and McLaughlin [45] conducted
analysis on frequency dispersion of dielectric parameters and electromechanical coupling co-
efficient. The parameters are compared with frequency and DC bias. Also, it is shown that
the parameters above the temperature T},, do not exhibit dispersion. But still, a tempera-
ture analysis and variation of model parameters from high-frequency impedance measurement
around resonance frequency, with varying temperature, for position control has not been done.

1-4 Summary and Conclusions
Based on the literature study conducted,

e Above the maximum dielectric temperature (7},), hysteresis starts to drop rapidly till
it saturates to less than 2 %. Avoiding hysteresis is a major advantage as feed-forward
control can then be used. Above T,,, hysteresis decreases with increasing temperature.
Therefore, a material with T, below room temperature is needed as an actuator.

e Above certain temperature Ty, the frequency dependence of the material response van-
ishes and the changes in the model parameters are frequency independent for the cor-
responding frequency band. Hence, the actuator should be operated in FF above the
T for a defined frequency band of operation.

e The PT content in the material should be <15% for minimal hysteresis around room
temperature. Moreover, it should always be less than 35% for high performance as
shown in fig. 1-13.

e The aging results in changes to higher harmonics of the actuators’s polarization-field
response and therefore affects the nonlinear strain-field behavior as shown in fig. 1-17.
This can be detected by applying Discrete Fourier Transform (DFT) [40],[39] to the
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1-4 Summary and Conclusions 17

actuator strain response, from which the changes in amplitude of higher harmonics can
be measured. Operating the actuator at low electric fields where the contribution of the
higher harmonics (>4th for strain field response or 3rd for polarization-field response)
is small can lead to stable response if the material is not completely aged. Otherwise
actuator must be run in aged condition.

e From saturation effects (fig. 1-9) and hyperbolic relation, it can be inferred that there
is a countering effect from 2nd and 4th order harmonic of the strain response (one is
negative other is positive). This means that a certain portion of the strain-field curve
is expected to be linear within some voltage bound. This should result in a diffused
peak of the effective piezoelectric coefficient (d), where a linear operation with small
error is possible around the maximum. Moreover, the temperature dependence of this
maximum needs to be investigated for compensating the corresponding strain variation.

e To get a quadratic behavior and work with a single parameter, the actuator should be
operated at low voltages. This would also help in modeling the response in a linear
manner for a DC biased operation as the slope will be linear.

e The variation of k£ and M is assumed to be independent of voltage in the quadratic and
hyperbolic model 1-5. But the invariance is yet to be investigated.

e Impedance resonance response of the electrostrictive material will give information on
the material parameters using a suitable impedance response model.

The state of the art gives an opportunity to investigate temperature variations of elec-
trostrictive response at high frequencies and also position control using with temperature
compensation.

1-4-1 Research Gap

The current literature does not give the description of temperature dependent macroscopic
model that could be used for position control applications. Moreover, a linearized model, that
can also compensate for the temperature induced strain variation, has not been formulated.
In addition to a linearized model, a high performance region of actuation in the presence
of temperature variations has not yet been investigated. In all such model cases, proper
description of working parameters, with bounds on the errors, is needed for precision position
control.

1-4-2 Research Objective

The research objective of this thesis is as follows:

Investigate if it is possible to devise useful temperature dependent models for
non-linear and linear calibration and position control of electrostrictive PMN-
PT material in the presence of temperature induced strain variations.

To achieve this research objective, following sub-objectives have been formulated,

1.) Create one-dimensional impedance model to find the variation of model parameters with
temperature using model fit to the data, and verify the actuator impedance.
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2.) Analyze the available nonlinear models of the electrostrictive material and derive impor-
tant conclusions related to parameter sensitivity and its harmonic content from it to help in
achieving proper results from quasi-static strain-field experiments, and utilizing those results
for further analysis.

3.) Conduct quasi-static strain-field experiments with varying voltage amplitude and temper-
ature. Process the raw results effectively using knowledge from the nonlinear model analysis
and literature review to extract useful measurement data.

4.) Fit the nonlinear models to the strain-field experiment results and observe if the variation
of model parameters with temperature follow a functional dependency. Analyze the results
and make useful conclusions for possible position control and ways to achieve high performance
control.

5.) Create feedforward schemes that utilize the resulting temperature dependent electrostric-
tive models, and show that it can compensated temperature induced strain-variation in real
time.
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Chapter 2

Model Analysis

2-1 Outline

In this section a linear and non-linear model analysis of the electrostrictive actuator is pre-
sented. First, a novel linear model is constructed by linearizing the simplest nonlinear model
of electrostriction (quadratic model) around a certain voltage. This would help in getting a
good understanding of the underlying electrostriction effect in step wise manner. Using this,
an impedance response model is be made that would be used with quick impedance experi-
ments (done in chapter 3) in order to assess underlying electrostriction behavior and variation
of model parameters with temperature as discussed in section 1-3. Through this analysis, the
non-linear behavior in the electrostrictive actuator is addressed and how the variation of
parameters would affect the actuator response. Nonlinear models are then evaluated and an-
alyzed in quasi-static domain. Identification of regions possessing high and low non-linearity
in voltage and temperature is done. The goal of this analysis is to get sufficient understanding
of electrostriction through voltage based models and validate using experiments.

2-2 Linear Impedance Model

Electrostrictive actuator is a material with very high dielectric constant. This dielectric
constant helps it to achieve high degree of polarization (eq. (1-1)). The electrostriction for all
insulators obeys quadratic law with polarization (as mentioned in section 1-2). For non-linear
dielectrics under low electric field, a linear polarization vs electric field relation eq. (1-1) can
be used as the first order approximation of 1-3.

At low electric fields, the actuator shows a quadratic response eq. (1-2). The electrostrictive
constitutive equations for the conditions of low electric field can be defined [46] as:

x=ME?+s5T (2-1)
D=¢'E+2MTE (2-2)
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where, s” is the elastic compliance (inverse of young’s modulus) (m?/N) at constant electric
field, T is the stress in the material (N/m?), D is the displacement current (C'/m?), x is the
strain (m/m).

The displacement current is sum of the induced polarization and the electromechanical term
2MTE which represents additional polarization in the presence of stress.

For remainder of the analysis, voltage, deformation and force analogues for electric field,
strain and stress respectively would be used for ease of analysis with experiment data. The
displacement current would also be replaced by charge equivalent using the relation D = Q/A,
where @ is the induced charge (C) and A is the area of actuator (m?).

MVZ2 $EfL
= p Z /P 2.
z 7 + 1 (2-3)
eV, 2Mf,V,
— PP 2-4
Q=G+ (2-4)

where, z is the deformation of actuator under applied voltage and stress (m), V), is the applied
voltage (V), f, is the force (N), A is the area of actuator (m?) and L is the thickness (m).
The charge, @, in eq. (2-3) can be subdivided into charge induced purely due to capacitance
(Qc,), and charge due to electromechanical coupling (Qy,). Also, the internal stiffness of the
actuator can be represented by k¥ = ﬁ The capacitance of the actuator can be expressed

_ €A
as C)p =

.
T Zoxt : Qampl
L @ + )
m ; :
: 1 V
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. b e i
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%=
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Figure 2-1: Electromechanical model of electrostrictive actuator

For the purpose of linear analysis, the electrostrictor would be operated about a particular
DC bias electric field as the slope at 0V is 0, hence it would not yield any dynamic response.
Therefore, the applied voltage can be expressed as V), = Ve + V.
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In such a case, an electromechanical model of the actuator can be created as shown in fig. 2-1.
Here the actuator is to be a spring mass system.

In fig. 2-1, k¥ is the stiffness of the actuator at constant electric field and can be expressed
as YA/l where 7 is the Young’s Modulus ( %) Also, Qqmp is the total charge in the circuit.
The actuator deformation, z is expressed as z.,;: to characterize the total deformation. The
deformation due to direct polarization is expressed as z;,:. The external force is assumed to

be absent and only the internal force is considered.

The mechanical equation of motion of the actuator can be written as,
mz = fp (2-5)
substituting f, = (zint — Zeat) P — 2,

mée.tt + Céea:t = (zint - Zezt)kE (2_6)

As discussed before, z;,; is the position due to direct polarization without the added dynamic
effects. At a certain DC bias, V., the linearized position can be written as, zj,; = %
(as shown in eq. (1-11).

Using the assumption that V. >> V. (so that deformation response could be considered
linear for the actuation voltage Vj.) for the linear operation and taking laplace transform, we
find the position transfer function for electrostriction

1 2MVy kP
ms? + cs + k¥ L

Vae(s) (2-7)

Zext(s) =

To conduct electromechanical study, the electrostrictive charge coupling needs to be included
in the model. The charge induced in the actuator is composed of two parts: 1.) Charge due
to direct voltage induced polarization (Qc,), 2.) Charge induced due to mechanics of the
actuator (Qy,).

The total charge (Qy, + Qc,) is the charge flowing through the amplifier (Qamp)-

Qamp = Qc, — Qy, (2-8)
As mentioned in eq. (2-4), the induced charge due to electromechanical coupling is,

MY,

Qs I

(2-9)

Using the approximation that Vg, >> V,., taking laplace transform and substituting the
position transfer function, the charge transfer function can be obtained as (for full derivation
check appendix A),

Qamp(s) = Cp(Vac + Vdc) -

M2cEVE <6ms2 + 6cs — 2kF
L? ms? + cs + kF

Vel (2-10)
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As the charge response is to be obtained only for the AC condition, the DC biased contribution
of polarization can be removed the expression eq. (2-10). Compiling the contribution from
AC signal results in the transfer function,

Qamp(s) _ s2(CpL*m — 6M>V2EEm) + s(cC,L? — 6M2kPVic) + (CpkPL? — 2M*(kP)2V2)

Vae(8) L2(ms? + cs + kF)

(2-11)

Current passing through the amplifier can be expressed as , Iymp = 5Qump. The impedance
response transfer function can then be described as,

Vae(s) L?(ms? + cs + k)

Tump(s) — $3(CpL2m — 6M2V2kEm) + s2(cCpL? — 6 M2kEV2c) + s(CpkP L2 — 2M2(KE)2V2)
(2-12)

The final model parameters are M (electrostriction coefficient), C,(capacitance), k% (stiffness)
and c is the damping. L (thickness) and m(mass) of the actuator are assumed to remain
invariant.

The 4 model parameters are assumed to be independent of applied voltage in the derivation,
but they can still vary with temperature.

Assuming the damping to be extremely low and therefore having negligible effect on the
resonance and anti-resonance frequency, the impedance resonance frequency can be evaluated
using the pole equation of the transfer function 2-12. The resonance frequency comes to be:

1 \/ CpkPL2 — 2M2KEV2, (2-13)

Jres = 52\ €, L2m — 6302VZRP m

This shows how model parameters and applied DC bias are closely related to the appearance
of resonances in the impedance FRF, as the real value of the frequency is dependent on
balance of these parameters. Moreover, as the parameters are expected to show variation
with temperature, the resonance frequency should also vary with temperature.

The zeros of the impedance transfer are the same as the position transfer function and hence
the anti-resonance is the one where the impedance is minimum hence current is maximum.
This results in a maxima for displacement.

