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Chapter 1: State-of-the-art
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Fermi level of metals

Fermi level of the tip

Fermi level of the surface

Work function for metals

Potential difference applied between two electrodes

Electron charge

Electron mass

Electron total energy

Reduced Planck constant

Potential barrier

Length of the potential barrier (tunneling gap)

Vertical displacement of tunneling tip

Wave function of electron

Wave function of electron outside the potential barrier

Wave function of electron inside the potential barrier

Wave number outside the potential barrier

Wave number inside the potential barrier
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Density function for the play operator in the Prandtl-Ishlinskii model
Time instant at which the creep effect occurs

Piezo output at time tg

Rate parameter of the nonlinear creep model

Low frequency elastic behavior of the linear creep model
Spring constant of a spring in the linear creep model
Damping constant of a damper in the linear creep model
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Chapter 2: System description and modeling

ug (t) Control signal for the X axis (voltage amplifier input)

Uy (t) Control signal for the Y axis (voltage amplifier input)

uy(t) Control signal for the Z axis (voltage amplifier input)

Ve(t) Control signal for the Z axis (electrostatic actuator input)

VAz(s) Model of the voltage amplifier (X axis)

VAy(s) Model of the voltage amplifier (Y axis)

VA,(s) Model of the voltage amplifier (Z axis)

Gz Gain of the voltage amplifier (X axis)

Gy Gain of the voltage amplifier (Y axis)

Gy Gain of the voltage amplifier (Z axis)

Wog Bandwidth of the voltage amplifier (X axis)

Wy Bandwidth of the voltage amplifier (Y axis)

Wyz Bandwidth of the voltage amplifier (Z axis)

Upa (1) Piezo input voltage (X axis)

Upy (1) Piezo input voltage (Y axis)

Ups(t) Piezo input voltage (Z axis)

dy(t) Disturbance including hysteresis modeling error and creep (X axis)
dy(t) Disturbance including hysteresis modeling error and creep (Y axis)
d,(t) Disturbance including creep phenomenon (Z axis)

L'y [vpz(t)] Nonlinear operator representing static hysteresis model (X axis)

Ly [vpy(t)] Nonlinear operator representing static hysteresis model (Y axis)

N L vpz](t) Operator representing total piezo nonlinearity (X axis)

N Ly[vpy](2) Operator representing total piezo nonlinearity (Y axis)

Qpa (1) Output of quasi-static piezo nonlinearity (X axis)

Qpy(t) Output of quasi-static piezo nonlinearity (Y axis)

@p=(1) Output of quasi-static part of piezo (Z axis)

Dy (s) Direct piezo linear dynamics (X axis)

Dyy(s) Direct piezo linear dynamics (Y axis)

D,.(s) Direct piezo linear dynamics (Z axis)

Xy(s) Cross-coupling dynamics (from Y to X axis)

Y (s) Cross-coupling dynamics (from X to Y axis)

Zx(s) Cross-coupling dynamics (from X to Z axis)

Zy(s) Cross-coupling dynamics (from Y to Z axis)

X4 (t) Direct contribution to piezo displacement (X axis)

Yy(t) Direct contribution to piezo displacement (Y axis)

2, (t) Direct contribution to piezo displacement (7 axis)

xy (1) Cross-coupling contribution to piezo displacement (from Y to X axis)
Yz (t) Cross-coupling contribution to piezo displacement (from X to Y axis)
zz(t) Cross-coupling contribution to piezo displacement (from X to Z axis)
2y(t) Cross-coupling contribution to piezo displacement (from Y to Z axis)
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xp(t) Total piezo displacement (X axis)

yp(t) Total piezo displacement (Y axis)

2p(t) Total piezo displacement (7 axis)

Gpa Gain of the piezoelectric actuator (X axis)

Gpy Gain of the piezoelectric actuator (Y axis)

Gp. Gain of the piezoelectric actuator (Z axis)

Wpa Bandwidth of the piezoelectric actuator (X axis)
Wy Bandwidth of the piezoelectric actuator (Y axis)
Wpz Bandwidth of the piezoelectric actuator (Z axis)

Epr Damping ratio of the piezoelectric actuator (X axis)
Epy Damping ratio of the piezoelectric actuator (Y axis)
€pz Damping ratio of the piezoelectric actuator (Z axis)
do Initial tunneling gap between the tip and the surface
d(t) Tunneling gap between the tip and the surface

it(t) Tunneling current

g Proportionality constant of tunneling current

k Constant of tunneling current

PL; Exponential nonlinearity of the tunneling current
CS.(s) Model of the capacitive sensor (X axis)

CSy(s) Model of the capacitive sensor (Y axis)

CSi(s) Model of the current sensor (Z axis)

Geaps Gain of the capacitive sensor (X axis)

Geapy Gain of the capacitive sensor (Y axis)

Gy Gain of the current sensor (Z axis)

Weapa Bandwidth of the capacitive sensor (X axis)

Weapy Bandwidth of the capacitive sensor (Y axis)

Wi Bandwidth of the current sensor (Z axis)

vz (%) Output of the capacitive sensor (X axis)

vy (1) Output of the capacitive sensor (Y axis)

v, (t) Output of the current sensor (Z axis)

ny(t) Measurement noise of the capacitive sensor (X axis)
na(t) Measurement noise of the capacitive sensor (Y axis)
ns(t) Measurement noise of the current sensor (Z axis)
y1(t) Final output of the capacitive sensor (X axis)

ya(t) Final output of the capacitive sensor (Y axis)

y3(t) Final output of the current sensor (Z axis)

H Hamaker constant

R Tip radius

ap Interatomic value

Elss Effective contact stiffness (between the tip and the cantilever)
E; Elastic modulus of the tip

E Elastic modulus of the surface (cantilever)

U Poisson ratio of the tip

v Poisson ratio of the surface (cantilever)

EA Quadratic nonlinearity of the electrostatic actuator

t) Electrostatic force
t) Proximity force
t) Total input net force exciting the cantilever
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Cantilever model

Nonlinear block representing interaction force

Cantilver displacement (at the position z) due to electrostatic force
Cantilver displacement (at the position x) due to proximity force
Total cantilver displacement (at the position x) due to total force
Position = where the force F,(t) is applied at the cantilever input
Length of the cantilever
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Actual distance between the cantilever and the electrostatic plate
Vacuum permittivity

Common surface between the cantilever and the electrostatic plate
Cross sectional area of the cantilever

Area moment of inertia of the cantilever

Density of the cantilever material

Damping ratio for the modes (here the same for each mode)
Damping force (sum of the structural and electrostatic damping)
Modal mass of j** mode

Modal damping coefficient of j** mode

Modal stiffness coefficient of 7% mode

Modal natural frequency of j** mode

Modal input force of the j** mode

Modal wave constant of the % mode

Fundamental deformation of the j** mode (only time-dependent)
Modal shape function for the j** mode (only space-dependent)
Number of modes

State vector of the nonlinear 3D model

Input vector of the nonlinear 3D model

Output vector of the nonlinear 3D model

Disturbance vector of the nonlinear 3D model

Noise vector of the nonlinear 3D model

Reference value of the capacitive voltage (X axis)
Reference value of the capacitive voltage (Y axis)
Control signal for the X axis (voltage amplifier input)
Control signal for the Y axis (voltage amplifier input)
Model of the voltage amplifier (X axis)

Model of the voltage amplifier (Y axis)

Gain of the voltage amplifier (X axis)

Gain of the voltage amplifier (Y axis)

Piezo input voltage (X axis)

Piezo input voltage (Y axis)
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Upz()

Disturbance including hysteresis modeling error and creep (X axis)
Disturbance including hysteresis modeling error and creep (Y axis)
Estimate of d ()

Estimate of dy(t)

Nonlinear operator representing static hysteresis model (X axis)
Nonlinear operator representing static hysteresis model (Y axis)
Operator representing total piezo nonlinearity (X axis)

Operator representing total piezo nonlinearity (Y axis)
Prandtl-Ishlinskii (PI) hysteresis operator (X axis)

Output of PI hysteresis operator (X axis)

Vector of thresholds of PI hysteresis operator (X axis)

Vector of thresholds of inverse PI hysteresis operator (X axis)
Vector of weights of PI hysteresis operator (X axis)

Vector of weights of inverse PI hysteresis operator (X axis)

Vector of initial states of PI hysteresis operator (X axis)

Vector of initial states of inverse PI hysteresis operator (X axis)

H;,  [vps,®py0](t) Vector of backlashes of PI hysteresis operator (X axis)

H " [Zp,, Vpzo](t) Vector of backlashes of inverse PI hysteresis operator (X axis)

Salpy|(t)
Tpg (1)

Number of backlashes of PI hysteresis operator (X axis)
Prandtl-Ishlinskii (PI) superposition operator (X axis)

Output of PI superposition operator (X axis)

Vector of thresholds of PI superposition operator (X axis)

Vector of thresholds of inverse PI superposition operator (X axis)
Vector of weights of PI superposition operator (X axis)

Vector of weights of inverse PI superposition operator (X axis)
Vector of dead-zones of PI superposition operator (X axis)
Vector of dead-zones of inverse PI superposition operator (X axis)
Number of dead-zones of PI superposition operator (X axis)
Piezo displacement obtained from the measured output y;(t) (X axis)
Unknown MPI model weights (X axis)

Loss function for the identification of model weights (X axis)
Hessian matrix - quadratic term in the loss function (X axis)
Vector - linear term in the loss function (X axis)

Scalar - absolute term in the loss function (X axis)

Number of collected data

Matrices for the constrained problem

Vectors for the constrained problem

Output of quasi-static piezo nonlinearity (X axis)

Output of quasi-static piezo nonlinearity (Y axis)

Direct piezo linear dynamics (X axis)

Direct piezo linear dynamics (Y axis)

Total piezo displacement (X axis)

Total piezo displacement (Y axis)

Gain of the piezoelectric actuator (X axis)

Gain of the piezoelectric actuator (Y axis)
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Wpa Bandwidth of the piezoelectric actuator (X axis)
Wpy Bandwidth of the piezoelectric actuator (Y axis)
Ep Damping ratio of the piezoelectric actuator (X axis)
Epy Damping ratio of the piezoelectric actuator (Y axis)
CS.(s) Model of the capacitive sensor (X axis)
CSy(s) Model of the capacitive sensor (Y axis)
G eapa Gain of the capacitive sensor (X axis)
Geapy Gain of the capacitive sensor (Y axis)
vz (t) Output of the capacitive sensor (X axis)
vy (t) Output of the capacitive sensor (Y axis)
ni(t) Measurement noise of the capacitive sensor (X axis)
na(t) Measurement noise of the capacitive sensor (Y axis)
Y1 (t) Final output of the capacitive sensor (X axis)
Y2 (t) Final output of the capacitive sensor (Y axis)
T Sampling time
Js Sampling frequency
uy (t) Control input with DOB compensation (X axis)
us(t) Control input with DOB compensation (Y axis)
(t) State vector (X axis)
Az, By, Cy System matrices (X axis)
Ba, Disturbance matrix (X axis)
wy(t) Process noise (X axis)
e(t) Extended state vector (X axis)
Ae,s Be,, Ce, Matrices of the extended system (X axis)
Ly Kalman gain matrix (X axis)
Wa Process covariance (X axis)
Ny Noise covariance (X axis)
Py Solution of Algebraic Riccati Equation (ARE)
91(t) Estimate of y;(t)
lg Major hysteresis loop width
Ly Range of the reference signal
p Order of polynomial used in adaptive approach
U Control voltage in adaptive approach
O Vector of unknown polynomial coefficients in adaptive approach
Ymy, Model plant output in adaptive approach
Yk Real plant output in adaptive approach
€k Mismatch between real plant and its model in adaptive approach
Tk Reference signal in adaptive approach
g(ur, Ox) Parametric model of static nonlinearity in adaptive approach
hg Regression vector in adaptive approach
dg Inverse of the unknown variance in adaptive approach
Ok Vector of all uknown parameters (polynomial coefficients and variance)
Dy, Set of the observed input/output data up to the instant k
f(Ox|DF) Posterior probability density function (pdf)
Jo(Or41) Alternative for pdf, when the parameters are not changing
f1(Or11) Alternative for pdf, when the parameters are uniquely distributed
fa(Ory1) Unknown pdf
JA(Ory1) Decision space of f4(Oky1)
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Probability that fA(@k-i-l) == fl(@k—i-l)
o = [0, 1]

Kullback-Leibler divergence

Space of O

Cost function in adaptive approach

Penalty coefficient for the success of alternative fo(©g41)
Penalty coefficient for the success of alternative fi(Og41)

Positive tuning parameter in adaptive approach
Variable forgetting factor in adaptive approach
Normalized covariance matrix in adaptive approach
Least-squares reminder in adaptive approach
Number of degrees of freedom in adaptive approach

Function of which the roots are looked for in numerical algorithm

Starting point in the Newton’s method

Left value for the interval in the Bisection method
Right value for the interval in the Bisection method
Control input computed by the Newton’s method
Control input computed by the Bisection method

Chapter 4: Structural vibration and cross-couplings

General reference signal

General plant output

General disturbance signal

General measurement noise signal

General perturbed plant

Perturbed plant from the input zj; to the output y;
Perturbed plant from the input y, to the output ys
Perturbed plant from the input y; to the output ¥
Perturbed plant from the input xj; to the output o
General nominal plant

Nominal plant from the input xj; to the output 31
Nominal plant from the input y; to the output s
Nominal plant from the input y; to the output y;
Nominal plant from the input x5 to the output y»
General controller

Controller designed on the basis of G;(s)
Controller designed on the basis of Gyy(s)

General uncertainty weight

General normalized complex perturbations

General relative magnitude of the neglected dynamics
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Ozay Hankel singular values of Gz, (s)
Tyyp Hankel singular values of Gy, (s)
Ozyy Hankel singular values of Gy, (s)
Oya,, Hankel singular values of Gy, (s)
Lo State vector of Gz (s)

Zyy State vector of Gy, (s)

Zh Control signal (X axis)

Yn Control signal (Y axis)

Y1 Output signal (X axis)

Y2 Output signal (Y axis)

Wz Process noise of G (s)

Wy Process noise of Gy, (s)

ny Measurement noise (X axis)
ng Measurement noise (Y axis)

State matrices of Gy (s)

State matrices of Gyy(s)

Augmented Gz (s) (with integral action)

Augmented Gy, (s) (with integral action)

State vector of Gy, ()

State vector of Gy, (s)

State matrices of Gz, (5)

State matrices of Gy, ()

Quadratic cost function for LQG/LTR controller (X axis)
Quadratic cost function for LQG/LTR controller (Y axis)
Process covariance matrix of wgy,

Process covariance matrix of wyy,

Noise covariance matrix of ni

Noise covariance matrix of ng

Kalman Filter gain associated with G, (s)

Kalman Filter gain associated with Gy, (s)

Solution of Kalman Filter ARE associated with Gz, (s)
Solution of Kalman Filter ARE associated with Gy, (s)
Scaling parameter for Kalman Filter associated with G, ()
Scaling parameter for Kalman Filter associated with Gy, (s)
Weighting matrix for the state of Gy, ()

Weighting matrix for the state of Gy, (s)

Weighting matrix for the control of G, (s)

Weighting matrix for the control of Gy, (s)

LQR gain associated with Gy, (s)

LQR gain associated with Gy, (s)

Solution of LQR ARE associated with G4, (s)

Solution of LQR ARE associated with G, (s)

Recovery gain for LQG/LTR associated with G, (s)
Recovery gain for LQG/LTR associated with Gy, (s)
LQG/LTR controller (without integral action) for the X axis
LQG/LTR controller (without integral action) for the Y axis
Loop Transfer Function (LTF) at point P,

Loop Transfer Function (LTF) at point Py,
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Loop Transfer Function (LTF) at point P,
Loop Transfer Function (LTF) at point P,
General augmented plant (with weighting functions)
Lower linear fractional transformation
Optimal cost in H, design

Sub-optimal cost in H., design

Phase margin

Gain margin

Module margin

General output sensitivity function

General input sensitivity function

General complementary sensitivity function
General weighting function for S(s)

General weighting function for R(s)

General weighting function for 7'(s)

General weighting function for system uncertainty
Bandwidth of Wa(s)

Lower bound of Wa(s)

Upper bound of Wa(s)

Order of Wa(s)

General weighting function for tracking
Bandwidth of W,(s)

Lower bound of W,(s)

Upper bound of We(s)

Order of W,(s)

General weighting function for control
Bandwidth of W,,(s)

Lower bound of W,(s)

Upper bound of W,(s)

Order of W,,(s)

Sub-optimal cost in Hs design (X axis)
Sub-optimal cost in H design (Y axis)
Output sensitivity function (X axis)

Output sensitivity function (Y axis)

Input sensitivity function (X axis)

Input sensitivity function (Y axis)
Complementary sensitivity function (X axis)
Complementary sensitivity function (Y axis)
Weighting function for S;(s)

Weighting function for .S (s)

Weighting function for R(s)

Weighting function for Ry(s)

Weighting function for T, (s)

Weighting function for T),(s)

Weighting function for system uncertainty (X axis)
Weighting function for system uncertainty (Y axis)
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Bandwidth of W, (s)
Bandwidth of Wy, (s)
Lower bound of W, (s)

Lower bound of Wy, (s)

Upper bound of Wy, (s)

Upper bound of Wy, (s)

Order of Wy, (s)

Order of Wy, (s)

Weighting function for tracking (X axis)
Weighting function for tracking (Y axis)
Bandwidth of W,_(s)

Bandwidth of W, (s)
Lower bound of W, (s)
Lower bound of W, (s)
Upper bound of W, (s)
Upper bound of W, (s)

Order of W, (s)

Order of W, (s)

Weighting function for control (X axis)
Weighting function for control (Y axis)
Bandwidth of W, (s)
Bandwidth of W, (s)
Lower bound of W, (s)
Lower bound of W, (s)
Upper bound of W, (s)
Upper bound of W, (s)

Order of W, (s)

Order of Wy, (s)

Output sensitivity function for MIMO system

Input sensitivity function for MIMO system
Complementary sensitivity function for MIMO system
Weighting function for Sg(s)

Weighting function for Rp(s)

Weighting function for T'7(s)

Minimum singular value of matrix X

Maximum singular value of matrix X
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Chapter 5: Tunneling current

u(t) Control signal for the Z axis (voltage amplifier input)
VA,(s) Model of the voltage amplifier (Z axis)

Gy Gain of the voltage amplifier (Z axis)

Wyz Bandwidth of the voltage amplifier (Z axis)

Up2(t) Piezo input voltage (Z axis)

d,(t) Disturbance including creep (7 axis)

D,.(s) Direct piezo linear dynamics (Z axis)

z5(t) Direct contribution to piezo displacement (Z axis)
2z(t) Cross-coupling contribution to piezo displacement (from X to Z axis)
2y (%) Cross-coupling contribution to piezo displacement (from Y to Z axis)
2p(t) Total piezo displacement (7 axis)

zs(t) Surface variations

Piezo,(s) Model of the piezoelectric actuator (Z axis)

Gp. Gain of the piezoelectric actuator (Z axis)

Wpz Bandwidth of the piezoelectric actuator (Z axis)

€pz Damping ratio of the piezoelectric actuator (Z axis)
do Initial tunneling gap between the tip and the surface
d(t) Tunneling gap between the tip and the surface

deg Equilibrium gap between the tip and the surface
Ad(t) Gap deviation from its equilibrium de,

i (t) Tunneling current

leg Equilibrium tunneling current

Aiy(t) Tunneling current deviation from its equilibrium i.q
Vi Bias Voltage

g Proportionality constant of tunneling current

k Constant of tunneling current

PL; Exponential nonlinearity of the tunneling current

e Electron charge

Me Electron mass

¢ Work function for metals

CSi(s) Model of the current sensor

Gy Gain of the current sensor

Wi Bandwidth of the current sensor

v, (t) Output of the current sensor

ns(t) Measurement noise of the current sensor

y3(t) Final output of the current sensor

zr(t) Reference value of the tunneling voltage

G.(s) Continuous-time plant model (Z axis)

H(z™) Discrete-time plant model (Z axis)

fs Sampling frequency

d; System pure delay expressed in number of sampling periods
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B(z™1) Polynomial representing numerator of H(z~!)
A(z71) Polynomial representing denominator of H(z~!)
R(z71) Polynomial representing numerator of the digital controller
S(z71) Polynomial representing denominator of the digital controller
Pp(z71) Polynomial representing desired closed-loop poles
Pr(z71) Polynomial representing auxiliary closed-loop poles

Polynomial representing closed-loop poles
Polynomial representing fixed part of R(z~!)
Polynomial representing fixed part of S(z~1)
Polynomial representing free part of R(z~1)
Polynomial representing free part of S(z71)
Degree of polynomial A(z1)

Degree of polynomial B(z~!)