1 kB
anti—res — 5 _\| — 2-14
Fanires = | o (214)

There are several things that can be inferred from the model:

1.) At very low frequencies the impedance response is purely first order with -1 slope. From
the generic values of electrostrictive parameters (section 2-2), the capacitance is term is almost
of the same order as the M? term at high DC biases. This makes the slope of the impedance
curve dependent on DC. Higher the DC bias, higher would be the offset of the impedance
curve.
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Figure 2-2: Impedance transfer function frequency response under 100V DC bias

Vies) L2kF B 1 (2-15)
Limp(s) ~ sCpkBL2 — 2M2(KE)2V2 s(C 2M2kEVd26)
, — Mk Ve

L2

2.) As per the electrostriction property, at 0V DC bias, no resonance should be observed
as the slope of the strain-field curve is 0, as seen infig. 1-9. At 0V DC bias, the impedance
transfer function 2-12 becomes,

Vae(s) L*(ms® + cs + kF) . oms*+ce+kP 1 (216)
Lump(s) — 83(CpL2m) + s2(cCpL2) + s(CpkEL2) — sCp(ms? +c+kE) — sC,

Thus, the impedance response line is just a straight line with slope -1 in the bode plot.

SIDE NOTE: For analyzing the response, the model parameters are borrowed from literature
for a certain PMN-0.12PT [47]. As mostly charge based model (1-5) results are available, to
get the value of M, linear polarization assumption (1-1) is used for the analysis. Through this
, M = Q€ , where € is the dielectric permittivity. Dielectric permittivity values and Q values
are readily available in literature for Hom and Shankar model 1-5. The values used to model
the impedance transfer function as shown in section 2-2 (NOTE: Values for dielectric constant
(k) and stiffness (k) are rough estimates) and resulting bode plot is shown in fig. 2-2.

The temperature variation should lead to decrease in the value of M as the strain is decreasing
for the same applied electric field as seen in the quasi-static curves of fig. 1-14. Assumption
is that this decreasing behavior should persist at high frequencies too. The stiffness was
assumed to be independent of temperature but in practice it could vary with temperature,
and hence sensitivity of impedance to both decreasing and increasing stiffness values would
be done. Similarly for capacitance.

To see the sensitivity of involved parameters, variations are used with the original values as
reference. As seen in fig. 2-3, with increasing stiffness both the resonance and anti-resonance
frequencies shift right as expected. Also, the resonance frequency found to be highly sensitive
to changing stiffness.
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Figure 2-3: Effect of stiffness variation on impedance response

Defining sensitivity coefficient as the ratio of percent change in output (resonance frequency)
to percent change in input (model parameters). Sensitivity coefficient for resonance frequency
with changing stiffness is about 0.4. For the analysis, the capacitance and the electrostrictive
coefficient M are related through the dielectric constant (). Which means, decreasing capac-
itance while keeping either constant does not hold as as both are dependent on the dielectric
constant. They are coupled through dielectric constant. The eq. (2-12) will be used to fit it
to the impedance experiment data later to find the model parameters.

Effect of thermal expansion To predict the effect thermal expansion would have on the
impedance response, the length of the actuator (and therefore associated properties like ca-
pacitance) was varied according to the thermal expansion data available in the literature for
(1-x)PMN-xPT materials.

Effect of ther
30 T

Figure 2-4: Change in the impedance response due to 10 °C rise in temperature

As mentioned before, thermal expansion increases with increase in the PT content (fig. 1-15).
Using the thermal expansion value of about 3 X 1079C~!, over a 10 °C temperature range,
we can observe from fig. 2-4 that thermal expansion effects are predicted to be negligible. The
variation has been obtained by changing the thickness of the actuator with the new thickness
after 10°C' increase in temperature.
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2-2 Linear Impedance Model 25

Variation of Resonance Frequency with DC bias Using eq. (2-12), the variation of impedance
response with changing DC bias can be plotted as shown in fig. 2-5. It can be observed that
the resonance/anti-resonance frequency has a negligible shift with changing DC bias. The
peak values can be plotted with the DC bias as shown in fig. 2-6.
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Figure 2-5: Variation of impedance response with changing DC bias
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Figure 2-6: Variation of resonance frequency with DC bias

It can be seen that sensitivity of resonance frequency to voltage change is, on an average, just
about 13Hz per volt.

2-2-1 Conclusions

An impedance model is created for getting the model parameters from impedance measure-
ments (done later in section 3-3-2) which are relatively simple to do compared to high res-
olution strain-electric field experiments. The model is formulated for low voltage operation
of the actuator. This is the voltage till which higher order even harmonics are negligible
and the actuator response remains quadratic. Moreover, the model can only be used for DC
biased operation with oscillating voltage under the condition V,. << V.. The exact bounds
for this would be evaluated in the next section on nonlinear analysis. The impedance model
would be fitted to impedance experiment results to obtain the temperature variation of model
parameters.
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The limitations of the linear model is that it valid only till the point when the quadratic model
can be used to approximate the electrostrictive behavior accurately (bounds and errors dis-
cussed in the next section). At high applied voltages, saturation effects occur (as discussed in
section 1-2) due to which the linear model can no longer describe the electrostrictive behavior
accurately. This limitation can be overcome using nonlinear model approach. Further use of
linearization techniques requires analysis into the composition of non-linearity. These aspects
would be analyzed in the next section.

2-3 Nonlinear Analysis

In this section, two models for electrostriction, Mason’s quadratic model 1-2 and Hom and
Shankar hyperbolic model 1-5 would be evaluated. The variation of parameters on the model
response would be analyzed in the whole nonlinear region. Further, linearized analysis would
be done to determine the DC bias and bounds in which the actuator can be used as a linear
actuator. This would be done to understand whether simple feedforward control techniques
can be applied for the operation. The effect of temperature on model parameters would be
assumed functional. Further, harmonic analysis technique would be discussed and how its
properties can be used to get the actual actuator signal from the raw measurement data.
This would be then used in filtering the measurement data properly without losing actutor
response information.

In the end, conclusions would be made to predict the results from the quasi-static deformation-
voltage experiments with varying temperature.

2-3-1 Models
The two stress-free nonlinear models described in section 1-2 are:

1.) Mason’s model or Quadratic model:

r = ME? : Strain-Electric field form (2-17)
 MV?

z : Deformation-Voltage form (2-18)

2.) Hom and Shankar model

Combining eq. (2-20) and eq. (2-19)
x = QP*tanh?®(kE) Strain-Electric field form  (2-21)

_ QP

T

k
tanhQ(TV) Deformation-Voltage form (2-22)

The Hom and Shankar model contains three parameter, Q,Ps; and k. All these parameters
can vary with temperature. Reducing the number of parameters would help in simplifying the
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analysis. The hyperbolic model can be expanded using series expansion to get the constituent
terms of the expression. As tanh can be decomposed into odd harmonics, for any y€ IR,

1 2 17
tcmh(y) =Yy — gy?’ + Ey‘r’ - ﬁgﬂ + .. (2—23)

Using the expansion in the strain-field expression

2
z = QP? <kE - %k3E3 + %k5E5 + )

(2-24)

As kE < 1 for low electric fields, we can neglect the higher order terms in the series expansion,

2~ QPA(RE?) = (QP2K2)E? (2-25)

Comparing with eq. (2-18),
M = QP2k* or, (2-26)
QP2 =15 (2-27)

Substituting the expression for QP? in eq. (2-21),

M

x = ﬁtanhQ(kE) Strain-Electric field form (2-28)
ML kEV

z= ?tanhQ (L) Deformation-Voltage form (2-29)

The eq. (2-28) contains only two parameters and is much easier to analyze. Moreover, it
can be directly converted to the quadratic model 1-2 on approximation for low electric field.
From this point onwards, the term "hyperbolic model" will be used to refer to eq. (2-29) or
eq. (2-28).

Analysis To analyze the quadratic and hyperbolic responses, the strain-electric field curves
for the quadratic and hyperbolic model are plotted using the parameter values mentioned in

section 2-2 for 1 Hz input sine wave. Using a value of k (relaxation coefficient) of about 1 x
107 5mV 1 [21],

1.) As seen from the fig. 2-7, the quadratic model over-predicts the deformation response
with increasing voltage and therefore is only valid for low electric fields.
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e Hyperbolic and Quadratic model response: Voltage amplitude = 300V

— Quadratic model
—— Hyperbolic model

0
-300 200 -100 0
Voltage (V)

Figure 2-7: Hyperbolic and Quadratic model responses on the same plot for sine wave voltage
amplitude of 300V

2.) The error between the two models comes from the increased relaxation time of dielectric
domains which translates to a higher relaxation coefficient (k). As this coefficient increases,
the response tends to show saturation effect at lower voltages. This leads to increased error
between quadratic approximation and the hyperbolic model as seen in fig. 2-8.

2 Error % between Quadratic and Hyperbolic model with varying relaxation coefficient, k
T T T

Error %

420 1 1 1 1 1 1 1

0
Voltage (V)

Figure 2-8: Error % between Quadratic and hyperbolic model with varying k

3.) Both parameters, M and k, have different sensitivity effects on deformation. The change
in deformation has a diffused effect with changing k, unlike with changing M, as seen in the
fig. 2-9. The change is quite small at low voltages but increases exponentially.
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Variation in the input-output plot with changing M
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Variation in the input-output plot with changing k
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Figure 2-9: Change in deformation-voltage response with varying k and M

Difference of ion for 10% change in k and M
T T
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0
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Figure 2-10: Error between the deformation-voltage curves with 10% change in k and M
On expanding the hyperbolic model, a series expansion of even powers of the argument of

function, is obtained. This can be written in a expansion form assuming only 2 and 3 terms
of the expansion,

M
T = ﬁtanhQ(kE) (2-30)
M 1 2
v = 15(kE - §k3E3 + 1—5k5E5 — )2 (2-31)
Using Multinomial expansion
2 1 4
r=ME?— gME%2 + Z;MEGI@‘* - EMESkﬁ... (2-32)

The eq. (2-32) is the Polynomial model of electrostriction. Plotting the different orders of
polynomial model shows how it approaches the hyperbolic model scheme with increasing even
powers as shown in fig. 2-11.
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Figure 2-11: Deformation-Voltage curves for Quadratic, Hyperbolic and Expansion models

*

Using the sinusoidal expression for electric field, eq. (2-32) can be used decomposed into
constituent harmonics.

M 1 2
xr = ?(k:Egsin(wt) — §k3ESSin3(wt) + BE’(‘?SME’(cmf)....)2 (2-33)
x = A(Ey, k, M) + B(Ey, k, M)cos(2wt) + C(Ey, k, M )cos(4wt) + ...... (2-34)

This expansion leads to even powers of the sine voltage which can then be further simplified
into harmonics. The eq. (2-34) shows that electrostrictive strain response consists of only
even harmonics. As the coefficients, A, B, C, are dependent on the model parameters (M, k),
they would vary with temperature. Using the experiment observations in the later section, the
temperature effects on different harmonics would then be determined. The analysis would help
in identifying optimal control strategies for the actuator depending on the relative magnitudes
of successive even harmonics.

2-3-2 Linear analysis using Hyperbolic model

As discussed before in section 2-3-1, the strain response of electrostrictive actuator is com-
posed of even harmonics. Using the hyperbolic expansion as shown eq. (2-30), it can be seen
that the higher even harmonics are countering the lower ones. This makes an interesting band
of voltage where the actuator displays a diffused behavior in the slope of the strain-electric
field curve. The fig. 2-12 shows the slope of hyperbolic model, j—‘z/, for the voltage range from
-350V to 350V using the model parameters as used in section 2-3-1, and plotting it against

the corresponding voltage.
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Variation of slope of hyperbolic model with voltage
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Figure 2-12: Variation of slope of hyperbolic curve with Voltage

It can be seen in the fig. 2-12, that there is diffused maxima peak for the slope. As the slope
in the electrostrictive actuator is constantly changing with applied voltage, this diffused peak
provides an interesting region where linear actuation can be applied within certain bounds
of actuating AC voltage. In such a case, the error for considering the slope invariant of
voltage around d,,q, could be within the application error budget and the actuator can be
calibrated to operate around the point of maximum slope. This is highly useful as at the
maximum slope, the sensitivity to voltage would be highest and therefore the actuation can
be carried with maximum performance. In such a case the error for assuming linear actuation
against nonlinear model can be calculated for different AC voltages. As experiment data
is not available, commenting on the errors and establishing the voltage (and temperature)
bounds would be done in section 3-3-3.

2-3-3 Conclusions

Through this model analysis following conclusions can be derived:
1. A one-dimensional impedance model was created that described electrostriction, and
the effect of variation of model parameters was analyzed.
2. Thermal expansion shows to have negligible influence on the resonance frequencies.
3. There is little change in the impedance resonance frequencies with increasing DC bias

4. Nonlinear analysis using hyperbolic model shows high sensitivity of M across the entire
voltage range, and exponentially increasing sensitivity of k with increasing voltage.

5. The effect of variation of model parameters on deformation response was estimated and
trends were identified that would be later used in analyzing experiment results

6. The concept linearized actuation using hyperbolic was put forward. Theoretically using
the diffused maxima peak as DC operating point, linear actuation with high voltage
range can be obtained.
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2-4 Summary

In chapter 2 four models had been described, namely,

1.) Linear impedance model

A novel method to model electrostrictive response as an LTI system (2-7) along with the
impedance response with temperature dependent parameters (kE ,M,Cy,c). The method is
useful when actuator is used with a DC bias and the actuation voltage (AC) is low. As
it is derived using quadratic model, it is valid when the applied DC bias voltage is low too.
The impedance model is especially useful for getting model parameters using quick impedance
measurements instead of highly precision strain-field experiments. Based on the displacement
error requirements, maximum DC bias level can be set appropriately using quadratic model
analysis (2-3).

2.) Quadratic model

This model is borrowed from literature and is an approximation to the electrostrictive re-
sponse at low applied electric fields/voltage. The model would be useful for temperature
compensation as it only has one parameter that describes the temperature dependent behav-
ior of electrostriction (M) at low voltages with sufficient accuracy (2-7). This provides ease
of modeling and compensation.

3.) Hyperbolic model

This 3 parameter hyperbolic model was adapted from the literature (1-2-2, 2-29), wherein
it was modified to have only 2 parameters based on the assumption that it describes elec-
trostrictive behavior accurately (as per literature 1-2-2) and approximates to quadratic model
at low voltage levels. Analysis on effect of parameter sensitivity and harmonic composition
was done to post-process the experiment data effectively. This model is useful because it
describes electrostrictive behavior in full voltage range. The drawback is that it has 2 param-
eters that could vary with voltage and temperature ,thereby making analysis difficult (shown
in chapter 3).

4.) Linearized hyperbolic model

This model would be developed further after getting experiment results (in section 3-3-3)
thereby making it an empirical model. It is valid in the region around the diffused maximum
of the effective piezoelectric coefficient (dynq,). Using the fact that if the actuator is operated
around the voltage at the point of dq. (2-3-2), d coefficient becomes independent of voltage
and actuator can be operated as a linear actuator. Further, the actuator has maximum
performance owing to the fact that the sensitivity voltage at the operating point is highest.
The variation of d;,q, and the corresponding DC bias voltage V,,, with temperature would be
obtained using the experiment results in a later section. A linear variation of these parameters
with temperature would make an extremely simple calibration technique that would result in
linear operation with high actuation range along with complete compensation of temperature
induced strain variations.

The fig. 2-13 gives a graphical overview of the electrostriction models as discussed.
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Figure 2-13:

Overview of electrostriction models
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Chapter 3

Experiments and Analysis

3-1 Outline

In this chapter, high frequency impedance measurements and quasi-static strain field ex-
periments would be carried out in the presence of temperature disturbances in order to
characterize the temperature dependency of the actuator. Through this, variation of model
parameters would be obtained that would help in making a temperature dependent model.
Furthermore, nonlinear behavior analysis done in chapter 2 would be put to use to identify
high performance actuation zone. Using this, an optimal voltage region would be identified
and another linear model would be created that would also correct for temperature induced
strain variations. Lastly, appropriate feedforward schemes would be developed that would
use the resultant models to create an effective position control system. The material used
for the measurements was 0.85PMN-0.15PT content manufactured by TRS Ceramics. The
material has a T, of about 36-38° C in the frequency range of 1-1000 Hz. This tempera-
ture range was chosen to get actuator characteristics around the 7;,, and thus validate the
electrostrictive behavior discussed in the section 1-2 and chapter 2. The thickness of the
actuator was chosen to 0.2mm and 0.5mm. The experiment setup consists of a high voltage
delivery amplifier, temperature control devices, data acquisition system, displacement sensor
and a signal generator.The functioning and calibration of these instruments are mentioned in
appendix B. Moreover the post-processing steps are only briefly explained in this chapter, for
more detailed explanation refer to appendix B.

3-2 Impedance Measurement

The impedance resonance frequencies of a square plated 0.85PMN-0.15PT electrostrictive
actuator can be calculated using the speed of the acoustic wave through the sample. For
transverse and thickness modes [48], the resonance frequencies can be roughly estimated by,
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ftrans = %, v is speed of sound in the material, W is width
(3-1)
fthick = %, L is the thickness (3-2)
The velocity of sound in solids is, (3-3)
N k
v= \/7 ,  where 7 is young’s modulus (—;), p is density (—93)
p m m
(3-4)

3-2-1 Experiment Setup

In an impedance measurement, a sine wave voltage signal is applied across the actuator and
the resulting current is measured. The current has a magnitude and phase, through which
complex impedance can be calculated. The setup for the impedance measurement has a
schematic as shown in fig. 3-1.

I Bode100 Wave Generator I »| HostPC

v

PMN-PT actuator+
I * DC+AC mixer j&—— DC voltage

GND

Copperblock ¢

Vacuum ion 4 Temperature sensor
Peltier I Ing - Peltier Power
element controller Supply
Heat sink
External Noise 20°C < Tompion: < 21°C

cancelling table

Figure 3-1: Test setup schematic for impedance measurement

The Peltier unit provides the required temperature at its feedback sensor location (which
is located just below the actuator). As the actuator is thin, (0.5 mm) with wide surface
area, and has a gold plated conductive layer on both sides, temperature of the actuator is
assumed to be the same as feedback temperature sensor (NTC(10K)). The copper block acts
a support base for the actuator and is connected to the common ground. The Bodel0O0 is
a signal generator that produces small AC voltage (< 2 Vrms) with varying frequency and
corresponding current to generate impedance response. As the Bodel00’s output does not
give higher voltages, a DC-AC coupler was used to combine DC voltage from a power supply
and Bodel00’s output (as at 0 DC bias electrostrictive behavior is absent at low sinusoidal
voltages). The description and data sheets of the Peltier unit, Bode100 and NTC temperature
sensor are mentioned in appendix B. To effectively capture the impedance resonance modes
across a wide frequency spectrum, the signal generator (Bodel00) needed to be calibrated
properly. The BodelO0 was run with low sampling points and high receiver bandwidth to
detect the resonance frequency locations. The range for the resonances was set as 100KHz-
10MHz. The signal generator was then calibrated carefully for the this frequency range, with
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low receiver bandwidth (300Hz). Lower receiver bandwidth was used to reduce noise in the
measurement and detect resonances accurately.

3-2-2 Experiment Results and Analysis

The results of the impedance measurement are shown in fig. 3-3. It can be observed that
increasing temperature shifts both, the transverse mode and the thickness mode to higher

frequencies.

Thickness mode

Actuator

k/’

Transverse mode

Figure 3-2: Transverse and thickness modes visualized

The transverse and thickness modes can be visualized using fig. 3-2. As discussed before in
eq. (3-1), transverse mode would first in frequency spectrum followed by some of its higher
harmonics, and subsequently the thickness mode.
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Figure 3-3: Temperature varying impedance measurement between frequency range 100kHz-
10MHz at 100V DC bias

The resolution of measurement is less, because otherwise the time required for calibration
and measurement was too high. The method to derive the model parameters is by comparing
the coefficients of the transfer function of the thickness mode for every temperature. The
thickness mode of every temperature measurement is isolated and its transfer function is
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2

Type M (2) K () Cp (F) c (52)

m m

Change per °C | 1.5064 x 10~17 /°C | 5.8182 x 10® /°C | 1.34 x 1019/°C | 4.05/V
Change per V | 1.496 x 10718 /V 4.4x 107 JV [ 2.2533x 1071 /V [ 0.22/ V

Table 3-1: Sensitivity of model parameters to temperature and voltage

estimated (see matlab code in appendix (cite appendix)). This transfer function’s coefficients
are then equated with the corresponding coefficients of the impedance model equation (2-12)
as derived in section 2-2. This is done by first estimating the transfer function of the thickness
mode for each temperature. Both the estimated transfer function and model transfer function,
are normalized with coefficient of 's%’(highest power) in the denominator.

Vae(s) L (ms? + cs + k¥)
Lump(s) — 83(CpL2m — 6M2V2 kEm) + s2(cCpL? — 6M2(KE)2V2c) + s(CpkP L2 — 2M2(KE)2V2)
(3-5)

Using this approach, 5 equations are formed out of which 4 are independent.

Solving these equations with the thickness mode transfer function gives the values for M, C),,
c and k¥ for every temperature at 100V DC bias. The variation of these parameters can be
seen in fig. 3-4.
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Figure 3-4: Variation of model parameters with temperature for 100V DC bias
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Figure 3-5: Variation of model parameters with DC bias at 34°C

NOTE: Though the comparison between the percentage change in the model parameters due
to temperature and voltage does not make sense without a proper reference or application
context. But for the purpose of this thesis, and as per accuracy of results, comparison would
be made using change due to 1°C and 1V.

Several specific points can be drawn from the results shown in fig. 3-5, fig. 3-4 and table 3-1

1. The changes in the model parameters are much more sensitive to temperature than the
DC bias. As the sensitivity to voltage is small,the assumption that model parameters
are independent of applied DC bias seems to hold good under the operating conditions
and accuracy of experimental analysis.

2. With increasing temperature, M decreases as predicted before in section 2-2. The
variation initially has a quadratic behavior but turns linear over after 35°C'. Decreasing
M also, characterizes the decreasing distance between resonance and anti-resonance
frequencies for every temperature.

3. With increasing temperature, k¥ (stiffness), increases. The increase explains the move-
ment of resonances to higher frequencies.

4. The variation of Capacitance with temperature shows a characteristic dielectric maxima
at around 36-38°C. This the 7}, of 0.85PMN-0.15PT (material used for experiments)
is obtained at low frequency.