Degree of polynomial R(z71)

Degree of polynomial S(z71)

Degree of polynomial Hp(z~1)

Degree of polynomial Hg(z~1)

Desired closed-loop bandwidth

Desired closed-loop damping

Closed-loop transfer function

Output sensitivity function
Complementary sensitivity function

Input sensitivity function

Chapter 6: 3D results for nanopositioning and STM applications

x,(t)
yr(t)
2 (t)

Reference value of the capacitive voltage (X axis)
Reference value of the capacitive voltage (Y axis)
Reference value of the tunneling voltage

Starting point (initial value) for x,(t)

Starting point (initial value) for y,(t)

Amplitude of the triangle reference signal x,(t)
Frequency of the triangle reference signal z,(t)

Slope of the ramp reference signal y,(t)
Instantaneous spiral radius

Instantaneous spiral angle

Spiral angular velocity

Spiral pitch

Non-instantaneous spiral radius

Number of crossing points of the spiral signal
Control signal for the X axis (voltage amplifier input)
Control signal for the Y axis (voltage amplifier input)
Control signal for the Z axis (voltage amplifier input)
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Model of the voltage amplifier (X axis)
Model of the voltage amplifier (Y axis)
Model of the voltage amplifier (Z axis)
Gain of the voltage amplifier (X axis)

Gain of the voltage amplifier (Y axis)

Gain of the voltage amplifier (Z axis)
Bandwidth of the voltage amplifier (X axis)
Bandwidth of the voltage amplifier (Y axis)
Bandwidth of the voltage amplifier (Z axis)
Piezo input voltage (X axis)

Piezo input voltage (Y axis)

Piezo input voltage (Z axis)

Nonlinear operator representing static hysteresis PI model (X axis)

Nonlinear operator representing static hysteresis PI model (Y axis)

Output of static piezo nonlinearity (X axis)

Output of static piezo nonlinearity (Y axis)

Output of static part of piezo (Z axis)

Creep linear dynamics (X axis)

Creep linear dynamics (Y axis)

Direct piezo linear dynamics (X axis)

Direct piezo linear dynamics (Y axis)

Direct piezo linear dynamics (Z axis)

Gain of the piezoelectric actuator (X axis)

Gain of the piezoelectric actuator (Y axis)

Gain of the piezoelectric actuator (Z axis)

Bandwidth of the piezoelectric actuator (X axis)
Bandwidth of the piezoelectric actuator (Y axis)
Bandwidth of the piezoelectric actuator (Z axis)
Damping ratio of the piezoelectric actuator (X axis)
Damping ratio of the piezoelectric actuator (Y axis)
Damping ratio of the piezoelectric actuator (Z axis)
Cross-coupling dynamics (from X to Z axis)
Cross-coupling dynamics (from Y to Z axis)

Estimate of Z,(s)

Estimate of Z,(s)

Gain of the cross-coupling dynamics (from X to Z axis)
Gain of the cross-coupling dynamics (from Y to Z axis)
Estimate of G,

Estimate of G,

Bandwidth of the cross-coupling dynamics (from X to Z axis)
Bandwidth of the cross-coupling dynamics (from Y to Z axis)
Estimate of w,,

Estimate of w,
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Direct contribution to piezo displacement (X axis)
Direct contribution to piezo displacement (Y axis)
Direct contribution to piezo displacement (7 axis)

Cross-coupling contribution to piezo displacement (from X to Z axis)
Cross-coupling contribution to piezo displacement (from Y to Z axis)

Estimate of z,(t)

Estimate of z,(t)

Estimate of z,(t)

Total piezo displacement (X axis)

Total piezo displacement (Y axis)

Estimate of z(¢)

Estimate of yp(t)

Total piezo displacement (Z axis)

Surface variations

Proper (non-compensating) part of control input u,(t)
Compensating part of control input u,(t)
Compensating control for cross-coupling (from X to Z axis)
Compensating control for cross-coupling (from Y to Z axis)
Estimate of piezo transfer function

Initial tunneling gap between the tip and the surface
Tunneling gap between the tip and the surface
Estimate of d(t)

Equilibrium gap between the tip and the surface
Gap deviation from its equilibrium d,

Tunneling current

Equilibrium tunneling current

Tunneling current deviation from its equilibrium 4.4
Bias Voltage

Proportionality constant of tunneling current
Constant of tunneling current

Exponential nonlinearity of the tunneling current
Model of the capacitive sensor (X axis)

Model of the capacitive sensor (Y axis)

Model of the current sensor (7 axis)

Gain of the capacitive sensor (X axis)

Gain of the capacitive sensor (Y axis)

Gain of the current sensor (Z axis)

Bandwidth of the capacitive sensor (X axis)
Bandwidth of the capacitive sensor (Y axis)
Bandwidth of the current sensor (Z axis)

Output of the capacitive sensor (X axis)

Output of the capacitive sensor (Y axis)

Output of the current sensor (Z axis)

Measurement noise of the capacitive sensor (X axis)
Measurement noise of the capacitive sensor (Y axis)
Measurement noise of the current sensor (Z axis)
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y1(t) Final output of the capacitive sensor (X axis)

ya(t) Final output of the capacitive sensor (Y axis)

y3(t) Final output of the current sensor (Z axis)

x(t) State vector of the 3D model for surface reconstruction
u(t) Input vector of the 3D model for surface reconstruction
y(t) Output vector of the 3D model for surface reconstruction
Tegq Equilibrium state vector

Ueq Equilibrium input vector

Yeq Equilibrium output vector

Ax(t) Deviation of the state vector from its equilibrium

Au(t) Deviation of the input vector from its equilibrium

Ay(t) Deviation of the output vector from its equilibrium
Az(t) Estimate of Az(t)

e(t) Tracking error vector

r(t) Reference vector

Az, (t) Extended state vector deviations (with surface variations)
AZ(t) Estimate of Az, (t)

A B,C System matrices

Ae, B, C, Matrices of the extended system (for estimation)

By Disturbance matrix

n(t) Measurement noise vector

w(t) Process noise vector

N Measurement noise covariance matrix

w Process noise covariance matrix

L Kalman gain matrix

P Solution of the Kalman Filter ARE
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Ac, B Matrices of the extended system (for control)

Q LQR weighting matrix for the state
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Introduction

General context

The recent years show rapidly growing popularity of nanotechnology and related sciences which
can be explained by the continuous need for object miniaturization. One of the most exten-
sively studied branch by the researchers is the Scanning Probe Microscopy (SPM), which was
originated in the early 80s by the invention of the Scanning Tunneling Microscope (STM), for
which its creators Gerd Binnig and Heinrich Rohrer from IBM laboratory, received the Nobel
Prize. This device has the capability of scanning the surface (conductive or semi-conductive)
with the aim of obtaining its morphological (or electrical) properties with an atomic reso-
lution. Together with its successor - Atomic Force Microscope (AFM) (which can be used
with non-conductive materials as well), it has changed many areas like physics, biology and
material sciences, where not only the atomic-resolution measurement but also manipulation
at such small scale is possible. One of the key requirements of these devices is nanoposition-
ing, which is the positioning of a small object with high accuracy and over high bandwidth.
These features are the main aspects that have attracted the researchers working around this
area. However, the measurement noise, disturbances and nonlinearities strongly affect the
positioning at such a small scale. Those problems, which are usually treated by physicists or
electronics specialists are solved here using system theory (modeling, identification, observa-
tion and control).

Thesis objectives and contribution

The main objective of this thesis is to elaborate high performance control strategies for
a three-dimensional (X,Y,Z) model of nanopositioning system and their real-time validation
on an experimental tunneling current-based platform, started in GIPSA-lab a few years ago
[Blanvillain, 2010], [Ahmad, 2011]|. The main challenge is to take into account different non-
linear dynamics, disturbances and noises appearing in such 3D system, composed mainly of
a piezoelectrically actuated tunneling tip (like in STM) and a microcantilever (like in AFM)
and to control the whole system with nanoscale accuracy and high bandwidth.

The contribution of this thesis is twofold. First, the development of a new three-dimensional
model of the nanopositioning device is done, based on the tunneling current phenomenon, with
piezoelectrically actuated tunneling tip and electrostatically actuated cantilever, taking into
account the adverse effects of different nature. They are associated mainly with piezoelectric
actuators (like nonlinear hysteresis, creep, structural vibration, or cross-couplings between
the axes) but also with the tunneling current phenomenon (exponential nonlinearity) and
with the electrostatic actuator (quadratic nonlinearity). Such a 3D model, to the authors’
knowledge, does not appear in the literature. The second contribution is the development
of different control approaches for such 3D model. To that end, the horizontal motion in X
and Y directions is first studied. The nonlinear hysteresis and creep exhibited by piezoelectric
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actuators are compensated using different methods (operator-based Prandtl-Ishlinskii model,
its modified version, disturbance observer and combination of the two, as well as an adaptive
approach). The effects of piezo vibration and cross-couplings between X and Y axes are re-
duced using robust control methods (SISO LQG/LTR, SISO Ho, and MIMO Hso). Next, the
horizontal motion is combined with the vertical motion of the Z axis, based on the tunneling
current phenomenon, controlled by the piezoelectrically actuated tip and the electrostatically
actuated cantilever (by means of pole-placement with sensitivity functions shaping and H
design). The results for three applications are presented. First, 3D nanopositioning on the
fixed part of the cantilever is validated experimentally. In the second application, tested in
simulation, the model of STM-like device is used with the aim of surface reconstruction (using
three SISO PID controllers with decoupling method and MIMO LQI control). Finally, the
aim of the last application is the nanopositioning of the multi-mode cantilever model on its
mobile part by means of electrostatic actuation with piezoelectrically actuated tunneling tip
and with proximity force (appearing between the tip and the cantilever) compensation. All
applications are based on the tunneling current phenomenon.

Thesis organization

Chapter 1: In this chapter a state-of-the-art is presented. Among the nanoscale applica-
tions, the focus is mainly on Scanning Tunneling Microscopy. The key components used in
such nanoscale applications, like piezoelectric actuators or tunneling current sensor (in case
of STM) are described in detail, together with the associated challenge of their control, espe-
cially connected with tunneling nonlinearity and with the adverse phenomena of piezoelectric
actuators like hysteresis, creep, vibration and cross-couplings between axes. At the end, an
overview of the nanopositioning control in three dimensions is tackled.

Chapter 2: This chapter is focused on the description of the lab-made experimental nanopo-
sitioning platform based on tunneling current phenomenon, used in this thesis. The full non-
linear system model in three dimensions is developed. It includes the horizontal model (motion
along X and Y axes) with focus on the piezoelectric actuators, driven by voltage amplifiers
and read by capacitive sensors, and the vertical model (motion along the Z axis) of piezoelec-
trically actuated tunneling tip with a high-gain tunneling current sensor and electrostatically
actuated cantilever.

Chapter 3: In this chapter the problem of modeling and compensation of nonlinear hysteresis
and creep present in piezoelectric actuators (in X and Y directions) is considered. Experi-
mental data are used for hysteresis model identification and results for real-time hysteresis
compensation are presented. To that end, several modeling/compensation methods are used,
starting from the classical and modified inverse-based Prandtl-Ishlinskii (PI/MPI) model, dis-
turbance observer (DOB) and the hybrid method, which combines both of them (MPI/DOB).
Finally, a polynomial-based model of hysteresis with adaptively changing coefficients is used
together with Newton-based inversion algorithm. All the results are obtained experimentally
using the nanopositioning platform of GIPSA-lab.
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Chapter 4: Here the 2D horizontal system (X and Y axes) already compensated for hysteresis
is considered, with the purpose of structural vibration and cross-coupling reduction. The two-
input two-output (TITO) high-order linear model is identified and its order is reduced using
balanced truncation method. Such a model together with specified uncertainty, serves as
a nominal model for the controller design. Three kinds of robust controllers are designed
and experimentally tested on the nanopositioning platform: single variable LQG/LTR, single
variable Hs, and multivariable H .

Chapter 5: This chapter is devoted to the vertical system of piezoelectrically actuated metal-
lic tip. The tip is approached to the fixed metallic surface of the cantilever and the tunnel-
ing current phenomenon is observed. Its exponential dependence on the tip/surface gap is
confirmed by fitting the model curve to the experimental data. The model with tunneling
nonlinearity is then linearized around an equilibrium point and a pole placement controller
with sensitivity functions shaping is designed on the basis of this linearized model. Finally,
experimental results for tunneling current stabilization and tracking are shown.

Chapter 6: In this chapter the horizontal motion in X and Y directions is coupled with the
vertical motion in Z direction (not including the cantilever motion). Two kinds of applications
are considered here: the nanopositioning in three dimensions, validated experimentally, and
STM-like application, tested in simulation. In the nanopositioning application the tunneling
tip tracks the reference trajectory along X, Y and Z axes (in the Z axis, the tunneling current
tracks the prespecified reference called "virtual surface"). Here, three kinds of hysteresis
compensation methods (open-loop MPI, closed-loop DOB and a hybrid MPI/DOB) are tested
in horizontal directions in the presence of tunneling current in the vertical direction. In the
STM-like application, the tunneling tip is moved along horizontal X and Y axes, tracking
the prespecified trajectory, while the tunneling current in vertical Z direction is stabilized
at a constant level. To that end, two control approaches are tested with the aim of surface
reconstruction: SISO PID decentralized control with decoupling compensators and MIMO
Linear Quadratic Integral (LQI) centralized control. In the first (more classical) case, the
surface is retrieved from the control signal of the vertical piezo, and in the second one, a
Kalman observer is used for its reconstruction.

Chapter 7: In this chapter, modeling, analysis and simulation of a multi-mode cantilever
model are done. Properties of mode vanishing near the singular points of the associated
modal shape function are used for actuator and sensor location in order to damp the modes.
This allows to reduce the order of the system, as well as to increase its bandwidth. The
application of three-mode cantilever model nanopositioning based on the tunneling current
phenomenon is presented. The control of tunneling gap through electrostatically actuated
cantilever is done using H., design and the cantilever positioning over a distance greater than
1 nm is done through piezoelectrically actuated tunneling tip using PID control. A proximity
force estimator is designed for estimation and subsequent compensation of the interaction
force between the tip and the cantilever.

Chapter 8: This chapter concludes the manuscript and gives some perspectives and possible
extensions.
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1.1 Introduction

In this first chapter, a short state-of-the-art is given as a starting point to the work on nanopo-
sitioning, considered in this thesis. First, some micro-/nanoscale applications are briefly re-
viewed. Then, an overview of main phenomena (such as tunneling current) and tools (such as
piezoelectric actuators), that will be useful for us, as well as related control issues are given.
Finally, 3D operation, which plays a fundamental role in the present work, is discussed.

1.2 Micro-/Nanoscale applications

The Scanning Tunneling Microscope (STM), since its invention in the beginning of the 1980s
by Gerd Binnig and Heinrich Rohrer |Binnig and Rohrer, 1986], has experienced extensive re-
search and gained wide acceptance in nanotechnology, mainly due to its capability of measuring
topographical /electrical properties of the surfaces with an atomic resolution. The scheme of
an STM-like scanning device is shown in Fig. 1.1.  When the conductive tip is approached
to the metallic surface at a distance lower than 1-107° m and if it is electrically biased w.r.t.
the surface (bias voltage applied in-between), electrons can leave one material and pass to
another one. Such flow of electrons is called then tunneling current and its intensity depends
on the tip/surface gap. Now, by keeping the tunneling current (and as a result this gap)
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Figure 1.1: 3D Scanning tunneling control system.

Figure 1.2: STM/AFM applications examples [Abramovitch et al., 2007]: (a) STM image of
a gold surface. (b) 3D AFM image of blood cells.

constant using proper control, and by simultaneously moving the tip along the surface hori-
zontally using piezoelectric actuators, the tip is forced to follow the topographical variations
(or more precisely the contour of constant density of states) of the surface. The amount of this
variations (topographical/electrical) can be retrieved via control signal of the vertical piezo
[Abramovitch et al., 2007].

The Atomic Force Microscope (AFM) [Binnig et al., 1986, which unlike STM uses position
sensor instead of tunneling current sensor, became even more popular, since it applies also
to non-conductive surfaces, thus more focus has been devoted to it in the literature. It has
fundamentally changed research in such areas as biology |Zou et al., 2004], chemistry [Jandt
et al., 2000], physics [Tsukada et al., 2000], materials science [Yamanaka et al., 1999| and
micro-/nanorobotics |Xie et al., 2012].
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Other applications where the nanopositioning plays very important role include Hard Disk
Drives (HDDs) [Hu et al., 1999|, where the read/write head is positioned over data tracks or
nanolithography [Gentili et al., 1993]. Fig. 1.2 provides a couple of STM/AFM illustrative
applications.

1.3 Tools, challenges and associated control issues

1.3.1 Tunneling current phenomenon

In metals the electrons fill the energy levels up the the particular top energy known as the
Fermi level Er as shown in Fig. 1.3a. If two conductive materials (here the tip and the surface)
are brought close enough to each other, there is a small vacuum gap between them which is
a potential barrier. The electrons of one metal can leave it, overcome an energy barrier and
travel to the other metal only if an additional amount of energy, so-called work function ¢, is
delivered to them. Both, the tip and the surface without any external supply have the same
electrical potential and therefore their Fermi levels are aligned. Biasing the surface w.r.t. the
tip with the potential Vj, as shown in Fig. 1.3b, decreases the Fermi level of the latter by
the energy eVj. Such a difference between the Fermi levels of the surface Erp, = Ep and of
the tip Er, = Er — eV}, results in filled energy states in the former and empty energy states
in the latter. The filled/empty states force the electrons to jump from one material to the
other one and such a flow of electrons is called tunneling current. The direction of tunneling
depends on the polarity of the constant bias voltage V; (i.e. if the negative electrode of the
supply is connected to the tip, its Fermi level will increase w.r.t. the one of the surface and
the tunneling direction will be reversed).

In classical mechanics, if a particle of total energy F accounters a potential barrier of energy

V > FE it cannot pass through it and will be reflected. In case of quantum mechanics, the

wave—particle duality concept states that every elementary particle (in this case the electron)

can be treated not only as a particle but also as a wave and even if its total energy is smaller

than the potential energy of the barrier there is still a non-zero probability that it may pass

this forbidden region and reappear on the other side as shown in Fig. 1.4. Mathematically,

the electron state can be described by referring to the following time-independent Schrédinger

equation in one dimension (z in this case), that describes the stationary states (indeed in
atoms the potential on the orbits does not change with time):

hQ d2
— 55 ¥(2) +V(2)Y(2) = EY(2) (1.1)

2m dz?
where 1(z) is the wave function describing the wave-like behavior of the electron, F is its
total energy, which equals to the sum of the potential energy V(z) and the kinetic energy
(described by the first term in equation (1.1)) and A = 1.05- 10734J - s is a reduced Planck
constant. Assuming the square potential barrier of length d, described as follows:

V(z):{ Vo, 0<z<d

1.2
0, otherwise (1.2)



8 Chapter 1. State-of-the-art

energy E
~ Er+ ¢

potential

work .
barrier

function (¢)

surface

(a)

- Er+¢ —eVy —
tunneling
\ B = B barrier electron
(L) O
(! e

4 } empty
states
Q)

v

(b)

Figure 1.3: Tunneling effect: (a) Unbiased tip/surface. (b) Surface biased w.r.t. the tip.

the space z is divided into three regions as shown in Fig. 1.4: region I (z < 0), region III
(z > d), both outside the barrier, with zero potential energy and region II (0 < z < d) inside
the barrier with constant potential energy V. For each region one searches the solution of
(1.1).
Outside the barrier (in regions I and III) £ — V(z) > 0. From (1.2), V(z) = 0 and the total
energy of electron is equal to its kinetic energy. Equation (1.1) takes the following form:
n? d?
SSU(E) + BY(z) =0 (1.3

2me

This linear ordinary differential equation can be expressed using Laplace operator as follows:

( s s +E> Y(s) =0 (1.4)

2me

which has the following solutions:
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Figure 1.4: Electron behaviour in three energy regions during tunneling effect.

Hence, the final solution for the wave function in regions I and III is a linear combination of
solutions (1.5) as follows:

P1(2) = A1e? + Age®? = Apett0* 4 Age~ oz (1.6)
w][[(z) = C1e’% + (e*?* = Cleikoz + Ozefikoz (17)
where ky = Q?EE is a wave number outside the barrier. One can notice that the solutions

(1.6) and (1.7) represent oscillating waves.
Inside the barrier (region II) E — V(z) < 0. From (1.2), V(z) = V{ and equation (1.1) takes
the following form:

h?  d?
() + (B = Vi) u(z) =0 09
or in Laplace domain:
R
E — = 1.
(54 B =T ) wls) =0 (1.9

The following solutions are obtained:

V2 (B Vo) __\/2m, (Vo E) (1.10)

51,2 ? 3 + 3

This gives the following solution for the wave function inside the barrier:

1/)[[(2) = B1e®? + Bye?® = Ble_klz + Bgeklz (1.11)
V2me(Vo—E)
h

(1.11) represents a combination of an exponentially increasing and exponentially decaying

where k1 = is a wave number inside the barrier. One can notice that the solution

terms with decaying rate k1. Only the decaying term is taken into account for further consid-
erations, since it corresponds to the tunneling through the barrier.

Knowing the wave function ¢(z) allows one to calculate the probability density for the
electron to be found at the specific location z. This probability is proportional to the wave
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function squared |¢(2)|?. We are interested in the case when the tunneling occurs, i.e. we
want to assess the probability that the electron at position z = 0 can cross the barrier and be
found at position z = d. Taking only the decaying part of equation (1.11), 177(2) = Bye *1?

(where By = 917(0)), this probability can be expressed as follows:

P o [¢hrr(d)* = |71 (0) P14 (1.12)

In an unbiased case, like in Fig. 1.3a, V) — F = ¢ and in case of tunneling effect when two
metals are biased w.r.t. each other, like in Fig. 1.3b, Vj — E = ¢ — €V}, and when the bias
voltage Vj, is chosen to be small enough (such that eV, << ¢), the wave number ky ~ 2%”5‘1’
(when the materials for the tip and the sample surface differ electrically, the work function is

assumed to be an average of the work functions corresponding to each material).