Variation of Resonance frequencies Another important observation that can be made from
the impedance results regarding the variation of resonance frequencies with temperature as
seen in fig. 3-6. Both the anti-resonance and resonance frequency, in thickness and width
mode, vary linearly with temperature. The variation of the resonance frequency with DC
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is also shown in the fig. 3-7 that the variation in the resonance frequency with DC bias is
negligible as shown in the table 3-2. This means that with increasing voltage/DC bias, the
resonance frequency has much less sensitivity to voltage compared to temperature sensitivity.
Morevoer, it can be seen that the sensitivities of resonance and the anti-resonance frequency
in the width mode to DC bias are almost 0. This observation is in good agreement with
the predicted model results as shown in section 2-2. The linear variation of the resonance
frequencies can be exploited into detecting the temperature of the electrostrictive element
using a high frequency jitter signal (chirp or swweeping sine encompassing the range of the
resonance frequencies) on top of the actuation and bias voltage signal. For measuring the
temperature, the resulting signal can be filtered using a band pass filter and resulting current
can be measured to detect the resonance values. Based on the calibration data (utilizing the
linear variation of resonance frequency with temperature), the actuator can be estimated and
fed as a feedback to the Feedforward control scheme. The idea is suitable as the operating
frequency for the application is between 0.1Hz-100Hz and the resonance frequency is at around
1MHz. Moreover, only a very small amplitude of jitter signal (< 1 V) is needed to measure
the resonance frequency and that would have no noticeable effect on the actuator strain.
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Figure 3-6: Variation of resonance and anti-resonance frequencies at 100V DC bias for Thickness
and Width (transverse) mode
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Mode Type Change with DC bias (%) Change with temperature (];{—CZ
Thickness Resonance - 80 3227
Anti-Resonance -226 4227
Width Resonance 0 240
Anti-Resonance 8 254

Table 3-2: Sensitivity of resonance and anti-resonance frequencies to DC bias and temperature
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3-2-3 Conclusions

130 140 150

with DC bias at 34°C for

1. The impedance model gives a tentative estimate of the model parameters, most im-
portantly for the electrostrictive coefficient, M. This will later help in verifying the
quasi-static measurements that would then be used in the temperature compensating

feedforward control.

2. A linear model of the electrostrictive actuator was derived and its properties are com-
pared to the experiment results. The model shows good resemblance of the effects being
observed in the impedance response and to the simulated results (section 2-2).

3. As thermal expansion is negligible, the changes in response due to change in tempera-
ture, are solely due to changes in the material properties (discussed in section 2-2).

response can be understood in a better way.
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3-3 Quasi-static strain-electric field measurement

The low frequency measurement were done by directly measuring the deformation of actua-
tor by applying voltage and changing the temperature conditions.These measurements were
important for the application but the measurement setup configuration was too time con-
suming, hence it seemed prudent to do these measurements after doing quick impedance
measurements. The quasi-static measurement were also needed to quantify and model the
non-linearities associated with voltage and temperature changes. As the application requires
low frequency actuation (0.1-100Hz), a better understanding of the actuator’s functioning is
obtained, moreover these measurements would then be directly used to fit static-model(eq. (1-
10), eq. (2-29)) to get temperature varying parameters.

Quasi-static strain-field or deformation-voltage experiments will involve application of a low
frequency voltage to the actuator at a controlled temperature. The resulting deformation
would then be measured with the help of a displacement sensor. This experiment would be re-
peated for multiple voltage amplitudes, temperatures and frequencies. After post-processing,
a series of plots for the actuator characteristics would be obtained as function of voltage and
temperature. Frequency changes would be done for verification of the invariance of response
above some temperature above T, as discussed in section 1-2-3.

3-3-1 Experiment Setup

To measure quasi-static strains in an accurate and precise way, an interferometer was chosen
as a desired displacement sensor. Due to highly precise interferometry technique, it could
give resolution of upto Inm under right calibration. The interferometer consists of 2 probes
attached to optic fibres that were connected to the central controller of the unit. One probe
(main probe) measures the deformation of the actuator to which voltage is applied, the second
probe (reference probe) measures deformation of the actuator that is resting freely on top
of the copper block. Using this arrangement, the thermal expansion of the setup below the
actuators can be cancelled. This invariably cancels out the thermal expansion of the actuator
too, but as discussed before in section 1-2-5, the effect is negligible to considered in the
measurement. Through the central controller of the interferometer unit, measurements could
be taken either through the unit’s dedicated software interface or from the analog output
behind the controller. Using software, the device calibration was fixed and analog output
ports were connected to a separate data acquisition unit’s (target PC, Speedgoat) IO board
(I0104). The voltage signal from the interferometer was scaled to be between -10V to 10V
with the measurement span being -2um to 2um. This resulted in a 5mV change in the voltage
signal for Inm change in displacement. 5mV (>2uV) was well within the measurement range
of the Speedgoat system. (For more information on the interferometer and its functioning
refer to the appendix B).

The heating setup with peltier element is similar to the one used in the impedance mea-
surements. In addition, a calibrated NTC 10K temperature sensor was installed next to the
PMN-PT actuator with a thermally conductive tape to get real time temperature readings of
the actuator as shown in the fig. 3-8. The voltage input to the actuator was sent through the
Target PC using Simulink (model can be found in appendix B). This signal was then passed
through an amplifier and applied across the actuator. A separate output(voltage monitor)
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from the amplifier is taken that gives the voltage output of the amplifier (reduced by factor
of 100). According to manufacturer specs (appendix B), for the given capacitive load (about
100nF), the amplifier shows little or no gain decay with for the operating frequency range.
This reading was verified with the actual output using an oscilloscope and was found to be
accurate to about than 0.1V. All the system were connected to a common ground.

20°C < Tompient < 21°C

7 Analog

readings
Interfer < Interferometer Target PC Host PC
sensor holder

External Noise

cancelling tablef
Reference probe 4 Temperature sensor

Main probe « A
PMN-PT r < v

Amplifier

Copper block GND

Temperature sensor
Peltier heatmg ~ Peltier #— DC Power
element

controller Supply
Heat sink
External Noise
cancelling table

Figure 3-8: Schematic of the experiment setup

Figure 3-9: Picture of part of the experiment setup (for more pictures refer to the appendix B-
2-2)
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3-3-2 Experiment Results and Analysis

The voltage data collected from the temperature sensor, interferometer and voltage monitor
was fed from the DAQ unit into a file that could be accessed by Matlab/Simulink. The results
were obtained after several post-processing steps (please refer to appendix 3 for the detailed
post-processing steps).The measurements were taken for several temperature, voltage and
frequency points. The averaged deformation-voltage plot with varying temperature and the
corresponding averaged deformation plots for different voltage amplitudes are shown in the

fig. 3-10, fig. 3-11, and fig. 3-12.
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Figure 3-10: Deformation vs Voltage for 100V amplitude
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Figure 3-11: Deformation vs Voltage curves with varying temperature for 150V amplitude
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Deformation vs Voltage with Temperature variation: Vamn= 350
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Figure 3-12: Deformation vs Voltage curves with varying temperature for amplitude of 350V

The curves show decreasing deformations with increasing temperature as indicated from the
impedance response and literature (section 1-2-5). Also, at higher voltage amplitudes, a
saturation effect is seen, as described in section 1-2-2 and section 2-3. This saturation is effect
is due to the higher even harmonics in the deformation response of the actuator. Taking FFT
of the whole deformation signal, the even harmonics can be observed as seen in fig. 3-13,
fig. 3-14 and fig. 3-15 for 100V, 150V and 350V voltage amplitudes.

PMN-38, Voltage amplitude= 100V, Frequency= 1Hz, Temperature= 52°C
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Figure 3-13: FFT response of deformation with 100V amplitude
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PMN-38, Voltage amplitude= 150V, Frequency= 1Hz, Temperature= 52 °C

Low Pass Filtered Time Response
I

get T T T T
Ewoo—
c
S
£ 50| f
£
E
€ o
o
- I , I . I .
[ 5 10 15 20 25 30 35
o time (s)
Power Spectral Density (PSD) Y- 23260404
1057 T T T T T — T T T ] T X4 T
L Y1136
= F N
= 10°f
£ [
3 [
O 445 4
@ 10°F
a [
1oL il R N i PR R S R | R AR A R W i L
02 107" 10° 10’ 102 10% 10*
frequency (Hz)
Cum. PSD
1800 — Al
& 1600
£
o - o
2 1400
o
£ 1200
3
B . | } el el Ll .
102 107" 100 10’ 10% 10% 10*
frequency (Hz)
Figure 3-14: FFT response of deformation with 150V amplitude
PMN-38, Voltage amplitude= 350V, Frequency= 1Hz, Temperature= 52°C
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Figure 3-15: FFT response of deformation with 350V amplitude

The plots show the composition of the deformation signal. The higher even harmonics in
the deformation response gradually increase with increasing the applied voltage. Also, the
harmonic amplitudes decrease with increase in temperature. This can be observed from
fig. 3-16, fig. 3-17 and fig. 3-18, that plot the amplitudes of the first four even harmonics in
the actual deformation. Due to even response, there is a high zero order harmonic whose
amplitude value equals the sum of all even harmonics. At 100V, the deformation response is
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highly quadratic, therefore the zero order harmonic and the 2nd harmonic amplitude values
have almost the same value.
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Figure 3-18: Change in the harmonic magnitude with changing temperature for 350V amplitude

The value of the harmonic amplitudes can be used in eq. (2-34) to get the coefficient equations,
which could then be solved to get the variation of material parameters.

Fitting the nonlinear models static electrostrictive models (2-29,1-2) to the response curves (3-
10,3-11, 3-12) should give the variation of the model parameters, M and k with temperature.

Variation of icti ient (M) with Pt
T T

1500

1400 <

600 L
40 42 44 46 48 50 52

Temperature (°C)

Figure 3-19: Variation of electrostrictive coefficient (M) with temperature for hyperbolic and
quadratic model

As seen from the fig. 3-19, the relaxation too varies linearly with temperature in the given
temperature range. The curve of k£ vs T has a lower offset and slope at 100V compared to
150V and 350V. This is due to fitting error and less sensitivity of k£ at low voltages as discussed
in section 2-3-1. Changes in the value of k at low applied therefore have very low effect on the
change in the response characteristics. The changing k for 100V actuation from its calculated
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value to the one of 350V (keeping other parameters same) changes the deformation response
to less than that with 1°C change in temperature.
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Figure 3-20: Variation of relaxation coefficient with temperature for different voltage amplitudes

The variation of both the model parameters, M and k is quite linear and can therefore have
a linear functional dependency with temperature. Using least-squares method a straight line
is fitted to get the functional dependencies M (T) and k(T). 95% Predictive bounds are
generated using the data and plotted alongside the fitted lines as shown in fig. 3-21. These
bounds are quite wide and take into account error following Gaussian distribution. This
shows that if another sample is added to the data, it will lie in predictive interval between
the dotted lines as show in fig. 3-21.
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Figure 3-21: Fitted lines obtained from linear regression for electrostrictive coefficient M along
with predictive bounds
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The model parameters M and k can then be used as functions of temperature with the 95%
confidence intervals (shown in the brackets) for the coefficient values:

M(T) = miT* +my  (nm?/V) (3-6)

my | -41.5 | (-48,-35) | (nm?/V°C)
ma | 1504 | (1170,1840) | (nm?/V)

Where, T* is the temperature difference (T — T},,).

K(T) = kT + ks (nm/V) (3-7)

ki | -17.3750 | (-20.7-15) | (nm/V°C)
ks | 11675 | (1052.5,1322.5) | (nm/V)

These values will change if the operating temperature is lower than T,,. As discussed before,
T, changes with frequency and fraction of PT content in the material.

Using the functional relations M (T) (3-6) and k(T') (3-7), the model equations 2-29 and 1-10
can be represented as functions of temperature.

These temperature dependent models can then be used in feedforward control schemes to
get temperature compensation as shown in section 3-4. The basic premise of temperature
compensation can be described in fig. 3-22. The idea is to transverse different temperature
curves by varying the applied voltage so as to maintain the required set-point.

approach
250 Pproa

50 —

) Il N
-400 -300 -200 -100 0 100 Vi V™M 200 300 400
Voltage (V)

Figure 3-22: Compensation idea

3-3-3 Linearized hyperbolic model analysis using experiment data

In this section, further analysis using experiment data will be built on section 2-3-2. The
analysis would be done using the temperature dependent model parameters that display the
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electrostrictive effect with minimal errors. In section 3-3-2, the temperature dependence of
M and k was shown to be linear to good degree of approximation. But as seen from the
(3-23), a quadratic fit better represents the variation of model parameter with temperature
for a wide range of temperatures.
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Figure 3-23: Comparison of linear and quadratic fit of M and k with temperature

Using the quadratic fit for these model parameters with temperature , and assuming that the
hyperbolic model provides a sufficient degree of accuracy to represent electrostrictive effect,
the variation of slope of deformation-voltage curves (from now on to be referred as d) with
temperature can be calculated. As explained before in section 2-3-2, the rationale behind
this study is that due to the diffused peak of d vs Voltage, the actuator can be operated
around the peak voltage value of d vs Voltage curve. In this region, d can be assumed to
be independent of voltage using certain AC voltage amplitudes with minimal errors (error
analysis described later). Moreover, as the actuator is operated around the maximum d or
dmaz, it will be operated with maximum performance. Moreover, electrostrictive model would
be greatly simplified as it will just be dependent on temperature with AC actuation being
similar piezoelectric actuation (3-8) around the voltage at dpaz, Vinaz-

za0(T) = d(T)V (3-8)

The slope of the hyperbolic model is mirrored in the region of negative voltage, hence using
only positive half of the voltage, the slope of the deformation-voltage curve was shown in
section 2-3-2. The variation of the slope(effective piezoelectric coefficient, d)-voltage curve
with temperature can now be determined using the functional dependencies of the model
parameters. fig. 3-24 shows the variation of d vs Voltage with temperature and also the
variation of d,,., with temperature.
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Variation of d with voltage for varying temperature
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Figure 3-24: a.) Variation of d with voltage at different temperature, b.) Variation of d;,qz
with temperature

The linear fit of dyq, in fig. 3-24 can be used to described dy,q.(T) above T), as,
dmaz(T) = —0.0187T 4+ 1.714  (nm/V') (3-9)
As observed from fig. 3-24, voltage at dj,q, also shifts with temperature. Using this observa-

tion, the variation of Vi, (voltage at dy,q.) can plotted, which also comes out to be linear
as observed from fig. 3-25.

Variation of voltage at d, _, with temperature

150 T T T
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40 42 44 46 48 50 52
Temperature (C)

Figure 3-25: Variation of voltage at d,,q, with temperature

The linear fit can be used to describe V4. (1) as,
Vinaz(T) = 2.54T +16.5 (V) (3-10)

As the shifting d,q; with temperature corresponds to change in slope with temperature,
This may be fully/partially compensating for variation in deformation due to temperature
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changes. fig. 3-26 shows the deformation-voltage curves with deformation points at V4, for
every temperature point, and also the points corresponding to a single voltage. The curves
have been obtained by using the hyperbolic model with quadratic functional relations for M
and k.
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Figure 3-26: Deformation vs Voltage curves with varying temperature along with points at V4.

As seen from the fig. 3-26, the deformation points at V., compensate variation due to
temperature quite effectively. The error in compensation shows that the compensation by
considering the of relaxation coefficient, k£ as seen from fig. 3-23. The motivation behind
linearizing about dy,q,; was due to diffused slope and assuming invariance with actuating AC
voltage about the V... This assumption is valid only if the error with actual deformation
curve is small enough for the required application. In fig. 3-27, different AC voltages am-
plitudes are used for linear actuation around and the error is obtained after subtracting the
linear actuation result from the hyperbolic model result for all bias voltages.

Error between hyperbolic model based actuation and linear actuation vs DC bias for a given AC voltage amplitude
T T T T T T
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Figure 3-27: Error with different AC voltages around V4, for

It can be observed that minimum error in all the AC amplitude cases, is around the same
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bias voltage as V4. This shows that according to acceptable error in the actuation and
compensation, suitable AC voltages around V. (T") can be used to both steer the actuator
to a desired AC setpoint and compensate the temperature induced disturbances.

The error, for assuming a voltage invariant slope, decreases at DC bias = V4, with increasing
temperature at 30V AC amplitude as seen in fig. 3-28. The error is the maximum error
between the hyperbolic model and linear model.

Error between hyperbolic model based actuation and linear actuation vs DC bias for a given
T T T T T

..............

Figure 3-28: Error for assuming voltage independent slope vs DC bias at 30V AC amplitude

3-4 Feedforward Control

The feedforward schemes would use temperature reading as a feedback measure and not the
actual position of the actuator. The first scheme involves inverting the plant model and
therefore, getting the required setpoint as shown in fig. 3-29.

3-4-1 Inverse Feedforward control scheme

In the control scheme 3-29, P is the plant or the actuator, P~1is the inverse electrostrictive
model containing temperature dependent behavior, T' is the actual temperature of the actu-
ator, Vr is the temperature signal given to the inverse model, z4 is the actual output of the
actuator, z..s is the set- point, V,..r is the temperature compensating voltage to achieve the
desired set-point. A low pass filter is added after the temperature sensor to cancel noise and
perturbation above ~ 0.1 Hz.

Vier(T
Zref — | B1(V,T) s PV, T) ———s za(l)

t LP Filter Temperature

Vi Sensor

Figure 3-29: Feedforward control: Model inverse based control scheme
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The inverse model for feedforward using the quadratic and hyperbolic models can be calcu-
lated as,

ZrefL

V(T) = M) (Inverse Quadratic model) (3-11)
L ek (T*)2
V(T) = k(T*)Qtanhl( W) (Inverse Hyperbolic model) (3-12)

where z..¢ is the position setpoint (nm), L is the thickness of the actuator, M(T) is the
temperature dependent electrostriction coefficient (nm?/V'), k(T) is the temperature depen-
dent relaxation coefficient and V(T') is the compensating voltage (V) that now depends on
temperature.

As the set point will always be positive or have an offset, the quadratic model is always valid,
whereas the hyperbolic model is constrained by the domain of inverse hyperbolic tangent
function (-1,1). As the function in eq. (3-12) has a square root the domains further reduces to
(0,1). This results in a constraint on the set-point that can be given to the model at certain
temperatures (when M and k are high). The bound can be calculated using eq. (3-12),

ZrefL
0< ——rel2 < 3-13
= MTR(T)? (3-13)
M (T*)k(T*)?
0 < 20 < MEDMIT) )L ) (3-14)

As shown in relation 3-14, knowing the relations k(7T™*) and M (1) as monotonically decreasing
for any particular material composition, setpoint constraints can be obtained for using the
inverse hyperbolic model. For example, for the available material PMN-38, the upper bound
for set point can be obtained using M and k values at 40 °C or (T' — T,,,) = 4°C,

Zrep < 223nm VT € (40°C,T) (3-15)

where T is any arbitrary temperature above 40°C' till which material structure does not vary
(theoretically called as Burns temperature, Tj refer section 1-2).

3-4-2 Observer based feedforward control scheme

The second way to achieve feedforward control is by using an observer. The observer is
the actual electrostrictive model that would take temperature and voltage as its input and
generate a deformation output that can be compared to a reference set-point. The error
between the reference set-point and the output of the observer can be controlled using a
controller. As the observer lacks any dynamics, it is in essence a temperature and voltage
varying gain block. The observer based control scheme is shown in the schematic 3-30.
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Figure 3-30: Feedforward Control: Observer based control scheme

In the schematic 3-30, C is the controller (PID), P is the observer gain (electrostriction
model), The control scheme 3-30, can use the full range of the quadratic and hyperbolic
model and is valid for all set-points with full-scale temperature range (above the freezing
temperature, Ty (refer section 1-2)).

As the dynamics of changing temperature are extremely slow (<0.1 Hz), the observer P
would be a simple gain block. This will reduce the error signal e in negligible time as shown
in fig. 3-31.

Setpoint, Actual displacement, Error signal to Pl controller, Input voltage to plant

Timo (soconds)

Figure 3-31: Simulation result using observer based scheme and hyperbolic model

3-4-3 Linearized Hyperbolic model based feedforward control scheme

The third way to achieve feedforward control is by using the linearization principles explained
in section 3-3-3. As discussed before, the linearized model controls the AC position of the
actuator with best performance as it is operating around the DC bias voltage at which the
voltage sensitivity is maximum. The added advantage of operating around this point is
that the maxima is diffused and hence, the effective piezoelectric coefficient (slope of the
deformation-voltage curve) can be considered independent of voltage with very less error (see
3-27, 3-28) by using large AC voltage/actuation voltage amplitudes. A feedforward control
scheme that includes summing the changing DC bias voltage and AC actuation voltage (using
temperature varying slope and set-point) can be created to control the actuator around max-
imum slope (dyaz). As discussed in section 3-3-3, the shifting between different d vs Voltage
curves for varying temperature also compensates for the temperature variation thereby main-
taining the DC bias setpoint. The AC setpoint (using slope of the linear actuation at DC
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bias) is maintained by taking into account the changes in the slope with temperature, which
was shown to be linear in fig. 3-24. The control scheme for linearized AC position control is

shown in fig. 3-32. In the control scheme, z ¢

ref

and zac, is the actual AC position of the actuator.

ZACref 1
E—

Va(T)

E;nﬂ). (T)

LP Filter [«

9,

Vr

Temperature
Sensor

is the input AC reference position setpoint

ZACy (T)
—

Figure 3-32: Feedforward control scheme: Linearized hyperbolic model

Master of Science Thesis

Aditya Singh



58 Experiments and Analysis

Aditya Singh Master of Science Thesis



Chapter 4

Results

This section shows the results obtained after applying the feedforward control schemes using
temperature dependent electrostrictive models. The expectation is to find the temperature
induced strain variation to decrease by substantial amount using electrostrictive parameters
as functions of temperature.