The tunneling current can be related to the density of empty states of the tip or filled states
of the surface (see Fig. 1.3b). The higher the number of these states, the higher value of the
tunneling current. Assuming that after biasing EFr, = Ep is the Fermi level of the sample
surface, the states filled by electrons in the surface lie on the energy levels between Er — eV}
and Fp, hence the electrons will flow to the empty states of the tip between the same energy
levels Er, = Er — eV}, and Er. The formed tunneling current is proportional to the sum of
the probabilities (1.12) taken over this energy range as follows:

2 ¥Zmes
iy O Z 1r1(0))%e” d (1.13)
EF eVb

Defining the local density of states (LDOS) near some energy region F in an interval e and at
the position z as:

pLs(z, E) Z |(2) (1.14)

and assuming the continuity of the wave function (i.e. (0) = ¥r(0) = ¢;7(0) and (d) =
Yrr(d) = ¢rrr(d)) the tunneling current (1.13) can be rewritten in terms of LDOS (filled) in
an interval € = eV}, near the Fermi level of the sample surface Er at the surface location z = 0

as follows:
1 & VEmed Smed
eV 30 [wn(0)e >R = eViprs(0, Bp)e 2 TE (115)
Ep—eVy

or in terms of LDOS (empty) in the same interval e = eV} and again near the Fermi level of
the sample surface Er but at the tip location z = d:

it x eVpprs(d, Er) (1.16)

Defining a constant ¢ = eprs(0, Er) and k = —2 ﬂgm \/é, which depends on the metal
electrical properties, the tunneling current equation is given by:

it = gVpe M (1.17)

One can see that i; depends not only on the distance d, but also on the bias voltage V} and
the electrical properties of the used surfaces (¢). Since the principle of STM device is based
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on the tunneling current phenomenon, in order to have a reliable images of LDOS (which may
approximate the surface topography) one has to keep the bias voltage V} constant and the
scanned surface must be composed of only one material in order to obtain constant effective
work function ¢.

1.3.2 Piezoelectric actuators - modeling and control

Due to their high resolution, high stiffness and fast response piezoelectric actuators are widely
used in micro-/nanoscale applications such as in STM |Binnig and Rohrer, 1986] or AFM
[Abramovitch et al., 2007] and other nanopositioning applications [Devasia et al., 2007|, [Se-
bastian and Salapaka, 2005]. However, they exhibit some adverse phenomena of nonlinear
hysteresis, creep, structural vibration and cross-couplings between the axes shown in Fig. 1.5.
Overcoming these difficulties can substantially improve positioning precision, range of opera-
tion and increase the bandwidth.

output
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Figure 1.5: Adverse phenomena of piezoelectric actuators: (a) Hysteresis. (b) Creep. (b)
Structural vibration. (d) Cross-coupling (from X to Y axis).



12 Chapter 1. State-of-the-art

Hysteresis.

Hysteresis is a nonlinear phenomenon between the applied input voltage and the output dis-
placement of piezoelectric actuator as shown in Fig. 1.5a [Bertotti and Mayergoyz, 2006]. The
displacement depends not only on the current input voltage but also on its past history (mem-
ory effect). Hysteresis is amplitude-dependent and is more visible in response to high input
voltages (in long-range positioning like during imaging large samples over large displacements).
Moreover, recent studies have shown that this effect is frequency-dependent, as well [Janaideh
et al., 2009b]. Uncompensated, it can significantly limit the accuracy (in case of positioning
the error can reach 15% of the piezo travel range or even go beyond 35% for high frequencies
|Gu et al., 2014b]), lead to high image distortions (in case of scanning applications) or even
be the reason of instability in a controlled system [Shan and Leang, 2012].

Many hysteresis models have been studied in the literature and generally they can be
divided into two categories: physics-based models and phenomenological models. As the
name suggests, the models from the first category are developed based on the physical rules.
The most common models in this group are the Jiles-Atherton model [Jiles and Atherton,
1986 (applied to the ferromagnetic hysteresis) and domain wall model [Smith and Ounaie,
2000| derived from the first one. The main drawback of these models is their complexity and
often limited applicability, since the model derived from the physical rules for one kind of
materials may not be valid for the other kind of materials governed by other physical rules.
Therefore, they are mostly replaced by the phenomenological models, which do not require
the physical insight into the modeling but use mathematical equations to describe hysteresis.
Phenomenological models based on differential equations such as Duhem model |Lin and Lin,
2012] Bouc-Wen model [Rakotondrabe, 2011] or Dahl model [Xu and Li, 2010| can be very
easily added to the dynamical state-space models describing the whole piezoactuated system,
though the general solution is quite difficult to obtain. The most popular phenomenological
models for hysteresis based on integral equations are so-called operator-based models, where
the hysteresis output is obtained as an integral of weighted elementary operators. The models
in this group include Preisach model, Krasnosel’skii-Pokrovskii (KP) model and Prandtl-
Ishlinskii (PI) model and the difference between them lies in the elementary operators they
use. The Preisach model uses a relay operator 4, g[u(t)] and its output is a weighted integral
of many of these operators expressed as:

y(t) = Plul(t) = / / o B3 (1o (1.18)

with

T € [to, t],u(r) € (B, @)
€ ( ya), dty € [to,t),s.t. (1.19)
a and V7 € (t1,t] u(r) € (B, @)
u(r) € (B,), 3t1 € [to,t),s.t.
B and V7 € (t1,t] u(r) € (B, @)

Yo plut)] =
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where « and [ are the thresholds such that a > 8 and p(a, 8) is called the density func-
tion. The Preisach model is the oldest one among the operator-based models and is widely
recognized owing to its general structure, but due to double integrals appearing in (1.18)
the identification procedure becomes quite complicated. Moreover, this model due to dis-
continuous nature of the relay operator is not analytically invertible and thus the numerical
approximations are usually used for implementation of the inverse compensators. On the other
hand, Prandtl-Ishlinskii model uses so-called play operator F,.[u](t) and its output is again a
weighted integral of these operators expressed as:

R
y(t) = ul(t) = pou(t) +/0 p(r)Frlu)(t)dr (1.20)
with

y(0) = Fr[u](0) = £(u(0),0)
y(t) = Frlul(t) = fr(u(t), y(t:))

(1.21)
fort; <t <tjp1, 0<i<N-1

fr(u,y) = max(u — r,min(u + r,y))

where r is the model threshold, p(r) is a density function and py > 0 and R is the up-
per integration limit. The Prandtl-Ishlinskii model can be considered as a subclass of the
Preisach model, since it was derived from the latter. The advantage of the PI model w.r.t.
the Preisach model is that it is simpler and it is analytically invertible, hence it can be used
in real-time applications without any numerical approximations. The drawback of this model
is that due to its symmetry, it cannot describe the asymmetric hysteresis loops. Therefore,
several Modified/Generalized Prandtl-Ishlinskii (MPI/GPI) models for asymmetric and sat-
urated behavior have been reported in literature like dead-zone operators cascaded with the
play operators [Kuhnen, 2003], the model with asymmetric backlash as an elementary operator
[Dong and Tan, 2009] or the play operators based upon hyperbolic-tangent envelope functions
[Janaideh et al., 2009a]. All of these models assume that the hysteresis effect does not depend
on the rate of input signals, though as it was mentioned before, in reality it is rate-dependent.
Therefore, several works have emerged which include the Preisach model with rate-dependent
density function [Mayergoyz, 1988] and Prandtl-Ishlinskii model where the rate-dependence
is included in both the threshold and the density function [Janaideh et al., 2008]. In [Ang
et al., 2007|, the model used in [Kuhnen, 2003| has been extended to the rate-dependent
Modified Prandtl-Ishlinskii model, where the slope of the hysteresis was modeled (based only
on the experimental data) as a linear function of the rate of the control input. Other hys-
teresis models include polynomial-based models [Sun et al., 2004], [Bashash and Jalili, 2008],
ellipse-based models [Gu and Zhu, 2010, [Gu and Zhu, 2011] and intelligent modeling such as
using neural networks [Chuntao and Yonghong, 2004], [Dong et al., 2008] or fuzzy systems |Li
et al., 2013b|. In [Cruz-Hernandez and Hayward, 2001]| the hysteresis is modeled as a phase
lag between input and output.
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Figure 1.6: Viscoelastic creep model [Croft et al., 2001].

Creep.

Another adverse phenomenon present in piezoelectric actuators, which also leads to the loss
of precision, is a creep phenomenon (i.e. the piezo can drift when positioned over extended
periods of time [Abramovitch et al., 2007] and slow-speed operations) shown in Fig. 1.5b. Two
most popular models reported in the literature are the nonlinear logarithmic model [Jung and
Gweon, 2000| and the linear viscoelastic model [Croft et al., 2001]. The first model assumes
that the creep response has a logarithmic shape over time and can be represented by the
following equation:

y(t) = wo [1 + 7logyo (;ﬂ (1.22)

where y(t) is the response of piezoelectric actuator to a fixed input voltage and the parameters
to, yo and ~y are practically identified from the experimental data, ty refers to the time at which
the creep effect is obvious (after applying the input voltage and after oscillations vanishing
in the output response, from Fig. 1.5b ¢y ~ 0.1 s), yp is the displacement at time to and ~
determines the rate of the logarithmic response. The linear model of creep, as proposed in
[Croft et al., 2001| consists of a series connection of springs and dampers as shown in Fig. 1.6
and can be described in Laplace domain as follows:
y(s) 1 - 1

Geree = —> = — S E—— 1.23
(5) u(s ke, * — ce;5 T+ ke (1.2

where u(s) and y(s) are the measured response and input voltage of piezoelectric actuator in
Laplace domain, respectively, k., models low frequency elastic behavior (but not creep itself)
of the piezo, k., is the spring constant of each spring, c., is the damping constant of each
damper and n is the number of spring-damper elements. The advantage of this model over
its logarithmic counterpart is that, unlike the latter, its output does not become unbounded
for sufficiently small (¢ — 0) or large (¢ — oo) time [Devasia et al., 2007|, [Gu et al., 2014b].
Moreover, both yy and v depend on ¢y and the identification of parameter v of model (1.22)
is difficult to determine (even for a fixed time ¢y). Since the creep occurs at low frequencies,
it is usually not taken into account during fast operations.

Structural vibration.

In STM/AFM applications high resolution of the scanned images is often required, how-
ever, the scanning procedure can take sometimes several minutes or even fractions of an hour
[Abramovitch et al., 2007]. This time can be shortened when the scanning frequency is in-
creased. However, fast scanning input signals with high frequency components (especially
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triangular waveforms, which include odd harmonics) may excite lightly-damped resonance
peaks of the positioning device. This resonant nature of piezoelectric actuators causes an-
other adverse phenomenon called structural vibration (see Fig. 1.5¢ or the inset of Fig. 1.5b),
which leads to high positioning errors or even instability and is the main phenomenon lim-
iting high-speed operation of the nanopositioning devices. Therefore without proper control
the scanning speed is often limited from 1% up to 10% of piezo’s first resonant frequency
[Moheimani, 2008]. The vibration modeling mainly consists of finding a linear model, after
hysteresis phenomenon (or without taking it into account). The structure of the considered
dynamical system is usually quite uncertain or not known a priori, hence only the input
and output data sets are taken into account for the identification procedure, which can use
such techniques/tools as MATLAB System Identification Toolbox [Li et al., 2013a], sub-space
state space technique [Yong et al., 2010b| or using dynamic signal analyzer [Croft and Deva-
sia, 1999]. These methods very often lead to high order models and therefore proper model
reduction is looked either for the obtained model only (before the controller design), for the
controller model only (after controller design), or in both cases.

Cross-couplings.

Another adverse phenomenon exhibited by piezoelectric actuators is the cross-coupling be-
tween different axes, observed as a nonzero displacement in the axis other than the excited
one, as shown in Fig. 1.5d. This effect increases with both the increased frequency and am-
plitude of the input signals. In STM/AFM applications in the case when the raster scan is
used, one horizontal axis serves as the fast one (typically excited with a triangle input) and
the other one as the slow one (excited with a ramp input). In this case the coupling-based
positioning errors from the faster axis to the probing vertical one is more significant than from
the slower one [Tien et al., 2004]. The coupling effect is one of the major limitations for high
speed imaging in STM/AFM devices and can lead not only to large topography distortions
but can even damage the cantilever /tip probe and/or the sample [Shi et al., 2009|. Moreover,
the cross-couplings between the horizontal X and Y axes are present as well [Yong et al., 2010b].

Control of piezoelectric actuators.

A large number of works has been devoted to overcoming the above-mentioned phenomena in
order to improve positioning accuracy, increase range of operation and bandwidth. Generally
they can be classified into open-loop feedforward and closed-loop feedback methods, or com-
bination of the two as shown in Fig. 1.7. In the feedforward control, models of the addressed
phenomena (such as hysteresis, creep or vibration) are used in order to compensate for them,
by cascading their corresponding inverses one after another in the feedforward path of the
system [Croft et al., 2001] while in the feedback control the nonlinear hysteresis or creep are
assumed as disturbances over a linear system. Inverse-based methods, though computationally
intensive, are common solutions in cases where sensors are not available. On the other hand,
closed-loop techniques are accurate and need not model inversion, but the drawback is that
they require (sometimes expensive) sensors for feedback control. The combination of both,
feedforward and feedback control, usually gives better results than feedforward or feedback
alone, since it allows to take advantage of both approaches - the feedforward control ensures
good tracking, while the feedback control robustness w.r.t. modeling errors of the inverse
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models, parameter variations as well as disturbances of different nature |[Butterworth et al.,
2008].

Piezoelectric actuator

1
1
r | Feedforward | % ! i Linear y
s1 | Nonlinear . !
controller 1 Hvsteresis Dynamics |1
1 1
(a)
r-r—r—"T=—"="="=""=""=""=""="="="=== 1
: Piezoelectric actuator 1
1
r Feedback | %! i Linear Iy
1 | Nonlinear L . s
controller I | Hysteresis Dynamics | 1
1 1

Piezoelectric actuator

1
1

r : Feedback Feedforwad
1
1

1
1
1 . .
1 | Nonlinear N Linear
controller controller 1
1

Hvsteresis Dynamics

Figure 1.7: Control architectures used to control piezoelectric actuator: (a) Feedforward con-
trol. (b) Feedback control. (d) Feedforward with feedback control.

There exists a vast amount of works on feedforward compensation of hysteresis phe-
nomenon and they are mainly based on the inverse model such as the operator-based Preisach
model [Hughes and Wen, 1997|, [Tan and Bennani, 2008| the Prandtl-Ishlinskii (PI) model
|[Kuhnen and Janocha, 2001], [Rakotondrabe et al., 2010] or its modifications/generalizations
for asymmetric hysteresis loops [Ang et al., 2007|, [Janaideh et al., 2009a], |[Gu et al., 2014a).
Adaptive inverses of Preisach and PI models can be found in [Tan and Baras, 2005] and
[Kuhnen and Janocha, 1999], respectively. For the differential-based models like Duhem or
Bouc-Wen model the inversion is either impossible or extremely difficult to obtain [Gu et al.,
2014b| and to overcome this problem, the feedforward compensator can be obtained like in
[Rakotondrabe, 2011], where so-called multiplicative-inverse structure is used, which does not
require constructing the model inverse explicitly. Moreover, since inverse PI model is also
PI-type, one can model the hysteresis inverse directly, from the experimental input/output
data, by inverting the input/output axes (i.e. by taking the input data as the output and
vice-versa) and fitting the PI model to such data. The hysteresis can be considered as a
nonlinear bounded disturbance and eliminated in the feedback loop as well using PID con-
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trol |Leang and Devasia, 2007|, robust Hoo [Chuang et al., 2011| approach or disturbance
observer (DOB) [Yi et al., 2009], [Ryba et al., 2014b]. In [El-Shaer et al., 2013] a Generalized
Prandtl-Ishlinskii (GPI)-based robust performance enhancement using DOB was studied and
illustrated in simulation. As reported in [Amin-Shahidi and Trumper, 2013| the hysteresis can
be almost completely avoided using charge amplifiers, which are an interesting alternative for
a voltage-based control. However, due to high complexity and cost of the circuit designs of
charge amplifiers, voltage-based control is mainly used.

The creep phenomenon can be compensated by the feedforward control using either inverse
model of (1.22) [Jung et al., 2001] or (1.23) [Croft et al., 2001] or it can be integrated with PI
model and canceled together with hysteresis by its inverse model [Krejci and Kuhnen, 2001].
It can be also assumed as a disturbance and eliminated by the feedback control, mainly PID
control [Leang and Devasia, 2007], or via disturbance observer together with hysteresis [Ryba
et al., 2014b]. In [Sun and Pang, 2006] post-correction of the AFM image has been done to
compensate for the effect of creep and hysteresis.

The open-loop feedforward control using the inverse model of vibration can be found for
example in |Croft et al., 2001]. As pointed in [Clayton et al., 2009|, the exact vibration inverse
[Silverman, 1969] is possible when the dynamical model is minimum-phase (i.e. no zeros on
the open right half of the complex plane). In case of non-minimum systems a the standard
inverse would result in an unbounded feedforward input causing an internal instability in the
controlled system. One can inverse only the minimum-phase part and adjust for the overall
system gain or use for example more accurate Fourier-transform approach [Leang and Devasia,
2007] which leads to the optimal inversion w.r.t. cost function based on the trade-off between
the tracking accuracy and the control effort, similar to LQR designs. When the desired ref-
erence trajectory is known a priori Repetitive Control (RC) [Necipoglu et al., 2011]| can be
used. In [Wu and Zou, 2007] an iterative control approach (IIC) was used for compensating
both, hysteresis and vibration of the piezo scanner during high-speed, large-range positioning.
The feedforwad approaches for vibration compensation which do not require model inversion,
include input-shaping methods as in [Schitter et al., 2008a] (where the scanning speed has
been increased by three orders of magnitude compared to conventional AFM) or notch filters
as reported in [Leang and Devasia, 2007], where both hysteresis and creep were eliminated
via high-gain feedback and the resonant peak of dynamic response was modified by the notch
filter, improving the stability margin of the system. The advantage of these methods is that
they do not require to model full system dynamics, but only need the values of the resonant
frequencies and their corresponding damping ratios. A simple proportional-integral-derivative
(PID) controller often fails in dealing with highly resonant positioners especially at high fre-
quencies. When charge control is used to reduce hysteresis phenomenon, an active damping
proved to be an effective way to cope with vibration effects such as Integral Resonant Con-
troller (IRC) [Bhikkaji and Moheimani, 2008] or Positive Position Feedback controller (PPF)
[Mahmood and Moheimani, 2009b]. The combination of inversion-based feedforward control
with active damping feedback control and charge actuation as in [Aphale et al., 2008| proved
to increase the tracking bandwidth in the presence of parameter variations such as resonance
frequencies. In [Habib et al., 2012|, an LQG control is used as another damping technique
for lateral positioning of the AFM. However, pure LQG controller is not guaranteed to be
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robust, unlike LQR [Safonov and Athans, 1977]. Unfortunately, not all the states can be
available and the LQR controller has to work with a state observer. To recover nice proper-
ties of LQR design (at least 60° phase margin and 6dB gain margin), an LQG/LTR (Loop
Transfer Recovery) procedure was proposed by [Kwakernaak, 1972] and furtherly developed
by [Doyle and Stein, 1979|, [Doyle and Stein, 1981]. This technique has been successfully
applied to suppress the vibration in piezo smart composite wing [Munteanu and Ursu, 2008,
at micro-/nanoscale for dual-stage actuators in HDDs [Hu et al., 1999], in vertical direction in
AFM [Yeh et al., 2008] as well as to reduce the vibration of lightly-damped resonant system
equipped with piezoelectric actuator [Ryba et al., 2014b]. In the recent years, a rapid growth
of modern robust control designs has been recorded in nanopositioning due to uncertainties
of different nature (different operating conditions, hysteresis, unmodeled dynamics etc.). In
[Sebastian and Salapaka, 2005] two kinds of robust controllers were tested experimentally: the
Glover—McFarlane loop-shaping and mixed-sensitivity Hs controllers. In the first one, the
design task of meeting the performance specifications and robustness are separated into two
steps, which appears to be particularly attractive when the controller already exists and one
wants to robustify it. Moreover, the uncertainty does not need to be explicitly characterized
in this design. The second approach offers more degrees of freedom and achieves simultane-
ously performance and robustness and is used when the uncertainty model is available. In
[Halim and Moheimani, 2001] spatial resonant Ho controller applied to piezoelectric laminate
beam has been designed. Both bandwidth and scanning range can be increased significantly
by using a dual actuated system as reported in [Schitter et al., 2008b] or [Kuiper et al., 2010]
for AFM. The idea is to combine a long-range, low-bandwidth actuator with a short-range,
high-bandwidth actuator. The bandwidth can be also increased by using proper reference
scanning inputs like triangular waveform with cutted sharp top [Schitter et al., 2008a] or
other scanning trajectories including archimedean spiral [Mahmood and Moheimani, 2009al,
cycloid [Yong et al., 2010a| or Lissajous [Tuma et al., 2012] curves.