The temperature dependent electrostrictive models in quasi-static frequency domain, as dis-
cussed in section 3-3-2, are,

M(T*)L o k(T*)V
Tx) = ——2— _— 4-1
M(T* 2
(Vi) = OV (4.2)
and the inverse models are:
. / ZrefL )
V;](Zrefa T ) - M(T*) (4 3)
¥\ L -1 Zr’efk(T*)Q
Vi(zpes, T*) = k(T*)2tanh ( ML ) (4-4)

(4-5)

4-1 Compensation of strain variation due to temperature change
without DC bias

In the first results a pure AC signal is used as a setpoint at 1 Hz frequency, and temperature
is varied from 40°C to 52°C (T — T}, from 2°C to 14°C'). The amplitude of the setpoint
signal is set to 100 nm. In this way, the setpoint covers the temperature variations from 0-100
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nm deformations. The feedforward control using inverse plant scheme (as shown in 3-29)
is used for compensating deformation changes due to temperature variation and achieving
the desired setpoint using electrostrictive model. In fig. 4-1, 100 nm deformation voltage is
estimated to be 100V (at some mean temperature in between 40 and 52 °C)from previous
experiment results 3-3-2. For this result, the temperature was maintained at discreet points
and measurement was conducted at those specific temperature points. The measurement data
shows averaged deformations at different temperatures.
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Figure 4-1: Uncompensated signal with voltage amplitude set to 100 V
Comp d deformation with 100nm as setpoi
150 T T : E—rs
£ —T=42
< T=44
5100 —T-46
2 ——T=48
£ T=150
2 50 —T=52
2 [ T=ve
o
(5]
<3
]
g
3
50 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ci ing voltage to i ition control at 100nm

150 T T T T

o

Compensating voltage (V)
(4.
o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Averaged Time period (s)

Figure 4-2: Real time: Compensated signal with setpoint amplitude set at 100 nm
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Error ion at reference (46°C) and other temperatures: Uncompensated

Error (nm)
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Error ion at p (46 °C) and other temperatures: Compensated
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Figure 4-3: Error between a reference temperature output and output signals for Uncompensated
and compensated deformations

In fig. 4-1, the compensated result is shown where the voltage is varied with changing tem-
perature(3-11). The bottom graph in fig. 4-2 shows how the applied voltage is varied with
changing temperature in order to compensate the temperature induced changes in the actu-
ator deformation.

The error between a setpoint at certain temperature (mean of the range) is calculated by sub-
tracting reference temperature output from output with other temperatures in range as shown
in fig. 4-3. The error reduction after temperature compensation is about 87% corresponding
to the maximum variations of 4 nm and 32 nm with 12 °C change in temperature.

4-2 Compensation of strain variation due to temperature change
at DC bias

In this result, a pre-determined DC setpoint is applied (100 nm) to the actuator and a 25
nm sinusoidal setpoint is superimposed on it. The DC set point could not be maintained due
to drift effects from varying temperature conditions. Though the DC bias setpoint was not
compensated, the changes in the slope (deformation-voltage) due to changing temperature
were accurately produced by the feedforward model as shown in fig. 4-6. The results were
obtained with temperature variation occurring in real time. Blocks of deformation signals
were extracted for each temperature slot with range of approximately 0.2°C. In the time
frame of the temperature range, the deformation periods were averaged to get a single period
deformation output corresponding to the mean temperature in each slot (standard deviation
from averaging was less than 1 nm as shown in Appendix C). The post-processing is explained
in more detail in Appendix C. For this result, the temperature was varied continuously from
41 to 51°C' as shown in fig. 4-7. The controller parameters of the Peltier heater were manually
tuned to achieve a constant current to change the temperature at the location of its feedback
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temperature sensor. This ensured that the copper block (base for the actuator) had minimal
influence of higher order thermal modes that might make the block wobble and change its
shape. Using the constant current/heat supply at a optimum rate, the block experienced only
thermal expansion which was detected using the reference intereferometer probe (as shown
in the fig. 3-8).

Using this, several deformation responses corresponding to the temperature slots were plotted.
The uncompensated result 4-4 shows variation in deformation for the mentioned temperatures.
The compensated result 4-6 shows how the feedforward control scheme using quadratic model
eliminates the variation due to changing temperature. The offset and variation in the result
from set point amplitude (25nm) can be seen in the error plots in fig. 4-6. The offset variation
is due to the quadratic model being used in place of hyperbolic model, nevertheless, the
variation due to changing temperature is compensated well by both models due to similar
slopes of the M coefficient as shown in fig. 3-19.

Note that the averaged deformation curves are normalized about the DC biased setpoint
(which is drifting with temperature). This means that the the DC biased deformation is
considered as 0 in the deformations curves in fig. 4-6 and fig. 4-4. The Input-output curves in
fig. 4-6 show how the slope changes to maintain the sinusoidal setpoint around the DC biased
setpoint (which is set to 0 nm).
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Figure 4-4: Uncompensated signal with DC setpoint as 100 nm and sinusoidal setpoint amplitude
as 25 nm

The maximum variation in deformation after compensation is approximately 2.5 nm with 10
°C' change in temperature, which translates to approximately 75% reduction in temperature
variation error from the uncompensated signal (maximum variation of 9 nm). The decrease
of temperature variation induced error from 87% to 75% can be attributed to the use of
quadratic model for compensation. In the 2nd result, deformation reading is used for for
uptill 125 nm. Around this deformation, higher harmonics start getting larger as shown in
fig. 3-16 and fig. 3-17. Nevertheless, the quadratic model is sufficient to provide compensation
for temperature induced variation in the deformation.
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Figure 4-5: Real time: Compensated signal with DC setpoint as 100 nm and sinusoidal setpoint
amplitude as 25 nm
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Figure 4-6: Error between the sinusoidal setpoint and deformation curves at different tempera-
tures
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Variation of i over time
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Figure 4-7: Temperature variation used for the results

Aditya Singh Master of Science Thesis



Chapter 5

Conclusions and Future
Recommendations

Electrostrictive PMN-PT has a nonlinear strain-field behavior that is coupled with a temper-
ature sensitive response. The requirement of the thesis was to investigate and characterize
the effects of temperature variation and create suitable models that could be used in feedfor-
ward control schemes to compensate these variations in real time. To this effort, linear and
non-linear models were investigated in section 2-2 and section 2-3 to understand the actuator
response to input parameters. The analysis gave important insight and predictions regarding
the behavior of electrostrictive response under changing voltage and temperature conditions,
that were later verified through High Frequency Impedance (section 3-2) and Quasi-static
strain field experiments (section 3-3).

Using experiment data, a functional description of model parameters was obtained. This
description was used in the available electrostrictive models to create macroscopic temperature
dependent models (3-3). Two feedforward schemes were then used to successfully decrease
the temperature induced strain variation by atleast 75%-87% (4). Further variation can
be reduced using the temperature dependent hyperbolic model scheme and also using the
observer based feedforward model (3-30).

The answer to the Research Objective (1-4-2) can be stated as:

4 useful temperature dependent electrostrictive models have been devised for
nonlinear and linear calibration through which precise position control is shown
to be achievable using appropriate Feedforward schemes. Using the quadratic
electrostrictive model and inverse Feedforward scheme precise position control,
in the presence of temperature disturbance, is shown to be achieved in real time.

To summarize, following are the key conclusions of this thesis,
1. Through the literature study it is concluded that proper electrostrictive material com-
position must be chosen corresponding to the operating temperature in order to get

desired low hysteresis and frequency dispersion effects.
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Conclusions and Future Recommendations

. A linear impedance model (2-2) is useful for finding model parameters and its varia-

tion with temperature under low electric field conditions using quick high frequency
impedance measurements.

. Using the experiment results it is shown that the electrostrictive response is accurately

described by hyperbolic model whose parameters have good linear functional depen-
dency with temperature as shown in chapter 3.

. Using experiments, another empirical model for electrostriction is found (section 2-3-2)

that is has best performance due maximum voltage sensitivity. The added advantage
with this model aside from being linear, is that it gives high actuation-voltage band
and compensates for temperature induced variations both in DC position setpoint and
actuation position setpoint (AC).

. Position control in the presentation temperature disturbances was achieved in real time

using inverse plant model based FF using quadratic electrostrictive model as shown in
chapter 4.

. Due to deterioration of the electrostrictive samples (electrode layer wore off) and base

copper block (erratic thermal and electrical conduction on surface) further real time
compensation using other devised models was not achieved, though simulations/analysis
show no fundamental problem in achieving position control experimentally.

Future Recommendations

This section includes the scope of future research and applications using this thesis as the
background work.

1. The effect of stress on the actuator behavior has been investigated in literature ([14],

[49], [2]). But research regarding its application with temperature dependent behavior
needs to be investigated. The stiffness is shown to be a linear function of temperature
but the sensitivity is quite low. Investigation in the variation of stiffness, and therefore
effect of stress, in a band of voltage and temperature is needed to characterize a general
response.

. The impedance results were used to predict the temperature sensitivity and its appli-

cation as a temperature sensor as briefly explained in section 3-2-2. This aspect is
elaborated further in future research. A patent is filed using this idea. Through this,
a complete feedforward system, without requiring temperature sensors, can be realized
for the deformable mirror application. The temperature self-sensing concept needs to
be experimentally verified for position control through feedforward scheme. Moreover,
as the main premise of the technique is to detect movement of resonances with tem-
perature, further study is needed to characterize the effects of stress on the movement
of resonance frequencies and its incorporation in the impedance model to isolate and
measure temperature dependent shifts in the resonances

. Effect of frequency dispersion of material parameters needs to be accommodated for

getting the higher electrostrictive gains below Ty (and above T,). This should then
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be verified using the standard electrostrictive models. This would help in achieving
position control over a wide band of frequency and temperature.

4. The temperature self-sensing concept needs to be experimentally verified for position
control through feedforward scheme. As the main premise of the technique is to detect
movement of resonances with temperature, further study is needed to characterize the
effects of stress on the movement of resonance frequencies and its incorporation in the
impedance model to isolate and measure temperature dependent shifts in the resonances

5. A more robust experiment setup is needed to eliminate the effects of drift and delay
in the measurement so as to characterize the response more accurately. The increased
accuracy would help to directly measure and characterize effects like aging. Moreover, a
better temperature control environment would minimize dynamic effects of current and
therefore make the base of actuator more stable (less effect of higher thermal modes).
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Appendix A

Outline In this chapter, the impedance equation for electrostrictive material is derived.
The model’s static constitutive equations under no applied force are:

r=ME? (A-1)
D =2MTE (A-2)

here D is the electric displacement (C'/m?), E is the applied electric field (V/m), T is stress in
the material (N/m?), x is Induced strain in the material due to applied field, M electrostric-
tion coeflicient.

The above equations can be written as a relation between deformation, applied voltage ,in-
duced charge and force as follows:

MV?
Zint — Lp (A—3)
2M f,V,
Q= 2l (A-4)

In the above equations, V), is the applied voltage, L is the actuator thickness, ) is the induced
charge due to internal force f, under the influence of applied voltage V), zin: is the induced
deformation through applied voltage.

The applied voltage can be written as the summation of the applied DC bias and applied
sinusoidal voltage.

V;) = Vdc + Vac (A'5)
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T Zext : Qamp
i

Actuator
block —

g
+

Hks 4%
Zint <. HE
___________ M Q- ¢

L

Figure A-1: Electromechanical model

In the fig. A-1, it can be observed that electromechanical coupling model of the electrostric-
tive actuator in a voltage controlled setting. The external force Fi,; is assumed to be 0 in
this analysis.

The model shows nonlinear relation between applied voltage (V},) and internal position(zint).
The stiffness (k%) of the actuator is shown by a spring.

The induced charge due to the internal force, f, is only valid when the actuator has an applied
voltage present. This shows that the material behaves sort of like piezoelectric (though with
coupled force and voltage) only when under the influence of applied voltage.

Taking into account the dynamics of the actuator. From the free body diagram of the mass,
m, we see that,

méext = fp (A-6)

substituting f, = (zint — Zewt )k — C2ént,

MZegt = (Zint - Zemt)k'E — CZext (A'7)

MV2 . -
As zjpt = %, we substitute this into the eq. (A-7),

MV2EF
MZegt = —2 zewtkE (A_8)
L
simplifying,
B M‘/p2]{7E

MZext + Zexth (A—Q)

L
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The eq. (A-9) cannot be directly solved algebraically as we required impedance transfer func-
tion and for that we cannot assume some V}, and take the laplace transform of it. We thus
expand V), as V), = V. + Vg and assume Vg, >> V. in amplitude. This way we can approxi-
mate the electrostrictive behavior as a piezoelectric behavior at a certain DC bias and at the
same time incorporate changes in the response with changing DC bias.

We can write,

V=V 4+ Vi + 2VacVae (A-10)
AS: Vdc >> Vaa

V2 =Vi+ 2ViaeVae (A-11)

Expanding VZDZ

MV2EF N MV2EE N 2M Vo Vgck®

MEext + Zexth® = 7 7 T (A-12)
Neglecting higher order V. term as V. >> V.,
MVZEE  2MV, Vyk®
MZezt + ZextkE = de + ac Tde (A—l?))
L L
Just for reference, we solve the A-13 by taking laplace transform,
1MVZEE 2MVy kP
MZewt (5)82 + kP 2egs(s) = = ——4"— + de Vac(s) (A-14)
S L L
1 MV2EP 1 2MVgkE
= V. A-15
zewt(3) s(ms2 +kF) L ms2+kF L ac(s) ( )

Assuming a linear response to the applied voltage V., the transfer function from V. to zegzt is,

1 MV kP
ms? + kE L

Zext(8) = Vae(s) (A-16)

We proceed to the charge calculation for the voltage controlled model

Qamp = Qcp - pr (A—17)
Where, Q. = C,V, is the charge given by the voltage controlled circuit and C), is the
capacitance of the actuator.

The induced charge at a certain DC bias voltage can be represented using the charge equation
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of the electrostrictive material,
As,

_ 2M [0V

Qp(t) = — 7 (A-18)

To find the laplacian [f,(¢)V,(t)], we take the time domain product of f, and V),

MV}

F@Vp(t) = k(—" = zeat)Vp (A-19)
L

EEMV3
FroO)Vp(t) = Tp — k" 2tV (A-20)
(A-21)

Expanding V;,S,
EEMVE  kEM 3KEMV? 3kE MV,
fp(t)‘/p(t) = I de + T Va?)c + 7 - Vae + Tdv(fc - kEZextVdc - k'EZethac

(A-22)

As the z.;+ part contains fluctuations due to V., and as Vy. >> V., we can neglect its
higher order effect, also, we can neglect the terms that do not contain the V. component as
a linearized response is needed. Therefore,

3cEMV2
fp(t)vp(t) ~ Tdcvac — kEZemtVdc (A-23)

taking the laplace transform of the above equation, we get,

E 2
oV 0]() = 22V, (5) — P zeas(5)Vae (a-21)

The charge equation A-18 can then be written as,

3EEMV?Z _LE
pr(s) _ 2M( T Vac(i) k Zeact(s)vdc) (A—25)

substituting the expression for deformation A-16 and ze.:(s) in A-25,

6MKEMV? E E
TdCVaC(S) _( e 2M%Ck VaC(S))VdC)

Qrp(s) = et (A-26)
Simplifying,
M2EPVZ 6ms? — 2kF
pr(s) = 12 4 ( )Vac (A—27)

ms2 + kE
As Qamp = Qcp — Qfp , (charge circulating in the circuit)

Aditya Singh Master of Science Thesis



73

M2l’<:EVd2C (6ms2 + 6ecs — 2kE
L2 ms? + cs + kE

Qamp = Cp(Vac + Vdc) - )Vac(S) (A—28)

The output of the charge response to voltage is considered only from the V,. part at the
specified V., therefore, compiling only the V,. terms,

MQkEVdQC 6ms? + 6¢s — 2kF

= — A-2
Qamp = CpVae L? ( ms2 +cs+k JVae(s) (A-29)
MQkEVdQC 6ms? + 6cs — 2kE
Qump = (G = 2o (P L0 2 Vi) (A-30)

Qamp 2 (CpL?m — 6M2V2EEm) + s(cCpL? — 6M?kPVZe) + (CokPL? — 2M2(kF)?V2)

Vae(s) L2(ms? + ¢s + kF)
(A-31)
As Iamp = SQamp
Vae L?(ms? + ¢cs + k)
Lump(s) — s3(CpL?m — 6M2V2 EkPm) + s2(cCpL? — 6M2kEVEc) + (CpkPL? — 2M2(kE)2V2)
(A-32)
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Appendix B

Outline This appendix includes the description of experiment post processing, data sheets
and other calibration techniques used to tune the instruments to get proper results. The
chapter starts with the description of the setup and tuning of measurement instruments used
in impedance measurements and quasi-static strain field measurements. The section then
explains the data acquisition and processing.

B-1 Measurement Instruments and Calibration

In this section, information (data sheet etc) about the measurement instruments used and
their calibration would be provided.

B-1-1 Interferometer: Actuator displacement sensor

An interferometer was used as a displacement sensor for the quasi-static strain field exper-
iments. The unit is a Keyence SI series interferometer [50]. It contains a controller, laser
probes and a support software. The support software, SI Navigator, was used to calibrate
the settings and tune the instrument in the desired displacement region.

The laser is an SI-F01 Micro-Head based probe with the measurement range as 0.05-1.1 mm.
The basic principle of the Keyence SI series interferometer is shown in fig. B-1[50]. The
SI series interferometer contains two measurement modes: Normal mode and Interferometer
mode. The Normal mode is an absolute interferometry and is not accurate enough for the

measurement requirement as it considers only the light reflected from the target surface (see
fig. B-1).
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Appendix B

Spectroscopic unit
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!

Diffraction
cop-  Orating

Sensor head
Polarization maintaining SI-Fo1

optical fiber

Interference light | Emitted light J !
Reference reflection surface Target

SLD

Part of the broad wavelength light
emitted from the SLD is reflected by
the head's reference surface, while
the part that passes the reference
surface is mirror-reflected on the
target and returns into the head.

Interference light

The two reflected light beams
interfere with each other. The
intensity of the interference light
with a specific wavelength is
determined according to the
distance between the reference
surface and the target. The relative
maximum interference is reached
when the determined distance is an

Spectroscopic assay

Splitting the interference light into
different wavelengths with the
spectroscope produces an optical
intensity distribution for a specific
wavelength. The distance to the
target is obtained by carrying out
waveform analysis on the
distribution

integral multiple of the wavelength.

Displacement data SLD: Super Luminescent Diode

Figure B-1: Working principle of Keyence interferometer

Subsequent waveform analysis of this reflected beam yields the distance to target. The in-
terferometer mode on the other hand uses interference of both the light reflected from the
target and the reference reflection surface (see fig. B-1) to measure the resulting intensity,
and hence the measures the displacement of the target surface. The resolution attained by
the interferometer in this mode is Inm. Therefore for experiments, the interferometer mode
was used. Moreover, for interferometer mode, a relatively shiny surface is required so that the
intereference intensity is large enough to get precise reading. As the PMN-PT actuator was
gold/chromium plated, it had relatively visible light reflection. As the intensity might change
due to the distance of the probe from the actuator surface, the luminosity of the reflected
light was observed in the SI navigator software (View Waveform) and the distance to actuator
was adjusted to get maximum light intensity (sufficient intensity was confirmed by green light
in the Head status). In order to get raw data (so that controlled post-processing could be
done later), all the internal signal filtering were turned off in the interferometer controller.
Using the analog input/output ports behind the controller (fig. B-2), analog voltage signals
were collected and transferred to the SpeedGoat 10104 board (see reference). To get zero the
reference measurement for every measurement, a step signal of 5V was passed to the controller
from the SpeedGoat 10104 board to the interferometer controller I0 board (fig. B-2). This
signal was passed before the start of every measurement.

Analog
Operation

Binary output check lamp

Ethernet

usB

RS-232C Two-head

input

IO port: .
Expansion
head input

Figure B-2: Interferometer controller data acquisition ports

Aditya Singh Master of Science Thesis



B-1 Measurement Instruments and Calibration 77

For analog readings, a Full Scale of (-2um, 2um) was used with corresponding voltage range
of (-10V, 10V). This resulted in sensitivity of 0.2nm/1mV. As the SpeedGoat 10104 has a
voltage detection limit in micro-volts, this sensitivity was sufficient for the measurements.
The interferometer probe is resistant to changes in the environment temperature from 0 to
85°C. The variation in displacement reading due to temperature fluctuation for the sensor
head is 0.01% of Full Scale per °C. For the mentioned calibration settings, this results in
0.4nm/°C. The actual error would be much less as the variation in temperature for every
measurement is kept below 0.01°C' through the Peltier heating controller (see reference to
Peltier). Further information on the details of the SI interferometer can be found in the data
sheets of its website [50].

B-1-2 Peltier Heating/Cooling device

For heating the actuator to a specific temperature with high accuracy, a Peltier Heater [51]
along with a suitable controller (TEC-1122, Precision Temperature Controller [52]) was used.
The Peltier controller was connected to a 24V DC supply. An NTC 10K temperature sensor
was used as the feedback sensor to the controller for maintaining the required temperature at
the sensor position. It was connected close to the actuator to achieve the required temperature
at the actuator. The controller contains 2 channels for controlling 2 Peltier heaters. In the
experiment as only 1 peltier heater was used, only one channel was connected (2nd channel,
due to malfunctions in channel 1)to the heater. The settings in the Peltier controller were
modified using the TEC service software. The controller had a built-in PID control scheme
that could be tuned to achieve required temperature stability and rise time as required. For
the experiments, slow dynamics were deemed suitable as they would prevent high current os-
cillations (that would mean high temperature oscillations) thereby preventing higher thermal
modes in the copper block. This means the copper block would only have thermal expan-
sion in the thickness direction without the higher wobbly modes. This expansion would be
effectively canceled out using a reference interferometer probe as explained in chapter 3. The
dynamics were changed such that the integral time (7;) was set to 300s and derivative time
(Ty) set to Os and proportional gain was set to just 10%/°C, which is the portion of the
normalized heating power that is used to correct the change between the current temperature
and required temperature. Using these PID control parameters, the time taken to achieve the
1oC temperature change was around 1.5 minutes, but the change happened with constant
current supply. This resulted in a smooth ramp to reach the required temperature without
oscillations for the particular thermal mass of the copper block (approximately equal to the
thermal mass of the rest of the system). Other settings in the software were changed based
on the temperature sensor in use (NTC 10K sensor), heating or cooling (or both) requirement
and Peltier heater specifications [51]. Real time control (using target PC) of the peltier was
tried but it required separate interfacing using RS232 port and due to time constraints it was
not implemented. Hence, the temperature control was done using the TEC Service software
on a separate PC using USB connection to the TEC controller. Required temperature was
plugged in the software and resulting temperature was monitored until it reached equilib-
rium. After that the quasi-static strain field/impedance measurements were started. Further
information on the Peltier heater and Peltier Controller can be obtained on the corresponding
website [52][51].
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B-1-3 Speedgoat Data Acquisition system (Target PC+ 1/0 board)