Finally, to deal with cross-coupling phenomena several works have been reported in the lit-
erature. In [Tien et al., 2004| and [Shi et al., 2009], the Inversion-based Iterative Control (IIC)
method is proposed to cancel the cross-coupling phenomena from the horizontal X and Y axes
to the vertical Z axis in AFM application. The control of cross-couplings between horizontal X
and Y axes of nanopositioning stages have been studied in [Mahmood and Moheimani, 2009c¢],
where both vibration and cross-couplings have been tackled via Positive Position Feedback
(PPF) control. In [Das et al., 2012, the experimental implementation of the multi-variable
resonant controller is used to reduce both vibration and cross-couplings between the axes of
the piezoelectric tube scanner of AFM. In [Yong et al., 2010b] a parallel flexure-based nanopo-
sitioner based on the compliant mechanism is developed to minimize the cross-coupling effects
with Hso control to furtherly eliminate these adverse phenomena for fast raster scanning.

1.3.3 Sensors and measurement noises

As mentioned previously, the closed-loop techniques provide an accurate performance, since
they assure robustness w.r.t. model uncertainties, disturbances of different nature and system
parameter variations. This would not be possible without a feedback from the measured system
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outputs. Both, the speed and positioning accuracy crucially depend on the sensing mechanism
used in the system [Devasia et al., 2007]. A variety of sensors are used in nanopositioning
and differ from their sensing techniques, including inductive [Brinkerhoff and Devasia, 2000,
capacitive [Horowitz et al., 2004|, piezoresistive [Pedrak et al., 2003] and optical [Schneir et al.,
1994] ones. The optical sensors such as laser interferometer [Alexander et al., 1989] are often
quite expensive, but they provide high accuracy. On the other hand, cheaper alternatives,
such as strain gauge sensor (which measures the strain of the object, based on change of its
resistance), do exist. Their resolution is much lower than the one of the optical sensor and
they can even bring non-minimum phase behavior into the controlled system, resulting in a
serious bandwidth limitation [Schitter et al., 2002].

The most popular sensor used to measure displacements in the horizontal scanning axes
of STM/AFM is the capacitive sensor. It is based on a simple technique of non-contact
measurement, based on the change in capacitance between the fixed and movable electrode
(which depends on the distance between the two of them) converted by an electronic circuitry
to voltage units [Devasia et al., 2007]. In the vertical direction of STM, the quantum effect
of tunneling current described in section 1.3.1 appears when the distance between the two
conductive materials is less than 1 nm, which is very difficult to maintain. Due to very
small value of tunnel current (order of nano-amperes), a high-gain sensor is required (10°
[V/A]) to capture and amplify it in order to be properly controlled. Among the noises of
different nature [Blanvillain, 2010|, the measurement noise introduced by this lab-made high-
gain sensor is the main reason of low signal-to noise ratio at such sub-angstrom scale. The
tunneling phenomenon allows to measure the displacements of electrodes with a very high
precision (several angstroms), but limits the measurement range to Inm, and [Blanvillain,
2010, [Blanvillain et al., 2009| [Blanvillain et al., 2014] proposed a new approach of using the
tunnel current to precisely control the motion of a cantilever beyond the range of 1 nm by
means of electrostatic actuation of the latter. So called pull-in effect has been observed i.e.
when the tunneling tip is approached to the freely vibrating part of the cantilever sufficiently
close, the proximity Casimir and van der Waals forces attract the latter towards the tip. An
electrostatic actuation with proper control was used to generate the electrostatic effect which
counteract these forces [Blanvillain, 2010], [Blanvillain et al., 2008].

1.4 3D operation

The aim of this work is to control the experimental tunneling current-based nanopositioning
platform in three dimensions. In [Merry et al., 2008|, [Habib et al., 2012| or [Das et al., 2012]
3D approaches for AFMs are described, but to the author’s knowledge, there is a lack of
publications devoted to 3D control of STMs. While the horizontal control of STM and AFM
is similar, the principle of work in vertical axis is completely different. The most considered
cases are 1D or 2D control. In previous works it was in particular considered the problem of 1D
robust digital control in vertical Z direction in experiments by pole placement with sensitivity
functions shaping [Ahmad et al., 2012b], and Hoo design (see [Ahmad et al., 2010], [Ahmad
et al., 2012a|), as well as in horizontal X direction [Ryba et al., 2014b| using observer-based
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hysteresis compensation with vibration reduction by LQG/LTR technique. In [Ahmad et al.,
2012a] also 2D extension is proposed taking into account cross-coupling phenomenon but only
in simulation. Most popular approaches use a SISO strategy (three controllers, one for each
axis). Its performance can yet be deteriorated in case of large model uncertainties, sensor noises
and other external disturbances. In this manuscript a comparison of 3D SISO PID and MIMO
LQI control of STM in simulation is presented with the purpose of surface reconstruction
[Ryba et al., 2013]. The nanopositioning in three dimensions is tested in experiments, with
this difference that tunneling current is not kept on a constant level but tracks a prespecified
reference signal, playing the role of "virtual surface". The above mentioned phenomena of
hysteresis, creep, vibration, cross-coupling between the axes and tunneling nonlinearity are
tackled.

1.5 Conclusions

In this chapter the Scanning Probe Microscopy such as STM and AFM has been briefly
presented together with other nanopositioning applications. The importance, challenges and
difficulties arising from the control of such devices at such small scale have been discussed. The
tools (such as piezoelectric or electrostatic actuators and capacitive or current sensors) that
are used to control the physical laws considered in this manuscript have been presented with
the associated modeling and existing control approaches to account for the adverse phenom-
ena of piezoelectric actuators (such as nonlinear hysteresis, creep, vibration and cross-coupling
between the axes) in both horizontal and vertical directions, the exponential tunneling non-
linearity, as well as the measurement noise of the high-gain current sensor. Finally, a brief
look at the control of nanopositioning devices in 3 dimensions has been given. The considered
experimental setup, which is presented in the next chapter, is a micro-/nanopositioning device,
which shares some components with both STM (tunneling current phenomenon) and AFM
(cantilever). However, its principle of work is much more similar to the STM, and therefore
it will be sometimes called as STM-like device.



CHAPTER 2

System description and modeling
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2.1 Introduction

In this chapter, the experimental setup used throughout the work is briefly described and
novel 3D nonlinear model is introduced including horizontal X and Y axes, followed by vertical
7 axis. The source of its nonlinear behavior is due to: nonlinear hysteresis of piezoelectric
actuators, exponential dependence of tunneling current on the distance between two electrodes,
quadratic nonlinearity of the electrostatic actuator and nonlinear interaction force between the
tip and the surface.

2.2 Experimental setup

The researches in this thesis are carried out on tunneling current-based platform of GIPSA-
lab shown in Fig. 2.1. Three piezoelectric actuators are driven by control signals from 16-bit
D/A converter of the control card, amplified by a high voltage amplifier E-240-100 of gain
15 |V/V] and bandwidth 4 kHz. A platinum/iridium (Pt-Ir) tunneling tip is moved along
metallic surface in X and Y directions by piezoelectric actuator Tritor T-402-00 of gain 235
[nm/V] and bandwidth 630 Hz while much smaller and stiffer piezoelectric actuator of gain
1.2 [nm/V]| and bandwidth 120 kHz moves the tip in Z direction as shown in Fig. 2.2. Two
capacitive sensors CS005 with capaNCDT 6500C device (gain 200 |[V/mm]| and bandwidth
8.5 kHz) are used to measure the displacements along X and Y axes. In the Z direction, the
distance between tip and surface (< 1 nm) is determined by the value of tunneling current
(nA), measured via high gain (10° [V/nA]) sensor. These three analog outputs are converted

21
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Figure 2.1: Schema of the experimental setup.

into digital values by 16-bit A/D converter of the measurement card and used subsequently
by the real-time application working in Target PC with the sampling rate fs of 20 kHz. The
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Figure 2.2: Experimental setup of 3D nanopositioning platform: (a) General view. (b) The
heart of the platform.
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2.3 3D System modeling

In this subsection a full 3D nonlinear model of the considered system, shown in Fig. 2.3 as
Plantg,., is developed. In this scheme, the nonlinear parts are distinguished as dashed orange
blocks. More details about modeling, control or compensation of each specific subsystem are
given in the subsequent chapters.
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Figure 2.3: Schema of the full 3D nonlinar model.

2.3.1 Horizontal X and Y axes

A 2D scanning system of X and Y horizontal axes is shown in Fig. 2.3 as subsystem Plant,,.
The horizontal piezoelectric actuators in X and Y axes are used to move the tunneling tip
along the surface. As pointed in the previous chapter they are widely used in nanopositioning
applications due to their high resolution, high stiffness and fast response. However, they
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exhibit nonlinear hysteresis, creep, vibration and cross-coupling between the axes. Now, taking
into account all the above-mentioned adverse phenomena, the piezoelectric actuator for the X
(resp. Y axis) can be modeled as follows (see also Fig. 2.3):

Qpx: (t) = NL, [U(WS] (t)A: Iy [sz;; ()] + dz (t())
 Tpa(t) = Apapa(t) + Bpagpe(t
Piezo, : Drel?) { T4 (t) = CpaTpe(t) + Dpaqpa(t) (2.1)
’ Xy(s) : { Tay(t) = AzyZay(t) + Bayyy(t)
! 2y (t) = Cayay(t) + Dayyy (1)
Tp(t) = o (t) + ay(t)
py(t) = N Ly[vpy](t) = Ty [vpy (t)] + dy(?)
Dyy(s) : { Epy(t) = ApyTpy(t) + Bpygpy(t)
Piezo. - " Tz (t) = CpyTpy(t) + Dypypy () (2.2)
Y Y. (8) . { i'yﬁ(t) = Ayxxym(t) + Byxl‘x(t)
S wa(t) = Cpawya(t) + Dyoa(t)
Yp(t) = y(t) + 4 (t)

or in Laplace domain:

qm((i) = NL(x [;)pw]gsi = I'y[vpa](s) + du(s)
) ) w2(8) = Dpa(s)Gpa(s
Piezo, : J:y(s) _ Xy(s)yy(s) (2.3)
( 2p(s) = @2(s) + ay(s)
Gpy(s) = N Ly[vpy](s) = Lylopyl(s) + dy(s)
; ) Yy(s) = Dpy(s)apy(s)
Piezoy Y yu(s) = Ya(s)za(s) (24)
(s) = yy(s) + ya(s)

where N L [vpe](t) (resp. N Ly[vpy|(t)) is a nonlinear part which consists of the model of static
nonlinear hysteresis I'y [vp,](t) (resp. I'y[vpy](t)) (more details on how to modelize hysteresis
are given in chapter 3) and a slowly varying disturbance d(t) (resp. dy(t)), which gathers the
effect of creep, unmodeled hysteresis and other low-frequency disturbances. This static (or low
frequency) part of piezo is followed by the direct dynamics Dy, (s) (resp. Dpy(s)) and cross-
coupling X, (s) (resp. Yz(s)), where x,(t) (resp. y,(t)) is a direct contribution to the piezo
displacement x,(t) (resp. yp(t)) and x,(t) (resp. y»(t)) is a contribution due to cross-coupling
phenomenon. The intermediate variables gp,(t) (resp. gpy(t)) link the nonlinear and linear
parts of piezoelectric actuators. The piezo gain Gy, (resp. Gpy) is hidden in the hysteresis
models I';[vpz|(t) (resp. I'yvpyl(t)), thus the direct dynamical parts have unit static gain
(i.e. Dpg(0) = 1 and Dy, (0) ~ 1). For the quasi-static behavior (e.g. for the design of the
disturbance observer for hysteresis and creep compensation, described in chapter 3), a simple
second order model Dpy(s) = w2, /(s? + 2&pewpes + w?,) is used (where &y, is the damping
ratio and wy, the undamped natural frequency of piezo). However, for the operation at high
frequencies a full high-order black box dynamical model is needed and identified as shown in
chapter 4.
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The voltage amplifier which feeds piezoelectric actuator in X (resp. Y) axis can be de-
scribed by a first order system as follows:

jf’l,vx(t) = _wvxxl,vx(t) + Ux(t)

(2.5)

Upa:(t) = szwva:xl,va: (t>
T,y (t) = —woy@1,y(t) + uy(t) (2.6)

Upy(t) = Goywoy1,0y(t)

or in Laplace domain:
o pr(s) o Gozwoz

VAJ;(S) = UI(S) = S +wvx (27)
VAy(s) = Uppl) _ Goytny (2.8)

Uy (s) 5 + Wy

where u,(s) (resp. uy(s)) and vp,(s) (resp. vpy(s)) are the Laplace transforms of the amplifier
input and output, and Gz, Wye (resp. Gy, wyy) are its gain and bandwidth, respectively.

Finally, the piezo displacements x,(t), y,(t) are converted into the voltage units by two
capacitive sensors which can be modeled as follows:

E1,caps(t) = —WeapsT1,capz (t) + 2p(t) (2.9)
Um(t) = Gcapchapxxl,capw(t)
E1,capy(t) = —Weapy®1,capy(t) + Yp(t) (2.10)
Uy(t) = GeapyWeapy®1,capy(t)
or in Laplace domain:
CSm(S> _ Uac(s) _ Gcapmwcapm (211>
zp(s) S + Weapa
CSy(s) = 0yls) _ Ceapyeapy (2.12)
Yp(s) 5 + Weapy

where v, (s) (resp. vy(s)) is the Laplace transform of the capacitive sensor output v, (t) (resp.
vy(t)), and Geape, Weapr (1€SP. Geapy, Weapy) are its gain and bandwidth, respectively. The
final readout from the sensors is noised in practice as follows:

y1(t) = v (t) +na(t) (2.13)

y2(t) = vy(t) +na(?) (2.14)

where nj(t) and na(t) are the noises of the measured outputs y;(¢) and ya(t), respectively.



26 Chapter 2. System description and modeling

voltage

current - amplifier
sensor
—o e " tunneling
V3 T | ti
Vi E— P
[T, I surface
7 —=-c=l% B d (cantilever)
dy " I

i 4 | z.(L)

/.Jlﬂ electrostatic actuator

Figure 2.4: Schema of the experimental setup in vertical (Z) direction.

2.3.2 Vertical Z axis

The scheme of the vertical system, referred in Fig. 2.3 as Plant,, is shown in Fig. 2.4. The
heart of the vertical system model is the tunneling phenomenon between the metallic tip and
the metallic surface. As mentioned in the previous chapter, practically, this phenomenon is
possible if the distance d(t) between the sharp tip and the clean surface is smaller than 1 nm,
therefore the aim is to maintain the tunneling gap d(¢) within this distance. The model of
the tunneling current used in this manuscript (shown in Fig. 2.3 as a nonlinear block PLj}) is
expressed as follows:

;o gVee D 0 < d(t) < 1nm
PLL: i) _{ ; 0> Lo (2.15)
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This distance can be expressed as (see also Fig. 2.3 and Fig. 2.4):

d(t) = do + zp(t) — zc(wy, 1)) (2.16)

where dy is a tip/surface initial distance, z,(t) is the actual tip position, z.(xf,t) represents
the cantilever displacement (see Fig. 2.3) at position x; (in chapter 6 in STM-like application,
surface variations zs(t) are used instead of cantilever displacement). Due to the exponential
term in (2.15), even small variations of the tip/surface distance d(t) greatly influence the
tunneling current (decreasing the gap by 1A (0.1 nm) causes an increase of this current by an
order of magnitude and vice versa), which makes the control quite difficult and challenging
(an open-loop operation is not possible in this case). On the other hand, taking into account
the fact that a typical atomic diameter is of around 0.3 nm, such strong dependency on the
distance makes the value of the tunneling current dominated by the contribution between the
last atoms of the surface and the tip which in turn results in an atomic resolution of the
obtained images.

The piezoelectric actuator in the Z direction is used to approach/withdraw the tip vertically
to/from the scanned surface. Since the displacements in this direction are very small (order of
nanometers), the hysteresis phenomenon is negligible and the static part of piezo is simply its
gain G,,. However, the creep is still present and it will be considered as a disturbance d.(t).
The model of the piezoactuator can be defined as follows:

Qp(t) = —Gpavp:(t) + d= (1)
ﬂfl,pz(t) T2,z (t)
Dpa(s) 1 ¢ @2p:(t) = szxl,pZ( ) = 26p2wpa2 px (1) + W§quz(t)
z:(t) = Lpz(t) o
Piezo, : o) T (t) = Arg®o0(t) + Bopxa(t) 2.17
Zy(s) : { Zm(?)_ mxm(?)+ szl‘m((t))
| dy(t) = Ayzay(t) + Bayyy(t
OB B iy
( 2p(t) = 2:(1) + 22(8) + 2y(2)

or in Laplace domain:

Ap=(s) = —Gpzvp:(s) + d(s)

£2(5) = 4-(6) Dy 0
Piezo, : Dps(s) = 32+25p25;3+“’pz (2.18)
2e(s) = Zz(s)1(5)
2y(5) = Zy(5)yy(5)
2p(s) = 22(s) + 22(s) + 2y(s)

where z,(s) is a direct contribution to the piezo displacement z,(s) and z,(s), z,(s) are the
contributions due to cross-couplings from X and Y axes, respectively. D, (s) is a vibrational
part of piezo, and ., wp. are piezo damping and bandwidth, respectively. The piezo moves
downwards (in the negative direction), when the input voltage vy, is increased, hence the
minus appears near the piezo gain G), in the first equation of (2.18).
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Similarly to the horizontal axes, the voltage amplifier in the vertical axes, which feeds the
vertical piezo can be modeled as the following first order system:

i'l,vz(t) - _wvle,vz(t) + uz(t)

(2.19)
Upz(t) = szwvle,vz(t)

or in Laplace domain:

(% Z(S) szwvz
A, (s) =2 = 2.2
VA.(s) ux(s) S+ Wy, (2.20)

where u(s) and v (s) are the Laplace transforms of the amplifier input and output, and G,
wy, are its gain and bandwidth, respectively.

Since the value of the tunneling current is very small (order of magnitude of nA), a high-
gain current sensor is used to capture and amplify it. This sensor can be modeled as follows:

= —wg.ﬂi‘l t(t) — 2§twtx2,t (t) + thGt’L.t (t) (221)

or in Laplace domain:
v.(s) Gw?

CS, = =
t(S) it(s) 52 + 28w + w?

(2.22)

where i4(s) and v,(s) are the Laplace transforms of the tunneling current i,(¢) and current
sensor output v,(t), respectively and Gy, &, w; are its gain, damping and bandwidth, respec-
tively. The sub-nanometer scale causes high sensitivity of the tunneling current to the external
disturbances and noises. The signal to noise ratio in this direction is much smaller than in
the horizontal ones. The final measured output is expressed as follows:

y3(t) = v.(t) +ns(t) (2.23)

where n3(t) is the noise of the measured output y3(t).

Proximity and counteracting forces.

Due to small distance between the materials the inter-atomic proximity forces appear and
depending on this distance they can be either attractive or repulsive. This interaction is a
nonlinear function of the distance d between the tip and the surface and is shown in Fig. 2.3
as an internal physical feedback from this distance through the nonlinear function INTj. to
the cantilever input as follows Garcia and San Paulo, 2000, Stark et al., 2004:

—HR/6d(t)? d(t) > a

Fy(t) = INT(d(t)) = ’ -7 2.24
p() = INTecld(1)) { “HR[662 + A Ry — A1), ) <ap 2D
where R is the tip radius, H the Hamaker constant. The value of a, separates the attractive
(d(t) > ap) and repulsive (d(t) < a,) zones. In the attractive zone van der Waals forces
attract the tip versus the surface (it is assumed that the tip apex is spherical and the surface
is plate). When the distance tip/surface is decreased to the interatomic value a,, the adhesion
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force appears in addiction to the pure van der Waals force according to the Dejarguin-Muller-
Toporov (DMT) theory Derjaguin et al., 1975, which models the repulsive zone. This adhesive
force successively decreases the effect of the van der Waals force and when the two forces are
equal, the atoms of the two materials are in mechanical contact and start to repeal each
other. The effective contact stiffness appearing in the adhesive force is given by E;"ff =
[(1—v?)/E; + (1 —v?)/E]™!, where v; and v, are the Poisson ratios and E; and E the elastic
moduli of the tip and the cantilever, respectively. During normal STM operation the tip is not
in contact with the surface, hence the range of tip/surface distances coincides with the range
of attractive force only (d(t) > a,). Due to the attractiveness of the proximity force during
normal STM operation, the minus appears in (2.24). However this force bends the cantilever
upwards (see Fig. 2.4) in the positive direction of the Z axis, hence it is taken with minus sign
in the scheme from Fig. 2.3.

In order to avoid a stuck between the tip and the cantilever, the proximity force should
be counteracted by another external force. To that end, a metalic plate is added and biased
w.r.t the base of the cantilever with the potential V(). This electrostatic actuator EA (see
Fig. 2.3 and Fig. 2.4) bends the cantilever in opposite direction to the proximity force direction
(with minus sign) and together with the cantilever creates a capacitor with the capacitance

expressed as follows:
. €0Ae

where A, is the cantilever surface under the electrostatic plate and [(¢) is the distance between
the two. The total energy of this capacitor is equal to the work needed to transport all the
charge from one plate to another and is given by:

(2.25)

1
W= 5c(l(t))ve(t)2 (2.26)
Due to the potential difference between these two conductive materials an electrostatic force
appears which can be expressed as follows:
dwW 1d 1 60A
Fo(t) = — = - CU1)Ve(t)? = = = Ve(t)? 2.27
()= TG = 3gCUOV0? = — v (2.27)

where [(t) = lo + zc(xf,t) and [y is the distance between the unbended cantilever (at zero
position) and the electrostatic actuator as shown in Fig. 2.4, z.(xy,t) is the total cantilever
displacement at the tip position z, defined as the superposition of the displacements caused
by the proximity and the counteracted electrostatic forces as follows:

Ze(xp,t) = zep (T, t) + 2e (T4, 1) (2.28)

where z.,(zy,t) > 0, since it has the direction of —F, > 0 and z., (zy,t) < 0, since it has the
direction of F, < 0. The total force that is acting on the cantilever is expressed as follows:

F(t) = —F,(t) + Fu(t) (2.29)
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Cantilever model.

In this thesis a multi-mode cantilever of length L with forced vibration and damping is adopted
like in Salapaka et al., 1997 to model the subsystem C'NT'(s) shown in Fig. 2.3. The cantilever
motion is govern by the following partial differential equation:

0*ze(z,t) 0?z¢(z, 1)
EIW + pa(z,t) + pAT = —Fp(t) (2.30)
The behavior of this model depends on both the position x and time ¢. For convenience of

notation, v’ = g—: will stand for the spatial derivative (here w.r.t. the x variable) and © = %

time derivative of variable v. The interaction force is applied at the position zy from the base
of the cantilever (in this manuscript this force is the proximity force in the positive direction
—F,(t) (2.24)). The value of the damping force pg(x,t) can be expressed as follows:

patet) =200 g 231

and is the sum of the natural structural cantilever damping force and the damping force that is
introduced to the system (here —F¢(t) (2.27)). Using (2.31) in (2.30) one obtains the following

equation:
0zc(x,t) 0?z.(z,t)
PaECIL N 2.32
o P o L) (2.32)
_Fp(t)"!‘Fe(t)

18426(30, t)

E
ozt

+¢

The cantilever displacement can be expressed as a weighed sum of the time-dependent fun-
damental mode deformations ¢;(t) (corresponding to the 4% mode), with spatially-dependent
weighting functions referred as the modal shape functions ¢;(z), as follows:

zel,t) =) ¢(x)q;(t) (2.33)
j=1

where the modal shape function ¢;(z) is given by:

¢j(x) = (sin \jL + sinh A\;L)(cos \jz — cosh \;z)

+(cos A\jL + cosh A;L)(sinh A\jz — sin \;jz) (2:34)
with A\;L being 4t mode wavelength which satisfies the following equation:
cos A\jL cosh \;L+1=0 (2.35)
The modal shape function (2.34) satisfies the following formulas:
L
/ ¢j(x)*dr = L(sin \;L + sinh \;L)? (2.36)
0
L
/ (¢ (x))*dx = X} L(sin AL + sinh \;L)? (2.37)
0

The fundamental deformation ¢;(t) of 4" mode is the solution of the following 2"¢ order
differential equation:
Mjfjj (t) + Cij (t) + ]qu]‘ (t) = ch (t) (238)
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where m;, kj, ¢; and F,(t) are respectively the mass, spring constant, damping coefficient
and force corresponding to j* mode. Using (2.36) and (2.37) they can be expressed as follows:

m; = pA /0 ' ¢j(z)*dr = pAL(sin \;L + sinh \;L)? (2.39)
kj = EI /0 L( Y(x))*dx = EINL(sin A;L + sinh ;L) (2.40)
cj =¢EL /OL ¢j(x)?dr = ¢L(sin A\;L + sinh \;L)? (2.41)
Fo;(t) = ¢j(zyp) Fe(t) (2.42)

In state-space with standard state variables x2;_1.c(t) = ¢;(t), z2;,(t) = ¢;(t) and using (2.42)
in (2.38), the j* mode can be expressed as follows:

[ 2j-1,e(t) ] _| o1 [ 25-1,e(t) ]
. = k; cj +
Eaj,c(1) Tm; T my T2j,c(t)
Taking first n. modes (j = 1..n.), the state space representation for the cantilever takes the

following form:

0
;i (xp) F.(t) (2.43)

mj

ety 1[0 Lo 00 ) [ 0
. k T
T9.0(1) _mill _nCTll 0 0 x2,0(t) lmlf
Eon.—1,c(t) 0 0 - 2 1 Ton.—1,¢(1) 0
L done() 1 | 0 0 e e ] g () || 220
A B.
(2.44)
[ z1e(t) ]
T2,c(t)
ye)=[1 0 -+~ 1 0] : +_0 -F, (2.45)
Ce Ton.—1,c(t) De
m27'Lc,c(t)
with 2n.-dimensional state vector:
[ xet) ] [ @) ]
xQ,C(t) ql(t)
zo(t) = : = : (2.46)
x2nc—1,c(t) qnc(t)
1’2nc,c(t) J L QHc(t) J
or in compact way:
T = Acxe + B.F, (2.47)

Ye = Cexe+ D Fr
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Finally, inserting ¢;(t) = x2;—1.(t) into (2.33), the displacement of the cantilever with n.
modes can be expressed in state coordinates as follows:

ngj )22 -1,¢(t) (2.48)

Especially, when o = z, one considers the cantilever displacement at the tip position (see
Fig. 2.4) and (2.48) takes the following form:

2e(@, ) |o=a; = 2c(Tf,1) Z¢J Tf)w2i-1,c(1) (2.49)

Cantilever displacement can be expressed also in Laplace domain (assuming first n. modes,
zero initial conditions for ¢;(0) = ¢;(0) = 0, taking the Laplace transform of (2.38) and using
it in (2.33)) as follows:

= 3 j ; %—xf)ip 2.50
5) ;;m@g2+gﬁ+kﬁ EZ@ Pr o B W(s) (2.50)

m;
One can say that the modal shape function ¢;(z) allows to distribute in space the modal
contributions. It is a convenient way, since only this shaping function depends on position
and the other part (modal) depends only on time.
Finally, taking into account all the equations from this chapter, one can write the following
full nonlinear 3D state-space model which corresponds to the schema in Fig. 2.3:

[ —Wyzr 1, vz (t) + Ug (t> |
' _ Apxl‘px (t) + Bprpx (t)
f'l,vx (t) Axyxxy(t) + Bwyyy (t)
3.71733( ) _wcapa:xl,capl‘(t) + xét(t) + ny(t)
Ty (1) 20 )
mmﬁg —Wuy 1,0y (1) + 11y (1)
:L;W( 9 Apypy(t) + Bpydpy(t)
‘py( ) Ayml'y:v(t) + Byxxflf(t)
Ty
Y —WeapyT1,capy (t> + Yy (t) + Yz (t)
T1 capy(t) _ )
T 0 (T N vt :
. b (t) —Wyz 1,02 (1) + usz(t) 251
F1pa( ) 9072 (t)
s () Pz
L.EZZ(t) —wgle,pz (t) - 2£pzwpz$2,pz(t) +w pquz( )
4y () AsaTza(f) + Bes(f)
T (t) AsyTay(t) + Bayyy(t)
T14(t) AC:CC(:E) +(£ oFelt)
To(t) 2t
—_— —wiw14(t) — 2w T, (t) + wiGy gVpe M)
3p(t) it (t)

f(x3p(t),usp(t),d3p(t))
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|: Y1 (t) ] Gcap:vwcap:vxl,capz(t) +nq (t)
Y2(t) | = | GeapyWeapyT1,capy(t) +n2(t)
ys () T1y + n3(t) (2:52)
y3D(t) h(z3p(t),n3p(t))
t
o (1) m()
usp(t) = us(t) | dsp(t) = | dy(t) |, mnap(t)= | na(t) (2.53)
N (1) (1)
where:
dpx (t) =TI [vawvxxl,vz (t)] +dy (t) (254)
'Up;r(t)
py(t) = Ly [Goywoy1,0y(1)] +dy(t) (2.55)
vpy (1)
Qp=(t) = —Gpz Gy x1 02 (t) +d (1) (2.56)
N———
vpz (t)
22(t) = Cpapy(t) + Dprgpz(t) (2.57)
Yy(t) = Cpypy(t) + Dpyqpy(t) (2.58)
:Ey(t) = Ca:y-rmy(t) + D:chyy(t) (2'59)
Yz (t) = Cyayz(t) + Dyaxz(t) (2.60)
22(t) = Copq(t) + Doyxy(t) (2.61)
2y(t) = Caywzy(t) + Dzyyy (1) (2.62)
d(t) = do + 212 (t) +22(£) + 2 (t) = > ¢5(w4) w2 1,(t) (2.63)
~—— =
z2(t)
z;(,t) ze(zf,t)
HR —e0AV2A(1)
F.(t) = e 2.64
U= 5a@2 ¥ 3o + 2eles, )2 (264)
—— 4
—Fp(t) Fe(t)

2.4 Conclusion

In this chapter, the full nonlinear 3D model has been developed for the considered tunneling
current-based platform. First, the horizontal motion in X and Y axes has been considered. The
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model of piezoelectric actuators (driven by voltage amplifier and read by capacitive sensor)
including nonlinear hysteresis, creep, structural vibration and cross-coupling is given. Next,
the model in vertical Z direction includes the exponential behavior of the tunneling nonlin-
earity between the tip (driven by the piezoelectric actuator) and the cantilever (driven by the
electrostatic actuator). The current sensor catches and amplifies the small value of tunneling
current. The next chapters give more insight to the modeling of the single components of the
full nonlinear model as well as to appropriate control and compensation.
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Static hysteresis and creep
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3.1 Introduction

In this section the nonlinear effect of hysteresis is studied. The measured data from the
capacitive sensors of the experimental nanopositioning platform in X and Y directions are
used together with the corresponding control signals in these directions to identify the model
of static nonlinearity. To that end, the Prandtl-Ishlinskii model in its classical (referred
simply as PI) and modified (referred as MPI) version is first fitted to the measured data,
inverted and cascaded with the corresponding axis of the real plant in the feedforward path.
The presentation of this open-loop technique is followed by that of observer-based hysteresis
compensation as proposed in [Yi et al., 2009]. In this method the hysteresis modeling is given
up and this nonlinear effect is assumed as an unknown slowly varying disturbance over piezo
displacement and reconstructed via disturbance observer (DOB). This technique is considered
as a closed-loop method, since it uses the feedback from the measured displacement. However,
differently from [Yi et al., 2009], the disturbance is considered as a new entry of a state vector

35
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and reconstructed via state observer together with the system state (see also [Ryba et al.,
2014b| and [Ryba et al., 2014a|), hence the direct inversion of system dynamics is avoided.
Next, the open-loop MPI is combined with closed-loop DOB (i.e. the observed disturbance is
now the mismatch between the real hysteresis response and its MPI model), which is shown
to improve the accuracy of modeling and compensation (see [Ryba et al., 2015b]). Finally,
one parametric polynomial model with adaptively changing coefficients is used to modelize
hysteresis and the proper compensation input is determined in real-time using Newton-based
algorithm, which does not require model inversion (see [Ryba et al., 2015a]).

3.2 Prandtl-Ishlinskii approach

In this section the PI approach is used to model and compensate hysteresis effect. In static
case, for identification purpose of a static hysteresis, the piezo dynamics D,.(s) can be ne-
glected (i.e. qpx(t) = xp(t) in Fig. 3.1). The backlash operator of the Prandtl-Ishlinskii (PI)

v X Xps = |9px
2 b of b, 2 5, F—1—>
r,~NL,
Xy — Upx '---'iqpy X Uy
Sleibs pt ]Gt > VA(s) > VL= Dpx (IHBCS, () >
Z Ux bt V1
Piezo,
ny
n;
r —Tlu Vpy | 7===7py Yo % Y2
_>Gc_a1py—> Fy_l > Gvyl 24 Y VAy(S) > NLyi—-) Dpy(s) > CSy(S) —>
| —
Piezoy Plant
xy

Figure 3.1: 2D Schema (inverse-based approach).

model is an elementary nonlinear transformation between the input vy, (t) and the output
Zp, (t) as follows:

Tpy (t) = HITH [vpx’ poO] (t)
= maX{UpSC (t> —Tzy, (31)
min{vpe (t) + rapy, Tpy (6 — Ts) s

where 7, is an input threshold for vy, and T} is the sampling time. The elementary backlash
operator (3.1) multiplied by a weight value w,,, forms so called weighted backlash operator
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(see Fig. 3.2a). The linear weighted superposition of n 4+ 1 backlash operators with different
threshold values finally defines the PI hysteresis operator H, as follows (see Fig. 3.2b):

Tpyr (t) = Hylpe](t) = way, " Hr,, [0pe; 2py0) (1), (3:2)

where w;,, is the vector of weights, 7, is the vector of thresholds such that 0 = Ty, <
Taog, < - < Tay, < +00, @p,o is the vector of initial states of the backlash operators and
H,  [vps, @pyol(t) is the vector of backlash operators. In its classical form the PI model is
symmetric, it consists of hysteresis operator H, only and the superposition operator S, in
Fig. 3.1 is omitted (i.e. Sy[xp,|(t) = xp, (t)). Therefore the PI model I';[vp,|(t) = Hylvpg](t)
approximates static nonlinearity NL, and z,,(t) =~ ¢, (see Fig. 3.1). The procedure for
hysteresis compensator I'; design consists of three consecutive steps: model initialization,
model identification and model inversion.

ﬂjp A backlash wg&g}ht
o — A7z u
Z_/ "/--. :Ep
H

- - A

7 L
L/

A

Figure 3.2: Hysteretic nonlinearity: (a) Weighted backlash operator. (b) Hysteresis operator
as a superposition of n + 1 backlash operators [Ang et al., 2007], [Rakotondrabe et al., 2010].

3.2.1 Model initialisation, identification and inversion

In model initialization step, the range of input voltage max{vy,} is divided into n + 1 (often
equal) intervals defining the threshold values r,,, as follows:
Tay, = j_ lmax{vpm}, i=0.n. (3.3)

and the backlash operators are initialized to zero (deenergized state):
Tpyo, =0, 1=0.n. (3.4)

Fig. 3.3 shows the identification procedure of the PI approach, which is the second step of the
compensator design. One searches for the optimal weights w} = that minimize (in the least
squares sense) the following model error:

Eyvps, Tpl(t) = Hy[vpa](t) — Tp(2)

3.
— Wl H,, oy 2] (t) — (1) (35)
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with an output displacement Z,(t) = Gyi—gl measured at each time instant ¢. The quadratic

loss function to be minimized is given by:

o
5 (Ey [prv jp] (ti))z
2 z; (3.6)

T T
waFm’me + wafazl + f$0

Jo(way) =

1

2

where t; = i - T and [ is a size of the collected experimental data set. The quadratic term

represented by the Hessian matrix F;, the linear term represented by the vector f, and the
scalar f;, in (3.6) are defined as follows:

l

F, = ZHTZH [Vpa, Tpr0] (ti)HZ;H [Vpas Tpyr0] (L) (3.7)

i=1

l
Jo = Z ip(ti)HrzH [Vpa, 0] (ti) (3.8)
=1
L1
fro = 3 28000 (39)
=1

To ensure the existence of the model inverse, the slope of the PI model has to be monotonous
function of the input voltage and since this slope is defined as the sum of the weights of
the activated backlashes, these weights w,, have to be constrained by the following convex
polyhedron:

P, = {'wa Upwg,, —ug > 0} (3.10)

where U € R 4y € R are defined as:

1 0 --- 0 €
11 --- 0 €

Up=1|. . . Cum =1 . (3.11)
11 --- 1 €

and € > 0 is a possibly infinitely small value. This condition ensures strong monotonicity
of the hysteresis curve. Note, that the absolute term (3.9) does not depend on w,,, and as
a result it can be neglected during the optimization procedure. In this case the quadratic
optimization problem constrained by (3.10) and (3.11) boils down to:

. . 1
QP, : ,in {Jo(wyy,)} = i {2ngFwwwH + ngfxl} (3.12)

The third step is the inversion of the hysteresis model identified in the previous step. The
inverse model is also PI type as follows:

Upfc(t> - F:c_l[po](t) - Hx_l[‘rpH](t) - w;HTHT%H [pov'vprO](t) (3'13)
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9 erHO

H
Gyx < LSS

Figure 3.3: Identification procedure for X direction (PI approach).

with the transformed vector of thresholds:

i
/ _ .
T = E Wep (Toy, = Tag;)s ©=0.n, (3.14)
J=0
Ty =Bl (T W)
vector of weights:
/ 1 - 1
Wo o = —_— i=1.n
0
Wy,
W = — TH , (3.15)
THi i i—1
w$H0 + Z wl’Hj wCCH() + Z wCCHj
j=1 j=1
Wy, =n(waey)

and vector of initial states of the inverted backlash operators:

% n
Upz0, = E Wypy Tpyo; + g Wy Tpyo;, &= 0.1 (3.16)
j=0 j=i+1

vaOZQH(mpH[)’wIItH)

Symbol ’ refers to the parameters of the inverted model (for instance w’,,, is a vector of weights
of the inverted model of hysteresis operator).

3.2.2 Hysteresis compensation

In this subsection hysteresis compensation in real time is performed on the two horizontal
piezoactuated axes of the nanopositioning platform. To that end, the PI model is fitted to
the experimental data, inverted and cascaded with the plant in the feedforward path. A
triangular voltage input signal of positive variable amplitude and frequency 0.1 Hz is chosen
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Figure 3.4: PI approach for hysteresis compensation (in X (left) and Y (right) direction) with
16 backlashes: (a), (b) Before identification. (c), (d) After identification. (e), (f) Inverted
model. (g), (h) Compensation.
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Figure 3.5: Reference tracking using PI approach for X (left) and Y (right) directions (sub-
scripts 'uc’ and ¢’ refer to the uncompensated and compensated case, respectively): (a), (b)
Triangle of variable amplitude. (c), (d) Step response.

as an identification signal. This frequency has to be low enough in order not to excite piezo
dynamics, and sufficiently high in order to avoid the creep phenomenon. Fitting the model
curve into the measured data is done using the Quadratic Programming algorithm of Matlab
Optimization Toolbox™. The identification procedure at each iteration modifies the model
weights until the proper tolerance is achieved. The fitting accuracy increases with the number
of backlashes and in the considered case 16 backlashes have been chosen. Fig. 3.4a (resp.
Fig. 3.4b) shows the hysteresis of a measured response of the piezoactuator and the hysteresis
model with the initial weights, while Fig. 3.4c (resp. Fig. 3.4d) shows the results after the
identification procedure for X (resp. Y) directions. The corresponding inverted PI model
shown in Fig. 3.4e (resp. Fig. 3.4f) is cascaded with the plant system as shown in Fig. 3.1.
The effect of hysteresis was successfully cancelled in both directions (see Fig. 3.4g and Fig. 3.4h,
respectively). Since the classical PI model is symmetric and the measured hysteresis curve is
evidently asymmetric (especially for higher voltages), the model does not catches the hysteresis
to the end (despite high accuracy of 16 backlashes). The fitting accuracy can be substantially
improved using the modified version of the PI approach called MPI, which is presented in the
next section. However, even with PI model the tracking performance is quite good as shown
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Figure 3.6: Weighted dead-zone operator (a) and superposition operator consisting of m + 1
one-sided dead-zone operators (b) [Ang et al., 2007].

in Fig. 3.5a (resp. Fig. 3.5b). The creep phenomenon is however still present as shown in
Fig. 3.5¢ and Fig. 3.5d and to compensated its effect, additional modeling should be done, or
it can be eliminated by feedback control.

3.3 Modified Prandtl-Ishlinskii approach

Since the PI model in its classical form cannot catch asymmetric hysteresis loops (due to the
property of symmetry of the elementary play operator it uses), the Modified Prandtl-Ishlinskii
(MPI) model has been elaborated in order to solve this problem. The idea behind this method
lies in introduction of an asymmetric elementary one-sided dead-zone operator (in addition to
the backlash operator) defined as follows:

max{x,, (t) — rzg,0}, 724 >0

Lpy (t)a Tzg =0

Tp, (1) = Sry g [Tpy|(8) = { (3.17)

where 7, is a threshold for z,,. Next, an elementary one-sided dead-zone operator (3.17) is
multiplied by a weight value w,4 as shown in Fig. 3.6a forming a weighted one-sided dead-zone
operator. The PI superposition operator S, is given by the linear weighted superposition of
many one-sided dead-zone operators with different threshold values (see Fig. 3.6b) as follows:

Tp, (1) = Saltp, ) (8) = was" S, [1p,)(1), (3.18)

where 7, is the vector of thresholds such that 0 = ry < reg, < ... < 7reg, < +00, Wy
is the vector of weights and Sy, _[zp,](?) is the vector of dead-zone operators. Finally, the
concatenation of PI hysteresis operator H, defined by (3.2) and PI superposition operator S,
defined by (3.18) defines MPI operator I, which is an approximation of the static nonlinearity
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NL, (see Fig. 3.1) as follows:

p, (1) = Lz [vpe] (1) = Se [He [vpa]](2)

(3.19)
= wISTSTzS [waTHTzH [Vpa, @p0]](E)

The procedure for compensator design for MPI method is similar to the PI approach and it
consists of 3 consecutive steps described in the following subsections.