Data acquisition and signal transfer from Simulink (for running the experiments) was done us-
ing the Speedgoat Target PC. An1/0 board (I0104) served as the interface between the target
PC and instruments used in the Quasi-Static strain field measurements (NOTE: Speedgoat
target PC was not used in the impedance measurements). An SN1997 Speedgoat real-time
target PC was used for loading the compiled program from Simulink. The I/O connectivity
was done using 10104 board. The I/O board had several driver blocks that were used in
Simulink to connect it to the target PC. 10104 is a 16 bit analog module having several
analog input and output connections points. A sampling frequency of 5kHz was used for
the measurement. Higher sampling frequency was not chosen as each experiment was run
for minimum 50s and data files were becoming too large to process in time. Furthermore,
the signal received from interferometer was pseudo-analog, meaning, the controller already
post-processed the light intensity signal into voltage signal with a sampling rate of 5kHz.
Due to these reason 5kHz sampling rate was kept for all measurements. At the beginning
of the experiment, the Simulink file compiled the code and fed it into the Speedgoat target
PC. At the end of the experiment a data file was generated, from which relevant voltage
(from amplifier(seeappendix B-1-4)), deformation(from interferometer (see appendix B-1-1)),
temperature (using a voltage divider circuit) and time data was extracted for post-processing.
Further information on the Speedgoat target PCs and I/O boards can be found on the re-
spective webpages [53][54],

B-1-4 Amplifier

For amplifying the voltage signal from 10104, a Trek PZD350A amplifier model was used
[55]. The amplifier was chosen due to its accurate and high gain at the capacitive loads
of the actuator (at 0 Hz frequency, around 0.02u F). This can be seen in fig. B-3. As the
quasi-static experiments were conducted at frequencies lower than 100Hz, the amplifier gain
remained stable at voltage amplitudes of + 350V.

Model PZD350A

—No Load

—11nF
22nF
100nF
200nF
400nF
750nF
1345nF

Output (Vpp)

w
8
8

200

100

0.01 01 1 10 100 1000

Frequency (kHz)

Figure B-3: Frequency response of amplifier output voltage based on capacitive loads
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The amplifier also contained dynamic gain adjustment that was tuned appropriately for the
specific frequency using an oscilloscope (highly accurate measurement). The output of the
10104 was connected to the input of the amplifier and the gain was adjusted to 100 manually.
The actual output voltage of the amplifier was then verified by connecting the output to
an oscilloscope. For real time voltage readings, a voltage monitor output (present in the
amplifier) was used. The voltage monitor decreased the gain again by 100 times and was
fed to the I0104s input pins. This data was used in the post-processing later. For more
information on the amplifier check the website [55].

B-1-5 Bode 100 Signal Generator

Bodel00 is a type of signal generator that is especially useful for high frequency gain and
impedance measurements. The instrument send a low voltage (<0.1V) amplitude chirp signal
to the sample to measurement the resulting current and plot the impedance and gain frequency
response. The unit requires calibration before use. The calibration is done stepwise for the
probe and user requirements(frequency range, resolution etc) using open circuit, closed circuit
and a reference impedance (of 502 value) configurations.

But as discussed in chapter 3, small AC signal would not generate any dynamics in the
actuator even at high frequencies because the voltage sensitivity at 0V DC bias is almost 0
as again shown in chapter 3. Thus, the output of the Bodel00 was connected to a DC+AC
mixer that also used a DC voltage signal from a power source. The output of this DC+AC
mixer was the combination of low voltage AC chirp signal from Bodel00 and fixed DC bias
from the power supply. This helped in getting impedance response from the actuator at a
particular bias(which was varied in the experiments).

As the frequency of interest for the impedance measurements3 was in 1-10MHz range, further
tuning needed to be done for getting proper impedance values. This was due to requirement
of maintaining a certain voltage and temperature of the actuator. As mentioned in fig. 3-1,
the copper block was set as the ground for the voltage signal. This was done due to the
constraint that the block was needed to be in full contact with the actuator in order for it to
achieve the required temperature. Due to the block and connecting wires, additional inductive
and resistive impedance was added to the result that needed to be subtracted from the net
impedance result. To achieve this, impedance measurement was conducted to for the setup
without the actuator at every temperature. This complex impedance was then subtracted
from the overall impedance value of the experiment done with the actuator.

This helped in canceling out the high frequency inductive effects of the wire and temperature
induced changes in the resistance of the copper block. Following this approach, the net
impedance of the actuator with temperature and DC voltage variation was calculated. This
post-processing is mentioned in detail in appendix B-2.

The data sheet of the Bodel00 can be found on its webpage [56].
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B-2 Post-Processing

B-2-1 Impedance Measurements

For the impedance measurements, additional calibration was needed to remove the high fre-
quency inductance effects from the connecting wires and copper block (mainly resistive due
to relatively large size than wires). This was done, as explained in appendix B-1-5, by sub-
tracting the complex impedance of the setup without actuator from the actual impedance
readings(with actuator). The raw impedance data for both the cases is shown in fig. B-4.

Impedance response with and without actuator for 52°C

Magnitude (dB)

— Impedance response without actuator
— Impedance response with actuator
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Figure B-4: Impedance response manual calibration with and without the actuator

After getting the impedance data, further post processing involved isolating the thickness
and width modes (see chapter 3) and estimating the individual transfer functions for every
temperature. The fit for one of the temperatures for thickness mode is shown in (refer figure
with the fit and GOF). The coefficients of these transfer were normalized by making the
coeflicient of the highest power of complex ’s’ in the denominator. The estimated coefficients
were then compared with coefficients of the model transfer function (2-12, which were also
normalized about the highest power of ’s” in the denominator). This resulted in a set of
non-linear equations involving the model parameters. From prior rough knowledge about
the order of magnitude of model parameters from literature, it was known that the values fo
parameters had difference of 10s of orders of of magnitude. Due to this numerical approach to
solve the equations was not used and therefore symbolic toolbox in MATLAB was used to solve
the equations algebraically as the equations were polynomial equations and did not contain
transcendental functions. The equation set involved 5 equations with 4 unknown variables. To
solve for these 4 variables, 4 appropriate equations were chosen (that gave a unique solution
for the model parameters). The solutions were calculated for every temperature and then
plotted against temperature points to get the required variation estimate.
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B-2-2 Quasi-static strain-field measurements

Post-processing of quasi static strain-field experiments involved filtering and extracting useful
data from the raw analog measurements obtained via the data acquisition system (Speedgoat
target PC). The raw data obtained from the target PC included the raw displacement readings
from interferometer (for both the laser probes), voltage input from the amplifier, temperature
from the NTC sensor and the time stamp readings (from the clock in target PC). The data
was filtered differently for all the signals. The time for the measurements was set to 50s but
the first 15 seconds were used for zeroing the interferometer (for reference). In the next 35s
the actual measurement was obtained.

Deformation measurement The raw deformation(reference to figure with raw deformation)
was first low pass filtered at a cut-off frequency of about 10Hz. This was done to cancel
out the noise contribution from the interferometer and setup. From literature survey and
later with experiment data analysis, it was known that the higher harmonic contribution of
the actuator displacement was negligible after the 3rd even harmonic (8th harmonic). This
means for 1 Hz actuating frequency, the contribution of harmonics above 8 Hz was almost
null (4 orders of magnitude less than 1st even harmonic in the amount of power contribution
as seen from PSD graphs 3-15) for the highest applied voltage of 350V. The 2nd order low
pass filter was applied with zero-phase digital filtering that prevented any phase lag in the
filtered measurement as seen in fig. B-5.

100 Deformation vs time raw and undfiltered data
T T T

I
—Raw data
——Low pass filtered data | |
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Deformation (nm)

-10H | 1 1 1 | 1 —
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Figure B-5: Deformation vs Time for 40°C' temperature

Similar filtering was applied to the deformation readings from the second laser probe (reference
probe) that measured gave rough estimate of the overall drift in the setup. This filtered
deformation was then subtracted from the main filtered deformation data (B-5). The resulting
deformation canceled much of the overall temperature drift in the setup, but still minor drift
in few nanometers was left in the resulting data as seen in fig. B-6.
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ion vs time raw and drift free data
80 T T | — Y

Deformat
w
8
T

,.MMH""W!

MMV“HMI"‘H P "!I\Mv WAL

,wM“"

time (s)

Figure B-6: Reference probe deformation, Raw filtered deformation, Drift free (rough) deforma-
tion

The resulting filtered data was then processed for canceling the minor drift effects due to
variations in the setup because of temperature change(changes in refractive index of air be-
tween actuator and laser probe) (due to long thermal equilibrium times for laser probe holder,
copper block, heat sink because fluctuations in room temperature). The drift effects were of
much lower frequency that the actuation frequency (lowest frequency of interest). Hence, 1s
periods were selected, the first sample was subtracted from that period to cancel the drift
effects, and the resulting periods (35 because of 35s measurement time) were then averaged.
At certain temperature the 2 standard deviation error between the mean and every period
was about 2nm as seen in fig. B-7. This means 95% of all periods had an average error 1.2 nm
(average of all 2 sigma deviations(shown in fig. B-7)). This percentage accounted for about
33 periods out of 35 periods that were considered for the measurement. The error in the
averaging later translates to error in the fitting of model parameters (see section 3-3).

2 sigma variation from mean ing of 95% of

Figure B-7: Averaging error in terms of standard deviation from mean of all periods for a
particular temperature

Similar averaging and filtering was done for voltage signal, but due to minor variations, the
results did not change much.
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Temperature Measurement NTC 10K thermister was used for measuring real time tem-
perature right next to the actuator. The temperature of the actuator was assumed to be the
same as that predicted by the temperature sensor. The sensor was calibrated with a reference
resistor to verify the voltage reading of the sensor. The sensor was then built in with a voltage
divider using a 15K resistor. The resulting voltage across the resistor was used as the signal
to the 10104 input. The supply voltage to the voltage divider circuit from 10104 analog
output was 5V. Using the Steinhart—Hart equation [57] and by calculating the coefficients of
the equation using the manufacturer data-table for NTC 10K thermister, actual temperature
in Kelvin (which was then converted to °C) was obtained. The data was filtered using a
low pass filter at 2Hz because the variations in temperature were assumed to be occurring at
frequency less than 0.1 Hz. The resulting data is shown in fig. B-8.
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Figure B-8: Raw temperature and low pass filtered data

As seen in fig. B-8 the maximum variation in the temperature is 0.0806°C.

Delay Compensation Having averaged the deformation, a certain delay was observed in the
measurement. The source of delay was not found but the amount of delay was found using
step voltage signal (see fig. B-9 ) and triangular voltage signal induction (see fig. B-10).
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Step response of the actuator and presence of delay in the response
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Figure B-10: Triangle wave response

From both B-10 and B-9, delay of 12 samples was observed. This observation was verified at
different frequencies (with triangle voltage signal) and found to be the same. For the sampling
frequency of 5kHz, 12 samples corresponded to a delay of 2.4ms. The delay was adjusted in
the averaged deformation readings for further analysis.

Aditya Singh Master of Science Thesis



B-2 Post-Processing 85

Experiment setup pictures

Figure B-11: Front view experiment setup

Figure B-12: Zoomed in picture of actuators and laser probes
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Figure B-13: Other instruments in the experiment setup
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