3.3.1 Model initialisation, identification and inversion

In the initialization step, the threshold values r,, and 7/ ; are equally distributed over the
range of input vy, and output z,,, respectively, as follows:

] )
Ton, = mmax{vpx}, i=0.n, (3.20)

1 )
Thg, = s 1max{xps}, i=0..m, (3.21)

and it is assumed that the backlash operators are in their deenergized state as follows:

Tpyo, =0, i=0.n. (3.22)

*T __ T 'xT :
o= [wa W, } are looked for in the sense

of least-square minimization of the following error model (see Fig. 3.7):

Ea[vps, Tp)(t) = Ha[upa](t) — S5 [Zp] (1)

T ~
= ngHrzH [Vpas Tppro] () — w,xs Sr;S [Zp] (1)

In the identification step, the optimal weights w

_ T /T HTzH ['Um?a mpHO](t) (3'23)
= (s w) (77
%,T—/ zif

‘I’x[vpacvmpHOv%p](t)
The loss function J,(wg) to be minimized is given by:

l

1 N 1
Ja(ws) = 5 Z;(Ex[vpx,xp](ti))Q = Swa" Fpws (3.24)
with the Hessian matrix F', defined as follows:
Fy = Z W [0pe Bpyg0, Tp) (4) W [Vps Tpyr0, ) (1) (3.25)

i=1

Again the monotonicity of the hysteresis loading curve is required for the existence of the
model inverse. This can be assured if the weights w;, and w/ ; are constrained by the
following convex polyhedron:

o fo (5 8) () ()20 o
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Figure 3.7: Identification procedure for X direction (MPI approach).

where U and up are defined like in (3.11) and U’y € Ryl € RMHL are given by:

10 - 0 €
11 -0 €

Us=|. . . |us=]. ] (3.27)
11 1 €

The constrained quadratic optimization problem for finding unknown weights w, can be
formulated as below:

QF; : mir}g {Jz(wg)} = min {;memem} (3.28)

Wy ELy Wy EP;

Using identified weights w, . and thresholds 7}, defined by (3.21), the vector of thresholds
and vector of weights w; of the one-sided dead-zone operators can be computed as follows:

4
rmSi = Zw‘/rsj (T;Si - T/msj)’ 1= O"m7 (329)
7=0

rxS:Es(r;S,w;S)

Wgg, = , 1=1.m

_ W, (3.30)
Wass = i i—1 ’
w‘/TSO + ,leﬂ/USj wleO + lei/USj
= =

~
'sz:'I)s('w;S)
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The inverse of the MPI model is finally given by:

e (1) = Iy Hp (1) = Hy (S5 )1 (1)
TH.,

TH

(3.31)

T
= 'wle ['wlzs Sr;S [Zp.], vpao] ()
!
T

with the transformed vector of thresholds 7, , vector of weights w, and vector of initial
states vy of the inverted backlash operators as defined in (3.14)-(3.16). The inverse model
S 1 of superposition operator S, has been already determined by 7, s and w, ¢ during ini-
tialization and identification steps, respectively. The number of backlashes and dead-zone
operators has been set to 16. The other identification conditions are the same as in case of PI

model.

3.3.2 Hysteresis compensation

The feedforward hysteresis compensator is obtained by cascading the inverse MPI model I, *
with the real plant as shown in Fig. 3.1. The compensation results for each axis are given
in Fig. 3.8 and the tracking performance in Fig. 3.9. Comparing these results with the ones
corresponding to the PI model, one can clearly see that MPI model outperforms its classical
PI version, as unlike the latter it can capture the asymmetric hysteresis curves. However
the creep phenomenon is still present as shown in Fig. 3.9¢ and Fig. 3.9d. Its effect will be
compensated in the next subsections.

3.4 Observer-based approach

Apart from the hysteresis phenomenon, piezoelectric actuators can drift when positioned over
extended periods of time during slow-speed operation. This adverse effect is called the creep
phenomenon. A low-order state-space disturbance observer is designed for hysteresis and creep
reconstruction and subsequent compensation in both horizontal axes as shown in Fig. 3.10.
Both hysteresis and creep are treated as a slowly varying disturbance d, over the linear affine
representation of hysteresis (see Fig. 3.11a). This disturbance is assumed to be bounded as
shown in [Ryba et al., 2015b| and the first equation of (2.3) is expressed as:

NL;vpz] = Gpavpy + dy (3.32)

Since the bandwidths of voltage amplifier (4 kHz) and capacitive sensor (8.5 kHz) are relatively

high w.r.t. the bandwidth of the piezoelectric actuator (630 Hz), they can be treated as
constant gains (Gyg and Geaps, respectively). Similarly, the bandwidth of anti-aliasing filters
is around 20 kHz and as a result it can be neglected as well. The following second order model
of the X axis is used to estimate the slowly varying disturbance d,:

Ep + 2Epawpaty + wgzajp = ng (Gpaps + dz) =
~—_————

NLg[vpe]
W%x (Gp:chxU:c +d;) = ng (u1 + dg)
——

N Ly [ug] NLgz[u1]

(3.33)
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Figure 3.9: Reference tracking using MPI approach for X (left) and Y (right) directions: (a),
(b) Triangle of variable amplitude. (c), (d) Step response.

It includes the gain G, of the voltage amplifier V' A,(s), the piezo dynamics D, (s) and the
gain Gegps of the capacitive sensor C'S;(s) and can be rewritten in state-space (with state
variables: 1 = xp,, 2 = 4;,) as follows:

T1 . 0 1 T
(5)- (5 g ) ()

-~

Ag

+ 0 uy + 0 dy +w
wl ) W2 )T (3.34)
———— ~———

B:c de

ylZ(Gcapx 0)<$1>+n1
—————— \ T2

Co

where u, is the voltage amplifier input, y; is the capacitive sensor output, w, and ny are the
process and measurement noises, respectively. The observer dynamics is chosen to be much
faster then the disturbance variations and therefore those variations can be "seen" by the
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Figure 3.11: Hysteresis approximation: (a) Affine approximation. (b) MPI approximation.

observer as constant (dx ~ 0) between two consecutive time instants. Next, the state-space
model (3.34) is augmented with the disturbance dynamics (i.e. with the extended state vector
z. = [z7 d,]T) as follows:
e = Ae,Te + Be,ug + we, (3.35)
Y1 = Cezxe +nq
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The steady-state Kalman observer of this system is defined as:

-%e = Aexi'e + Bexul + L:c (yl - Cewi'e> (337)

where L, = Png; Ny 1 is the observer gain matrix and P, is the solution of the following
associated Algebraic Riccati Equation (ARE):

A, Py + P AT — LN LT + W, =0 (3.38)

with the process W, and measurement N7 covariance matrices.
Now, using the estimated disturbance d, in (3.32) gives the following input/output depen-
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Figure 3.12: Observer-based approach for hysteresis compensation (in X (left) and Y (right)
direction) (a), (b) Hysteresis reconstruction. (c), (d) Compensation.

dency:
= Nsz [uz] = GcaprLz [u:r] = Gcapx(Gp:va:vux + (i:r) (339)

Fig. 3.12a (resp. Fig. 3.12b) shows a good consistency of the measured and reconstructed
hysteresis between the input u, (resp. uy) and output y; (resp. y2). To compensate for
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the output disturbance d, (vesp. d,), its estimate d, (vesp. d,) is then substracted from
the input G}, @, (resp. Gc_alpyyr) forming new input wu; (resp. ug) as shown in Fig. 3.10.
In Fig. 3.12¢ (resp. Fig. 3.12d) the reference voltage x, (resp. y,) (see Fig. 3.10) being a
triangle of variable amplitude and frequency 1 Hz was applied and the corresponding output
voltage y1 (resp. y2) was measured without (in red) and with (in blue) DOB. The hysteresis
was successfully compensated as shown in Fig. 3.12¢ (resp. Fig. 3.12d). The corresponding
tracking triangular reference is shown in Fig. 3.13a (resp. Fig. 3.13b). Unlike MPI, DOB

approach cancels also the creep phenomenon as shown in Fig. 3.13c (resp. Fig. 3.13d).

3.5 Observer-based approach with MPI model

In this section a disturbance observer (DOB) is combined with MPI approach as shown in
Fig. 3.14 and the affine hysteresis approximation (3.32) is replaced by MPI model as follows
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Figure 3.14: 2D schema (observer-based approach with MPI model).
(see Fig. 3.11(b)):
NLy[vps] = I'p[vpe] + dy (3.40)

The disturbance d, is combining now the mismatch between the real hysteresis and the
MPI model. This mismatch includes the creep and other external disturbances as well and is
considered as smaller in magnitude (almost everywhere) than in case of the affine hysteresis
approximation. Fig. 3.15 shows comparison of MPI, DOB and hybrid MPI/DOB in terms of
hysteresis compensation in the X axis and for different input frequencies. One can see the effect
of excited dynamics with increasing frequency. Table 3.1 shows the corresponding percentage
compensation errors. They are evaluated by taking the ratio of the major hysteresis loop
width and the full range of the reference (i.e. Hy = % x 100%) as shown in Fig. 3.15a.

Table 3.1: Amount of hysteresis Hy, using different compensation methods and different fre-
quencies - experimental result (uncompensated system has Hy, = 11.37% of hysteresis)

MPI | DOB | MPI+DOB
1Hz | 1.10% | 0.53% 0.26%
20Hz | 3.12% | 2.12% 0.98%
50Hz | 5.01% | 6.25% 4.03%

The corresponding tracking performance is shown in Fig. 3.16. For low frequencies DOB
outperforms MPI approach, however for higher frequencies the performance of low-order DOB
worsens and it can be improved by combining it with MPI approach. The creep phenomenon
is compensated only when DOB is used as shown in Fig. 3.17.

The disturbance model is assumed as constant (i.e. dy = 0), which is not true. However,
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Figure 3.15: Hysteresis compensation in the X direction and for 1 Hz (left), 20 Hz (middle) and
50 Hz (right) for: (a)-(c) MPI approach, (d)-(f) DOB approach, (g)-(i) MPI+-DOB approach.

this assumption is less restrictive in the case of DOB based on MPI model (3.40) than in the
case of DOB with the affine model (3.32), which can be seen in Fig. 3.18, where the rate of
change d, is smaller in magnitude in case of MPI-based approach. This can be understood
as follows: adding MPI model linearizes the system to some extent and as a result one may
expect the improved performance w.r.t. the DOB alone or MPI alone.
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Figure 3.16: Triangular reference tracking for 1 Hz (left), 20 Hz (middle) and 50 Hz (right)
for: (a)-(c) MPI approach, (d)-(f) DOB approach, (g)-(i) MPI+DOB approach.

3.6 Numerical inverse-based hysteresis compensation with adap-
tation

In this section a p* order polynomial with adaptively changing coefficients is chosen to model
static hysteresis [Ryba et al., 2015a]. For brevity, only the equations of motion for the X axis
(including gains Gz, Geapr, nonlinear hysteresis H,[v,,(t)] and assuming Dy, (s) = 1 for low-
frequency behavior) are given and therefore subscript = is omitted. This simple parametric
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Figure 3.17: Step tracking for: (a) MPI approach, (b) DOB approach, (¢) MPI+DOB ap-
proach.
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Figure 3.18: Disturbance rate of change (d,) for different frequencies: (a) 1 Hz, (b) 10 Hz, (c)
20 Hz, (d) 50 Hz.

model is described as follows:

p
Ymy, = 9(ug, k) = ZQikuﬁg, (3.41)
=0

Yk = Ymy, + €ks (3.42)
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where 0}, is a time-varying vector of model parameters (to be adapted) and ey, is the mismatch
(including measurement noise) between the real plant output y; and the model output y,, .

AE S
AkJ
Uy u Vp| ==54p Xp Uy Ymk
k= NI S DACHF>|VA(s) > H :—)Dp(s) > CS(s) >|ADC b, H>
| P
/ Piezo Yk
Plant ex

Figure 3.19: The considered model of X axis with adaptive estimator (AE) and numerical
inversion block (INI) for hysteresis compensation.

3.6.1 Adaptive forgetting as a statistical decision problem

This subsection is devoted to the adaptive parameter estimator AE shown in Fig. 3.19. Using
(3.41)-(3.42), the case when the output y; depends on the observations in the following way
is considered:

Or+1 = O,

3.43
yk:hwk—i-ek, ekN./\/(O,l/dk ( )

) ‘dk+1:dk'

where 0, € R? is a randomly variable vector of unknown parameters, hy € RP is the known
regression vector, ’ stands for the transposition operator. The error e is assumed to be
normally distributed, discrete with unknown variance 1/dj (to be estimated as well). It is
assumed that there is no drift in the evolution of 1/d;. The following posterior probability
density function (pdf) is used to describe the uncertainty of the set of parameters ©y = {0, d }
having the observed data D* = {u., yv}::f

F(Ok]DF) o (2m/dy) ~ P2
x exp [~ (0 — ék\k)lpk_‘]i(ek — Op)die/2] (3.44)

X exp [_Zk|k:dk/2]

In k|k — 1, k indicates the current time, and k& — 1 the time of the last recognized output and
symbol o denotes the proportionality. The data learning step (with accordance with Kalman
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Filter equations) is given as follows:

Ky = Pyj_1hie/ (1 + hi Peg—1hi) (3.45)
€kh—1 = Yk — PpOkpp—1, (3.46)
Orie = Okjp—1 + Kregpp1, (3.47)
Py = (I — Kihi) Prj—1, (3.48)
Yk = Zgpp—1 + Ei\k—l/(l + R Pyj—1hi), (3.49)
Ukt = Vglk—1 + 1. (3.50)

where = stands for the equality by definition. In [Karny, 2006] a detailed discussion about
the particular statistics and their prior settings is given.

In (3.43) it is assumed that the set of parameters O, does not change, which is an unrealistic
assumption. Here, one wants to determine the predictive pdf f (@k+1 ‘Dk) and compensate for
this unrealistic assumption. Suppose that no explicit time evolution model is available and
only the following pair of alternatives gives the prior information about model parameters:

fo(Br41) = f(Ok DY), (3.51)
F1(Ok41) o (27 /dypra)~ P2, (3.52)

where fo(Oy1) refers to the case when the parameters are not changing within time interval
(k,k+1) and f1(Og4+1) to the case when all the parameters are uniquely distributed between
(k,kE+1).

One defines an unknown pdf f4 (@k:+1) restricted to the decision space f7 (@k:+1) =

{f0(9k+1),f1 (®k+1)} equal to f0(9k+1) with a probability o > 0 and to fi (@k+1) with
a probability ¢ > 0 subject to the constraint ¢g+ @1 = 1. For the forthcoming manipulation
Y= [gpo, @1}/. The distance between the reality f(@k+1) and fa (@k+1) is assessed using so
called Kullback-Leibler divergence [Karny, 2006] defined as follows:

D(f(Or+1)Ifa(Ort1)) =

/@* f(Bk41) In <f(@k+1))> do. (3:53)

fa(Ort1

where for an arbitrary k, ©* is the space of ©. The following cost function is defined:

(f(Ort1),0) = o[ D(f(Ort1) |l fo(Or1))

—(1+ p)eo] + @1 [D(f(Ort1) 11 (Ok11)) — 01] (3.54)

with the penalties coefficients gy and p; for the success of the corresponding alternatives (3.51)
and (3.52), respectively:

00 = D(f(Ok|D") || f (0K D)), (3.55)
o1 = D(f(OxD")]| f1(Ok)). (3.56)
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The only tuning parameter in the considered adaptive method is the scalar p > 0. The higher
value of this parameter, the more trust in the alternative f (6k+1). The decision max-min
problem is then defined as follows:

max min ¢(f(Or+1),9)- (3.57)

Substituting po = Apy1jk (p1=1-— )\k+1\k) allows to write the result of the decision problem
(3.57) as follows:

Peik = Pep/ M1k Zraije = M1k Sk (358)
Ort1k = Okks Uk 1|k = Mt 1|kVklks
where the variable forgetting factor Ay is defined by:

1 P + 1
Apap =1+ p+1{ In (1 + i Poj—1hx)

Yk >
+ Vg (p— ln(
klk—1 S

N, Pyji—1 b — vgppe (1 — Ek\k—lzlzﬁg)
L+ Ry Prjr—1hu
v _ v _
+ (vgp1 — 1) 1n< il 1> + 1}. (3.59)

Uk|k Vk|k

Equations (3.58) and (3.59) close the time updating step of the sufficient statistics w.r.t.
(3.57).

3.6.2 Numerical indirect model inverse

In this subsection having a parametric model of static nonlinearity defined by (3.41) one
searches an input wuy such that the output of the model y,,, follows the reference ry. To that
end, the numerical root-finding algorithm is used to solve for the proper u; in the following
equation:

f(ug, 0k, 7%) = Ym, — 7% = g(ug, 0x) — 1, = 0. (3.60)

Note that in this way one does not need to find an explicit inverse model g=*(ry, 0x,) (not
necessarily linear in parameters 6y,). The Newton’s iteration algorithm is used for solving
(3.60). It is well known that this algorithm does not guarantee the convergence, unlike for
example the bisection method. On the other hand, it has better (quadratic) convergence than
the latter (linear). Therefore a combination of both approaches is used here. The numerical
algorithm needs the starting point «°, which in the considered case is restricted to the allowable
control voltage interval from 0 to 10 V. Since the Newton’s method solves the problem locally,
(3.60) may have several solutions even in this interval. Therefore, a natural choice for the
starting point value is the one that is sufficiently close to the expected solution (for example
the control voltage in the previous time instant u® = ug_1).
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First, the algorithm tries to find an interval [uy ug] around the starting point u® where
the solution of (3.60) is located, as follows:

up, = up = u’, (3.61)

{uL:—uL—a

WR = up + b } until f(uL,Gk,rk)f(uR,Hk,rk) < 0.

where a > 0, b > 0 are possibly small values. Next, the combined Newton /bisection numerical
algorithm is used (starting from u°) with an iteration described by the following equations:
a1 i f (O ry)
! (Ut O, )
i1 _ (uL +ur)

ug = — (3.63)
, uEL i Wi € fup up

Uit — { uﬁl if uzz\jrl p {u ) (3.64)
B N L UR]

uy, = ugl if f(uR,Hk, Tk f(uig_l, Qk,Tk) < 0, (3.65)

)
ur = it flur, O, ) f(uig, Ok, i) <O.

where u?fl and ugl stand for control input computed by Newton iteration and bisection step,
respectively. The Newton iteration (3.62) is done everytime when possible and the bisection
(3.63) only if the Newton’s iteration gives solution out of the interval (3.64)-(3.65) where
the solution exists. Therefore, the convergence (which is quadratic) is always assured. The
found voltage (after reaching the maximum number of iterations or the required accuracy) is
applied to the piezoelectric actuator as ug. Fig. 3.20a shows tracking triangular trajectory
of variable amplitude in simulation using Newton approach alone while Fig. 3.20b shows
the result of combined Newton with bisection method. One can clearly see that the latter
approach, unlike Newton’s method alone, is robust against solutions that can be found outside
the local neighbourhood of the previous control voltage (which can be seen as sudden jumps

in Fig. 3.20a).

3.6.3 Hysteresis compensation

In this section experimental results for horizontal (X) axis of a GIPSA-lab system, are pre-
sented. These results are obtained for 3™ order time-varying polynomial (i.e. p = 3 in

(3.41)).

The following sinusoidal reference of variable amplitude is applied to the considered system
in the X direction:

zr(t) = 5+ 2sin(27t) + 2sin(271.2t 4 ) (3.66)

Fig. 3.21a and Fig. 3.21b show the measured and the reconstructed hysteresis curves via adap-
tation algorithm for parameter values p = 0.4 and 0.8, respectively. The actual parameters of
the polynomial model (3.41) estimated by the adaptive estimator AE are passed in real-time
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Figure 3.20: Triangular reference tracking with adaptation using numerical algorithm NI: (a)
only Newton method, (b) Newton combined with bisection.

to the numerical inversion algorithm NI (see Fig. 3.19), which searches for the proper com-
pensation input. The corresponding adapted inverse model, shown in Fig. 3.21c and Fig. 3.21d
is applied in cascade with the real plant. The compensation results are shown in Fig. 3.21e
and Fig. 3.21f, respectively. Note that parameter p highly influences the parameter estimation
(and as a result the fitting accuracy). Better fit is obtained for p = 0.8

Fig. 3.22a-Fig. 3.22f show the corresponding tracking results. Fig. 3.22a shows tracking
without any compensation. In the intervals 20-25 s, 25-30 s and 30-35 s the adaptive compen-
sator is switched between different values of parameter p (p = 0.8,0.4 and 0.0, respectively).
The tracking error increases when p decreases as shown in Fig. 3.22e. Fig. 3.22f shows time
evolution of the variable forgetting factor A during this experiment. The estimator AE for-
gets mostly the data at the time instant when the input voltage changes direction (i.e. the
polynomial parameters rapidly change their values from ascending to descending curve). The
forgetting level depends on the input amplitude as well. The higher value of parameter p,
the faster adaptivity to changing conditions. Finally, Fig. 3.23a, Fig. 3.23c and Fig. 3.23e
show tracking performance for triangular reference of variable amplitude without any com-
pensation, with well-known MPT approach and with the proposed adaptive compensator (with

= 0.5), respectively. The corresponding tracking errors are given in Fig. 3.23b, Fig. 3.23d
and Fig. 3.23f, respectively. The results clearly show that the proposed compensator adapts
to both changing amplitude as well as to the direction of the input, thus one avoids addi-
tional modeling for different amplitudes and ascending or descending hysteresis curves. Since
the parameters are updated on-line it outperforms non adaptive approaches based on off-line
identification such as MPI approach.
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Figure 3.21: Experimental results of hysteresis compensation for sinusoidal reference of vari-
able amplitude z,(t) = 5 + 2sin(27t) + 2sin(271.2t + 7) for p = 0.4 (left) and p = 0.8 (right):
(a), (b) Measured and estimated hysteresis. (c), (d) Inverted model. (e), (f) Compensation.



3.6. Numerical inverse-based hysteresis compensation with adaptation 61

10 w w w w 10

»

voltage [V]
s

voltage [V]

%5 16 17 18 19 20 % 21 22 23 24 25
time [s] time [s]

(a) (b)

voltage [V]
voltage [V]

9% 26 27 28 20 30 % st 32 33 34 35
time [s] time [s]
(c) (d)
1 : ‘ ; 1
0.99}
0.5
0.98!
Z 0 < 0.97}
(0]
0.96/
_05, J J : i
0.95/
p=08 p=04 p=00 p=028 p=04 p=00
- ‘ ‘ : 0.9 ‘ ‘
G 20 25 30 35 %0 25 30 35
time [s] time [s]
(e) (f)

Figure 3.22: Experimental results for tracking sinusoidal reference of variable amplitude: (a)
Without compensation. (b), (c), (d) With compensation for p = 0.8, 0.4, 0.0, respectively. (e)
Corresponding tracking errors. (f) Corresponding variable forgetting factor.
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Figure 3.23: Experimental results for tracking triangular reference of variable amplitude: (a),
(c), (e) Without any compensation, with MPI and with the proposed adaptive compensator,
respectively. (b), (d), (f) Corresponding tracking errors.
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3.7 Conclusion

In this chapter the nonlinear hysteresis and creep phenomena have been investigated. To that
end, several methods for their subsequent modeling, identification and compensation have been
tested on the horizontal axes of the the experimental platform. The Prandtl-Ishlinskii (PI)
model due to its symmetric nature cannot capture asymmetric hysteresis curves, however it
still gives much better results than without any compensation. The Modified Prandtl-Ishlinskii
(MPI) model extends the PI approach for the asymmetric curves and therefore substantially
increases the accuracy. Unlike MPI, the observer-based approach (DOB) successfully com-
pensates the creep phenomenon in addiction to hysteresis. Further improvement (especially
for higher frequencies) can be achieved by combining the DOB with MPI. A nice alternative
is an adaptive approach, which uses in the considered case a simple polynomial model with
adaptively changing coefficients. The numerical inversion algorithm works in real-time and
one avoids the explicit model inversion.
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4.1 Introduction

This chapter is devoted to the structural vibration and cross-coupling reduction of horizontal
piezoelectric actuators used to move the tunneling tip in X-Y plane along the scanned surface.
Such a horizontal 2D system is already compensated for hysteresis as treated in the previous
chapter. In [Habib et al., 2012], LQG control was used to tackle for the vibration effects while
positioning the lateral axes of the AFM. As mentioned in chapter 1, pure LQG controller is
not guaranteed to be robust w.r.t. the model uncertainties. It is commonly known that full
state feedback LQR controller has at least 60° phase margin and 6dB gain margin and as a
result the closed-loop system with this controller is always stable (see [Safonov and Athans,
1977]). However, from the practical point of view not all the states can be available for state
feedback design, either because there is a lack of sensors in the system or some states are
impossible to measure. In this case a state observer is added to the system to estimate its
states on the basis of the measured outputs and the LQR controller is now based not on the
states but on their estimates (output feedback controller). The performance of this observer,
which is based on the nominal model of the system, depends on how much uncertainty is
in the system and since the real system differs from the nominal one, the robust stability

65
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margins of LQR cannot be more assured. In [Doyle and Stein, 1979], it has been shown that
these margins can be arbitrarily small even for minimum phase, stable systems. One may
try to "speed-up" observer dynamics by playing with its process and measurement covariance
matrices but this may be not sufficient. To overcome this limitation the LQG/LTR (Loop
Transfer Recovery) procedure was proposed by [Kwakernaak, 1972] and furtherly developed
by |[Doyle and Stein, 1981|. The idea behind this method lies in LQR loop recovery w.r.t. the
uncertainty on the intput or output of the minimum-phase plant by relaxing the optimality
either of the quadratic feedback controller or the Kalman filter, respectively. This method
has been applied for example in [Munteanu and Ursu, 2008| for vibration control of smart
composite wing of the aircraft or in [Hu et al., 1999] to assure high track density for dual-
stage actuators in HDDs as well as to piezoelectric tuning fork in Z direction of the AFM [Yeh
et al., 2008]. However, due to small displacements (less than 100 nm), the hysteresis effect has
been completely omitted in this work, which was the main motivation for the present work to
experimentally validate the efficiency of this method for vibration reduction in the presence
of nonlinear hysteresis in long-range positioning. Inspired by [Sebastian and Salapaka, 2005],
other robust H., controllers based on the mixed-sensitivity design have been designed and
tested as well.

First, the full 2D linear model (together with cross-couplings) is identified and subsequently
reduced in section 4.2. The model uncertainty is given here as well. Next, in sections 4.3 and
4.4, the experimental studies on robust control of the Multi-Input Multi-Output (MIMO) 2D
plant are presented using Single-Input Single-Output (SISO) LQG/LTR and SISO/MIMO
Hoo strategies, respectively, together with some comparison.

4.2 Linear nominal and perturbed model

4.2.1 Model identification

The linear model of the system already compensated for hysteresis with unit static gain, used
as a vibration model, is identified here. The input identification signal is a chirp voltage
of amplitude 0.5 V around 4 V with frequencies linearly growing with time from 0.1 Hz to
Shannon frequency 0.5fs;, where f; is the sampling rate of 20 kHz. Firstly, this input is
applied on the X axis of the system as z,, while the Y axis remains on a constant level (i.e.
yp = 4V). The corresponding response, measured via two capacitive sensors for the X and Y
axes is shown in Fig. 4.1a and Fig. 4.1c, respectively. The same identification signal is applied
subsequently on the Y axis of the system as yp, while the X axis remains on a constant level
(i.e. z, = 4V) and again the two measurements are recorded (see Fig. 4.1b and Fig. 4.1d).

40%-order models were fitted to the measured responses in order to obtain very good
accordance with the real data as shown in Fig. 4.2. The diagonal sub-figures correspond to
the direct dynamic behavior (i.e. from the input to the corresponding output), while the off-
diagonal sub-figures show the cross-coupling between the two axes in the frequency domain.
These four high-order single-input single-output (SISO) models together create a full-order



4.2. Linear nominal and perturbed model 67

6 : 6 :
—input X, ——input Yh
gl —outputy, || el ——outputy, |
= >
Q Q
(o)) (o))
8 s
© ©
> >
3 3
2 : ‘ ; : 2 : ; : :
0 2 4 6 8 10 0 2 4 6 8 10
time [s] time [s]

(a) (b)

6 ‘ 6 —
——input x,_ ——Inputy,
——output

5l ——outputy, || 5l puty,
= =
8 S

3r 3

2 : ; : : 2 : ; : :

0 2 4 6 8 10 0 2 4 6 8 10

time [s] time [s]

() (d)

Figure 4.1: Experimental input/output data used for identification: (a) from X to X (b) from
Y to X (c¢) from X to Y (d) from Y to Y.

two-input two-output (TITO) model as follows:

Gy0) =  So=r?) Gonl)) m

YYp (8)

This model will reflect the behavior of the real system as much as possible and will only serve

as a perturbed model for robustness considerations and not for the controller design. The step
response of the full-order TITO model (4.1) is shown in Fig. 4.3. Again, the non-zero response
on the off-diagonal sub-figures shows that the cross-coupling effect is evident. The amount
of coupling in the low frequencies is almost zero (see Fig. 4.2), since the observers designed
in the previous chapter, mainly for hysteresis compensation, cancel any other low frequency
disturbances, including creep and low frequency cross-couplings. However, with increasing
frequencies the coupling-based positioning errors become quite significant.
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Figure 4.2: Frequency response of the real system and full-order TITO model.

From: x. From:y,
15 ‘ ‘ ‘ 15

To: Y
o
F
=

0.5t
0 ] 0/\/\/\,\,\/\/\/\/\/\,\,\/-/‘/\\,/-’\'/—\/\_
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
1.5 1.5
| | 1N\/\MNNWW
>\r\l
2 05} ] 0.5 ]
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
time [s]

Figure 4.3: Step response of the full-order TITO model.

4.2.2 Model reduction and model uncertainty

The full-order TITO model presented previously is an idealistic case and cannot be used for
the controller design due to its complexity. Therefore, a proper model reduction is looked for



4.2. Linear nominal and perturbed model 69

in this subsection. This reduced-order TITO model is described as follows:

s (G0 &) 4

To that end, the balanced truncation method is used. First the full order model is converted
to its balanced form and next the states which are weakly controllable/observable (with small
corresponding singular values) are neglected. Here the reduction has been performed for all of
the components of G (s) separately, for having more degree of freedom. Fig. 4.4 shows Hankel
singular values of each of the component of the full-order model. The states with singular
values less than the prespecified thresholds (pointed by the black lines) are then neglected
resulting in reduced models of components with the number of states pointed by the red line.
The values of thresholds for the singular values for each of the component were chosen to
be 0.35, 0.18, 0.2 and 0.17, respectively, which results in three 10*"-order and one 11*-order
models. The magnitude plot in the frequency domain and step responses of both full- and
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Figure 4.4: Hankel singular values of the components of the full-order TITO model (red lines
point at the number of states of the reduced model): (a) o4z, (b) Oy, (C) Oyz, (d) oyy,.
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reduced-order TITO models are shown in Fig. 4.5 and Fig. 4.6, respectively. One can see a

very good accordance of both models despite order reduction.
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Figure 4.5: Frequency response of the full- and reduced-order TITO model.
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Figure 4.6: Step response of the full- and reduced-order TITO model.

The controlled system has to be robust w.r.t. the model uncertainty. In many practical
situations the actual system can behave slightly differently from the model on the basis of
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which the controler has been designed. The full-order ideal TITO model defined by (4.1)
reflects the behavior of the real system with a high accuracy for all frequencies and thus it
will be referred here as a perturbed model Gy (s). However, for real-time implementation only
the reduced-order model, referred here as nominal model G(s), will be used. The uncertain
system can be described in an additive or multiplicative way. The additive uncertainty is a
simple way to represent the discrepancy between the perturbed and the nominal model by
taking the difference between their respective transfer functions. In this work, however, the
output multiplicative structure has been chosen to model the uncertain system as follows (see
Fig. 4.7):

Gp(s) = (1 + Wa(s)A(s))G(s) (4.3)

where A(s) is any stable transfer function, which represents the normalized complex pertur-
bations such that |A(jw)| < 1, Vw and Wa(s) is a rational transfer function representing the
uncertainty weight chosen as follows:

Gp(jw) — G(jw)

(Wa(jw)| > [Wa(jw)A(jw)| = la(w) = G(jw)

, Vw (4.4)

where [a (w) represents relative magnitude of the neglected dynamics. In other words Wa(s)
is chosen such that |[WWa(jw)| is an upper bound on the relative errors Ia(w).

- a©
: y(®)
[

r(t)

C(s) |+ G(s) A

e

n(t)

Figure 4.7: Feedback system with output multiplicative uncertainty.

4.3 LQG/LTR approach for vibration reduction

On the basis of the obtained model G(s), a Linear Quadratic Gaussian with Loop Transfer
Recovery (LQG/LTR) controller can be designed. Two SISO LTR controllers will be designed
(each for one axis of the considered system). To that end, two components of G(s) are taken
into account, Gz(s) (for Cx(s) controller design) and Gyy(s) (for Cy(s) controller design).
These models in state-space are given by:

Fpe = ApeTaz + BraTh + Wep;  Tap € RO

Y1 = CrzTar + 11



72 Chapter 4. Structural vibration and cross-couplings

Gy : { Gy = Ayyyy + Byyynh + wyy; Ty € R (4.6)
y2 = CyyTyy + no

with the control inputs x;, and y, (the subscript h means that the system is already compen-
sated for hysteresis). wgz, wy, and ny, ny are its process and measurement noises, respectively.
To assure zero steady-state tracking error, the forward path of the controlled system must con-
tain an integrator, thus both systems (4.5) and (4.6) are augmented with an integral action
before controller design procedure (see Fig. 4.8). The augmented system for the X axis is
expressed as:

( .
L Aze DBag L 0 . 0 11
<3'Ch> < 0 0 ><$h>+(1>xh+<wm>’ Faze €
——— e N ——

waa . Azza Txzq Bzza Wrxq (4.7)
X
y1 = ( Cuy 0)( ”>+n1
————— Th
Cmaca

Similarly, the augmented system for the Y axis is expressed as:

Tyy \ _ Ayy  Byy Lyy 0. 0 . R12
(o) =0 ) G )= (5 )ome ()i o
—_—T > N———r
nya : Ayya Zyya Byy, Wyyaq (4.8)
x
2= ( Cyy O)< yy>+n2
———— Yn
nya
The optimal LQR solutions &} = —K,, sy, and gy = =K., 24y, minimize the following

cost functions on trajectories of (4.7) and (4.8), respectively:

Jo(@n) = /(xfxaszaxma + iy Ry, dn ) dt (4.9)
0

Jy(9n) = (xgyanyaxyya + yi{Ryyayh)dt (4.10)

Here, we consider an LTR design on the plant output (the loop can be recovered also on the
plant input, since the problems are dual). From Fig.4.8 one can see that the loop transfer
function for X direction (resp. Y direction) obtained by breaking the LQG loop at point P,
(resp. P1,) (i.e. Kalman Filter (KF) loop transfer function) is:

LTFp, (8) = CozyPaza (8)Kfrni Pawa(s) = (siix11 — Aza,) (4.11)

LTFPly (s) = Cyyo Pyy, (S)Kfyya5 Dyy, (5) = (shaxi2 — Ayya)il (4.12)

and the loop transfer function obtained by breaking the LQG loop at point P, (resp. P,) is
simply an open loop transfer function Ly (s) (resp. Ly(s)):

LTFp, (5) = La(s) = Gua, (5)K Gm(s)éK

TLQG/LTR (s) =

(4.13)

TLQG/LTR (8)
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1

Gyy(s)-K

s yLQG/LTR(S) (4'14)

LTFsz (s) = Ly(s) = nya(S)KyLQG/LTR(S) =

Now, the aim of LTR procedure is to make LTFp, (s) (resp. LTFp, (s)) to approach to
LTFp,,(s) (resp. LTFp, (s)) by properly designed respective LQR controller. In other words,
the LQG/LTR design consists of two steps:

1) Loop transfer design - design LQG loop transfer function on the basis of LQR (full-state
feedback) at point Py, (resp. Py,).

2) Loop transfer recovery (LTR) - approximate the desired loop transfer function obtained
from step 1 with a recovery procedure at point P, (resp. P,) (which is the plant output).

S AN €))
i p K 106/1mr(5) E lx_ R
I XXq [~ I 1
" I G S
E Py, S, E I 12 (5) :
- A ~ y x
P, | Haxg = Arxrgtang >| —K. LLIN 1 -—ﬁ Gex (>
a ) L) XX Ll
ak r +ByxgXn t Kr,,_€esty, <l :yl
| | T =
_______________________________________ 1 C,(s
C KyLQG/LTR (5) | y_( _) N
Yy 1
* f.’VYa = Ayy, Xyy, - |y h: 1]Pn :y 2
B . K > nya : |> — > ny(S)l—l)
+ YYayh + fyyaeeStYYa : | S 1
| o) =—— L
L]

Figure 4.8: Feedback loop with two SISO LQG/LTR controllers (based only on the diagonal
part of G(s)).

Step 1): (the full state design) is done via Kalman Filter Algebraic Riccati Equation (KF
ARE) for X and Y axes as follows:

Az Przy + Proy Ady, — Kf,o, NlKJY‘;m + Wiz, =0 (4.15)
AyyaPyya + PyyaAZya - Kfyya NQK};W + Wyy, =0 (4.16)

with properly chosen process and measurement covariance matrices:

Wx;ta = E[wzxawT ] = waaBT Ny = E[nln{] = szlxlapx =1 (417)

TXq Txq)

Wyy, = Elwyy,wl, 1= Byy, Br,., No= E[nony] = pylix1,py =1 (4.18)
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Step 2): (LQR loop recovery at plant output) is done via LQR ARE:

Agxa Swza T Szze Ava, — Kg;za Rozo Keypp + Quay =0 (4.19)
Aqua Syya T Syya Ayya — ch;ya Ryy, Knya + Qyy, =0 (4.20)

with the weighting matrices for the state and the control effort:

Qmﬂ?a - qzchacscxaa Rmza = Iix1 (421)
Quy. = qu;;Fya Cyyar  Ryy. = Iixa (4.22)
Once the controllers Ky, ;75 (8) and Ky, o ;1 (s) are designed for the augmented systems

(4.7) and (4.8), the integrators are finally inferred into the controllers to control the original
systems (see Fig. 4.8) as follows:

1

Co(s) = ~Kayqo/rn(5) (4.23)
1

Cy(5) = ~Kypgaura(s) (4.24)

The Nyquist plots of the loop transfer functions LTFp, (s) (resp. LTFp, (s)) for X (resp.
Y) axis are shown in Fig.4.9a (resp. Fig.4.9b) in dashed lines (from green to black) and the
respective bode plots for X (resp. Y) axis are shown in Fig.4.9¢ (resp. Fig.4.9d). One can
observe their convergence to the desired optimal LQR loop transfer function LT Fp, (s) (resp.
LTFp, (s)), shown in solid blue line, when the recovery gain g, (resp. gy) is increased. One
can say that the nice properties of LQR have been recovered. Having the open-loop transfer
functions L, (s) and Ly, (s) for the perturbed systems Gz, (s) and Gy, (s) defined as follows:

Ly, (5) = Gau, (5)Cal(s) (4.25)

Lyp (s) = nyp(s)cy(s) (4.26)

and the open-loop transfer functions L,(s) and L,(s) for the nominal systems G, (s) and
Gyy(s) defined by (4.13) and (4.14), the robust stability of the closed-loop systems w.r.t.
model uncertainties is assured by the following conditions (see also Landau):

| La, (jw0) = L (jw)| < 1+ Lo (jw)], Vo (4.27)

| Ly, (jw) = Ly(jw)| < [1+ Ly(jw)], Vw (4.28)

The recovered open-loop transfer functions LT Fpy,, LT Fps, are shown in Fig. 4.10a and
Fig. 4.10b, respectively and the graphical verification of robust stability conditions (4.27),
(4.28) is shown in Fig. 4.10c and Fig. 4.10d, respectively. The obtained LQG/LTR SISO
controllers (Cy(s) and Cy(s)), are applied to the nominal (G, (s) and Gy, (s)) and perturbed
(Gea,(s) and Gy, (s)) SISO models, which are the diagonal parts of TITO nominal and
perturbed models (G(s) and Gp(s)). Figs. 4.11a-4.11b show magnitude plot of the perturbed
SISO models in open-loop and of both perturbed and nominal SISO models in closed-loop.
One can see that the resonant peaks were successfully damped for both axes and as a result
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Figure 4.9: LTR with increasing recovery gain ¢; = [1,10,10%,10°,10%,10'°,10'%] (LT Fp, (s)
is in dashed line from green to black, the desired LT'Fp, (s) is in solid blue line): a) Nyquist
plot for i = x. b) Nyquist plot for i = y. ¢) Bode plot for i = z. d) Bode plot for i = y.

the structural vibration has been significantly reduced as shown in step tracking in Figs. 4.11c-
4.11d. However, it is the TITO model and TITO plant that should be controlled and which
contain the model of couplings, omitted in the controller design procedure. The behavior of
the TITO plant in closed-loop, controlled by the two designed LQG/LTR SISO controllers is
given in section 4.4.3 at the end of this chapter together with other control approaches for the
comparison reason.
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Figure 4.10: Robustness w.r.t. model uncertainty: a), b) Recovered LT Fpy for X and Y axis,
respectively. ¢), d) Robust stability check for X and Y axis, respectively.
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4.4 H, approach for vibration reduction

4.4.1 General H,, problem

The Hoo optimal control problem can be formulated as follows: Among all stabilizing con-
trollers C(s) find an optimal one C*(s) that minimizes the the Ho, norm of the lower linear
fractional transformation Fj(P(s),C(s)), i.e.:

V= win 1F1(P(s), C(5))lloo = |[F1(P(5), C*(5))]]o0 (4.29)

where 7* is an optimal cost and P(s) is an augmented plant (plant G(s) with weighting
functions). There is no guarantee that there exists controller which achieves that minimum.
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Figure 4.11: Performance of SISO LQG/LTR controllers: a), b) Magnitude response of the
system in open-loop and closed-loop (with real and nominal system) for X and Y axis, respec-
tively. c), d) Step response of the system in open-loop and closed-loop (with real and nominal
system) for X and Y axis, respectively.

Therefore the optimal problem (4.29) is often formulated as a sub-optimal one as follows:

v = e 1F1(P(s), C(s)lloo < [[F1(P(s), C"(5))[|o0 < (4.30)

where inf stands for infimum and + is an upper bound of ||F;(P(s), C*(s))||co, which we would
like to make as close as possible to the optimal value ~*.

In this work, the Mixed-sensitivity Ho, control problem is considered. It consists of the
design of the Hoo optimal controller while shaping the sensitivity function S(s), the control
sensitivity function R(s) and the complementary sensitivity function 7'(s), defined as follows:

S(s) = (I +G(s)C(s)) "
R(s) = (I + G(s)C(s))~1C(s) (4.31)
T(s) = (I + G(s)C(s) "' G(s)C(s)
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The objective is to minimize the Ho, norm of the system, for a given performance vector.
In the mixed sensitivity problem, this vector is composed of the sensitivity functions (4.31),
multiplied by the respective weights Ws(s), Wr(s) and Wr(s) and the problem is expressed
as follows:

* = inf [IN(C(Hw))||eo <
v = int NGl <7

Ws(s)S(s) Ws(s)S(s) (4.32)
N(C(s)) = | Wr(s)R(s)| = | Wr(s)C(s)S(s) | ,
Wr(s)T(s) Wr(s)T(s)

where v*, v are the optimal and the obtained cost values, respectively. The weights are used
to shape their respective sensitivity functions according to the desired requirements. The
tracking error from Fig. 4.7 can be expressed as follows:

e(t) = r(t) —y(t) = S(s)(r(t) — d(t)) + T(s)n(?) (4.33)

We want to keep this error small in both the tracking and the disturbance band. However, from
the constraint S(s) + T'(s) = 1 we can see that keeping the output sensitivity function S(s)
small will imply complementary sensitivity function 7'(s) to be close to one, which will cause
propagation of the noise n(t) into the tracking error. Therefore, since usually the disturbance
rejection d(t) and tracking the reference r(t) is in lower frequencies, one tries to keep S(s)
small only in this band of interest. The desired requirements in our case are defined as follows:

1) Robust stability in face of model uncertainty. The controlled system has to be
robustly stable w.r.t. the model uncertainty. From small gain theorem (see Zames 1966),
it is known that the autonomous system described as a feedback interconnection of a stable
systems S1(s) and Sa(s) is asymptotically stable if the following condition is fulfilled:

151 (jw)S2(jw)lfeo < 1 (4.34)

In our case (for the output multiplicative uncertainty like in Fig.4.7) if we set S1(s) = T'(s) and
Sa(s) = Wa(s)A(s) and taking into account that |A(jw)| < 1,Vw we will assure (4.34) when
the following condition is true (see also for instance [Skogestad and Postlethwaite, 2005]):

ITG)Wa(jw)llee <1 (4.35)

We define the following high-pass ngl—order weighting function with lower and upper bounds
determined by Aa and MAa, respectively:

Al/nA na
T wadn ) (4.36)

l/Mi/nAs + wa

Wa(s) = (

in order to impose an upper bound on the relative magnitude of the neglected dynamics by
properly choosing the bandwidth wAa.
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2) Good robustness margins. Good robustness margins can be assured if AG > 2 and
Ag¢ > 29° where AG and A¢ stand for the gain and phase margins, respectively. Both con-
ditions can be assured if AM > 0.5, where AM is the modulus margin. These conditions in
terms of constraints on the sensitivity functions can be expressed as follows:

1S(jw)|loe < 6dB, Vw (4.37)
[T (jw)l|oc <3.5dB, Vw (4.38)
th_

3) Reference tracking and disturbance rejection. We define the following low-pass n
order weighting function with lower and upper bounds determined by A, and M., respectively:

1/ne Te
Wo(s) = (W) (4.39)

S + WeAe

€

in order to impose the desired performance for tracking accuracy (by choosing A, possibly
small to mitigate an integral action for low frequencies and as a result to eliminate the steady-
state error and other disturbances up to the desired bandwidth we).

4) Control moderation and noise rejection. We define the following high-pass ntP-order
weighting function with lower and upper bounds determined by A, and M,,, respectively:

1/ny i
Wo(s) = [ el (4.40)
1/n
/My ™ s+ wy

in order to impose the limit on the actuator force and thus eliminate possible saturations in
the controlled system (by choosing properly the value of A, as an inverse of the maximal
control effort within the bandwidth detetmined by w,, which is used to attenuate the effect
of noise at high frequencies).

By choosing M, = 2 in (4.39) we will immediately assure (4.37). Thus the weight for shaping
the output sensitivity function will take the form:

Ws(s) = We(s), M,=2 (4.41)

By choosing Apn = 1/1.5 in (4.36) we will immediately assure (4.38). Thus the weight for
shaping the complementary sensitivity function will take the form:

Wr(s) = Wa(s), Aa=1/15 (4.42)

By choosing properly w, in (4.40) we will assure the attenuation of the noise influence on the
control input (in our case we want to reject the noise influence for the frequencies beyond 2
kHz). Thus the weight for shaping the control sensitivity function will take the form:

Wr(s) = Wu(s), wy =2m-2000 rad/s (2 kHz) (4.43)

More details about the numerical values of the rest of parameters of the weighing functions
are given in the next section.
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4.4.2 SISO design

In this subsection two SISO decentralized controllers Cy(s) and Cy(s) are designed for lateral
X and Y axes of the considered system, respectively. The controllers are based on the model
of the respective axis only (i.e. in the design procedure only the diagonal parts of G(s) (i.e.
Guz(s) and Gy (s)) are used., the cross-coupling models Gy (s) and Gy, (s) are neglected and
seen as a disturbance acting on the output of the respective axis).

For SISO transfer function H(s) the Ho norm is defined as follows:

def . .
[|H|oo = max [H(jw)| > [H(jw)] (4.44)
The Mixed sensitivity problem (4.32) for the case of two SISO decentralized controllers is
given by:
Ws, (]W)Sx(]w) WSy(jW)Sy(jw)
Wr, (jw) R (jw) < Vas Wk, (jw) Ry (jw) <Yy (4.45)
Wr, (jo) Tz (W) Wr, (jw) Ty (W)l

where «y, and vy, are the cost values of optimization procedure. This is equivalent to:

[[Ws, (jw)Sz(jw)loe < va
HWRz (]W)RI(]W)HOO < Ya,
HWTx(jw)Tm(jw)Hoo < Yz

W, (7w) Sy (jw)lleo <
W, (o) By (j0)l |00 <y
W, (jw) Ty (j)lloo < vy

(4.46)

Using the Cauchy-Schwartz inequality, if we have the following conditions, conditions (4.46)

will be satisfied as well:

HWSx (]W)HOOHSm(JW)Hoo < Yz

W, (@)lloo |15y (76) oo <y

[IWR, (jw)|lsol [Re(jw)|loo < Vas  [[WR, (1W)]|ool | Ry (jw)]|oo < vy (4.47)
W, () lloo [T (j)loo < Ve [IWr, (jw)]|oo [Ty (Fw0)]]oo < vy
or equivalently:
. Yz . 79
S o < ——— |[Sy(iW)lleo € T
5=l < g Godlloe s, G)lloe
. Yz . ’Yy
Ry(jw)lloo € o>  By(jW)lloo < 7o 77— 4.48
1RaGodlloe < oG 1 Wr, Gl (4.48)
. Yz . Yy
| T2 (jw)||oo € o T,(jw < e
WGl U le < T3,
Using (4.44), conditions (4.48) can be finally expressed as follows:
. Y . ’Yy
S, < 7 Sy(jw)| < .
5ol < s Gay PV S T, Gl
. Y . PYZ/
R,(jw)| € 75—, [Ry(jw)| < ‘ 4.4
| (.7 )’ |WRI(]W)| ‘ y( )‘ ’WRy(]W)‘ ( 9)
. YV . Yy
Ty (jw)| < ———— T,(jw)| < .
WrGo)l U i G
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The two perturbed systems can be expressed in the output multiplicative structure as follows:
G:cxp(s) = (1 + Wy (jw)Azz(8))Gax(s)
Gy, (8) = (L4 Wy, (jw) Ayy(s))Gyy(s)

where Ay, (s) and Ay, (s) represent the normalized complex perturbations such that |Ag, (jw)| <
1, |Ayy(jw)| <1, Vw and Wy, (jw), Wy, (jw) are the uncertainty weights for X and Y axes,
respectively. They are chosen as follows:

(4.50)

W Gl 2 [V )b ()] = ) = | 222 S0y (0
W )] 2 Wy ) )] = L, () = | P22l SO Ly a5

Since they are the upper bounds on the relative errors (relative neglected dynamics) Ia,, (w)
and Iz, (w) as shown in Fig. 4.12, they can infer them directly to the controller design proce-
dure, so that it can be robust against them. They were chosen like in (4.36) with the following
numerical values for X and Y axes, respectively:
na, =3, Aa, =1/10, Ma, =10, wa, = 27 - 600 rad/s (4.53)
na, =2, Aa, = 1/40, Ma, =8, wa, = 27 - 800 rad/s (4.54)

The robust stability condition (4.35) takes the following form:

20 : o= 20 o=
g g °
2 g 2
§ -20r-mmmmmmmmm $ -207
g N
8 -40t 8 -40}
=} =}
=4 =4
B _go — 1 B _gol — 1)
---W, (W) ---IW, ()l
A A
-80 ; -80 ;
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(a) (b)

Figure 4.12: Magnitude plot of the weighting function and relative errors for X (left) and b)
for Y (right) axis: a) |[Wy, (jw)| > la,, (W) b) Wy, (jw)| > la,, (w).

| Te(j)Wen (G0)lloo <1, Ty () Wys (j0) oo < 1 (4.55)

The weighting functions for the tracking error were chosen like in (4.39) with the following
numerical values for X and Y axes, respectively:

Ne, = 1, Ae, =1/1000, M., =2, we, = 27 -400 rad/s (4.56)
ne, = 1, Ae, = 1/1000, M., =2, we, = 27 - 600 rad/s (4.57)
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Figure 4.14: Performance of SISO H, controllers: a), b) Magnitude response of the system in
open-loop and closed-loop (with real and nominal system) for X and Y axis, respectively. c),
d) Step response of the system in open-loop and closed-loop (with real and nominal system)
for X and Y axis, respectively.

Finally the weighting functions for control moderation were chosen like in (4.40) with the
following numerical values for X and Y axes, respectively:

Ny, =1, Ay, = 1/10, M,, =2, w,, = 2m 2000 rad/s (4.58)
N, = 1, Ay, =1/10, My, =2, w,, = 27 -2000 rad/s (4.59)

Final weightings for the sensitivity functions were chosen like in (4.41), (4.42) and (4.43),
which means that the numerical values for Ax, and Aa, in (4.53)-(4.54) were reset to the
higher value 1/1.5 in order to assure good robustness margins. Now, using mixed sensitivity
procedure of Matlab two optimal SISO controllers Cy(s) and Cy(s) were found with their
corresponding cost values as follows:

Ve = 1.18, for Cy(s)

(4.60)
vy =134, for Cy(s)
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Figure 4.15: Reduction of SISO Hs, controllers with 17 states: a), b) Frequency response of
n'" order controller for X and Y axis, respectively. c), d) Step response of the closed-loop
system with n'® order controller and real system for X and Y axis, respectively.

The obtained values are only slightly greater than one, meaning that our requirements are
almost met (more precisely they are met w.r.t. the values (4.60), see also equations (4.49)).
Fig. 4.13 shows the sensitivity functions for the obtained controllers C,(s) and Cy(s) and their
corresponding nominal systems Ggz(s), Gyy(s). One can see that our requirements are more
severe for the Y axis. They can be relaxed for both axes in order to obtain the cost functions
(4.60) less than one by for example decreasing the required bandwidth. Nevertheless, we are
satisfied with the obtained performance (see Fig. 4.14). Figs. 4.14a-4.14b show magnitude plot
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of the real plant in open-loop and of both real and nominal plant in closed-loop. One can see
that the resonant peaks were successfully damped for both axes and as a result the structural
vibration has been significantly reduced as shown in step tracking in Figs. 4.14c¢-4.14d.

The H, method produces controllers with high order (which is the sum of the order of the
plant, on the basis of which the controller has been computed, and the orders of the weighting

7t for each axis and it can be reduced using for example

functions). In our case this order is 1
balanced truncation method (like previously for the plant model reduction). The frequency
response of the full- and reduced-order SISO controllers are shown in Fig.4.15a (for the X axis)
and Fig.4.15b (for the Y axis) and their corresponding step reference tracking performance is
shown in Fig. 4.15¢ and Fig. 4.15d. One can see that significant controller reduction can be
achieved (with almost no performance deterioration for 12*"- and 13*"-order and with some
performance deterioration for 8- and 6th—order). We will keep 12tP-order for the X axis and
13%-order for the Y axis (the same order as for the obtained LQG/LTR controllers in the
previous sections in order to compare them at the end of this chapter). If lower performance

is required the low-order controllers can be chosen.

4.4.3 MIMO design

The Mixed sensitivity problem is similar as for the SISO case, with this difference that the
measure of the gain of the system at each frequency are the singular values of this system.
They are satisfactory definition of gain (range of gain) for a matrix transfer function (see
[Skogestad and Postlethwaite, 2005]). For MIMO transfer matrix H(s) the Ho, norm is
defined as follows:

[1H |l = max 5(H (jw)) > 5(H (jw)), (4.61)

where o(H (jw)) denote maximum singular value of H (s).

By multivariable transfer function shaping we understand the shaping of singular values of
appropriately specified transfer functions. For the mixed sensitivity problem (4.32) the MIMO
counterpart is given as follows:

[IWs(jw)S(jw)lleo <
W (jw)T (jw)lloo <7 (4.62)
W r(jw)R(jw)|loo <

where S(s), T'(s), R(s) are sensitivity functions matrices and = is a cost value of the opti-
mization procedure. Using (4.61), the conditions (4.62) can be expressed as follows:

(S(jw)) < 73(W5'(jw))
(R(jw)) < 15(W 3! (jw)) (4.63)
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For comparison reason, the same requirements and thus the same weighting functions were
considered as in SISO Hy approach. The mixed sensitivity procedure gave the cost value
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Figure 4.16: Frequency response of an open-loop and closed-loop perturbed system for different
control approaches for structural vibration reduction.

v = 1.38. This means that the requirements were almost met as seen in Fig.4.16, showing
the singular values of the sensitivity functions and the singular values of their corresponding
weightings. The order of the obtained sub-optimal centralized TITO controller is 54 (which
is the sum of the orders of four subsystems Gu., Gyy, Gzy, Gye) and the used weighting
functions. This order can be finally reduced using balanced truncation method resulting in
30"-order controller.

To compare all of the considered control approaches for structural vibration reduction,
the SISO decentralized controllers obtained via LQG/LTR and H, procedures are compared
together with MIMO H, centralized controller for control of the TITO plant G)p(s) as shown
in Fig.4.17. Fig. 4.18 and Fig. 4.19 show the frequency response of the system in open-
loop and closed-loop when different controllers are used with the nominal and perturbed
plant, respectively. For the diagonal parts of the TITO model, H, SISO approach give
slightly better results than SISO LQG/LTR approach, but both of them do not reduce cross-
couplings (the off-diagonal parts of the model), being however still better than in open-loop.
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Figure 4.17: Closed-loop controlled TITO system: a) SISO control. b) MIMO control.

From: x
20
> 0
o —— open-loop
= _20|- - -sisoLTR 2
= - - = SISO Ho A
- = =MIMO Heo N
= -40 0 2 - 4
3 10 10 10
=)}
S 20
a
= Ot
=N —20¢
2 -40
_60,
-80

frequency [Hz]
Figure 4.18: Frequency response of an open-loop and closed-loop nominal system for different
control approaches for structural vibration reduction.
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Figure 4.19: Frequency response of an open-loop and closed-loop perturbed system for different
control approaches for structural vibration reduction.

Moreover, because of coupling phenomena one can see the undesirable peaks even in the
diagonal parts (see the insets in Fig. 4.18 and Fig. 4.19). One can clearly see that H,, MIMO
approach outperforms other approaches and successfully reduce the resonant peaks for both
direct models and couplings.

Tracking the step reference of 1 V for the real system and the considered approaches is
shown in Fig. 4.20 when one axis (either X or Y) is excited in the same moment. One can see
that all of the approaches successfully reduce the structural vibrations w.r.t. the open-loop
case. The performance of H,, SISO and H,, MIMO controllers is comparable for the diagonal
parts and better than in case of SISO LQG/LTR controllers, however only MIMO approach
deals with cross-coupling phenomena. Fig. 4.21 shows the step responses when both X and
Y axes are excited in the same moment (each response is the sum of the responses of the
diagonal part and the corresponding coupling) showing the effect of coupling directly on the
diagonal responses and the superiority of MIMO approach over the other ones.

4.5 Conclusion

The MIMO approach outperforms the SISO approach while controlling the MIMO plant, since
it takes into account the whole model including cross-coupling between the axes. The H.,
control appears to give better results than classical LQG/LTR approach, since by properly
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designed weighting functions, it can assure more gain at low frequencies, while rolling-offs the
higher-frequency part. The classical LQG/LTR has less degrees of freedom in loop-shaping
design - i.e. the loop is shaped by properly chosen either Kalman Filter covariance matrices
(in case of recovery at the plant output) or LQR weightings (in case of recovery at the plant
input) and the recovery part is done automatically. However these design parameters are
the same for all frequencies and if the model is uncertain, choosing a "high-gain" controller
will excite higher frequency part, and thus we have to limit the desired bandwidth. There
exist of course non-classical methods, like frequency-based LQG, where the weighting matrices
are frequency-dependent, but the classical LQG/LTR approach assumes one shot parameters
while H, loop-shaping does not. On the other hand the latter method produces controllers of
high order (which is the sum of the order of the plant and order of the weighting functions) and
subsequent model reduction is needed. The existence of weighting functions makes the tuning
procedure more difficult, however more degrees of freedom allow to shape the loop closer to the
desired one. The last issue is whether MIMO control is really worth of consideration. If the
MIMO plant is strongly non-diagonal (i.e. with significant cross-couplings) the approach may
be interesting, provided that a precision plays more important role than the required hardware
resources and if the designed controller will fit to the hardware limitations. If this is not the
case or the cross-couplings are not significant the SISO approach can be more satisfactory.
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5.1 Introduction

In chapter 2 the tunneling phenomenon has been described in details. It has been shown
that this quantum phenomenon takes place when a conductive tip approaches a conductive
surface at a distance lower than 1 nm and when these metals are biased w.r.t. each other with
constant voltage V. This chapter is focused on the issues connected with this phenomenon
which is a heart of the experimental platform of GIPSA-lab. The general block scheme of
the nonlinear plant in Z direction is shown in Fig. 5.1. The focus is given to the tunneling
current phenomenon, hence the cantilever model is not taken into account in this section
(its displacement is replaced by the surface variations zs(¢)). The cross-couplings from the
horizontal axes are not considered here either. The tunneling tip is approaching the fixed part

Zy Zy
d =1+ itz
u, vpz z >T| Zp s+ d it . ¢ y
I 4 M+ |ad 3
rd VAZ(S) sz DpZ(S) Zz,j - :__P_lit-_’_!'9 CSt(S) ;@»
Piezo, x PL,
Zg dlo Plant,

Figure 5.1: Block scheme of nonlinear plant in vertical Z direction.

91
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of the cantilever (surface). The nonlinear model is first identified and linearized around an
equilibrium point, then a robust pole-placement controller with sensitivity functions shaping
with RS structure is designed using the framework described in details in [Landau and G.,
2006] and applied to our experimental platform (as in [Ryba et al., 2014a).

5.2 Nonlinear and linearized model

In chapter 2 the full nonlinear model in 3 dimensions has been developed. Taking into account
differential equations for the vertical direction from the input u,(t) to the output ys(¢) from
(2.51), without taking into account the couplings from the horizontal axes (z,(t) and z,(t)),
one obtains the following nonlinear state-space model:

T10z(t) = =Wy, (1) + uz(t)

L1,z (t) = 2,92 (1)

Bopa(t) = _Wg%zxL:DZ(t) — 28pawp2Tapz () + Wf;z(_szszwvle,vZ(t) + d.(t))
T14(t) = wa4(1)

24(t) = —wiw14(t) — 2w ma ¢ (t) + wiGegVhe HdoHTLp=(0)=2:(1)

L y3(t) = 14 +n3(t)

(5.1)

We can recall that the first equation of (5.1) represents first order model of the voltage amplifier
described by the following transfer function:

_ 'Upz(s) _ Gz (52)

uz(S) S+ Wy

VA.(s)

The effect of hysteresis in the vertical direction is negligible and the creep phenomenon is
considered as a disturbance d,(t), which can be eliminated in the feedback loop. Hence, the
piezoelectric actuator (second and third equations of (5.1)) is expressed as the following linear
system:
Zp(s) — —G..D (8) . 7szw]2>z

= pztpz - 52+2€pzwpzs+wgz

Piezo,(s) : (5.3)
The last three equations of (5.1) describe the physical law subsystem PLj (see Fig. 5.1)
together with the current sensor C'S(s). The source of nonlinearity of (5.1) is the exponential
dependency of the tunneling current on the distance d(t) = do + 2p(t) — 2s(t), when this
distance is less than 1 nm and the constant bias voltage V, is applied between the tip and the
surface:

(®) = gVpe #) if 0 < d(t) < 1nm (5.4)
1o if d(t) > 1nm ‘
The small value of tunneling current is finally amplified by the high-gain current sensor:
G 2
CSy(s) = 28 _ it (5.5)

it(s) 824 26w + wt2

The numerical parameters used for the model described in this chapter are summarized in
Table 5.1. The constant parameter values of k = 1.65 A~! and g = 0.0011 were experimentally
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Table 5.1: System parameters for the vertical system.

<"J’UZ

G’UZ

Voltage amplifier bandwidth
Voltage amplifier gain
Piezoactuator bandwidth
Piezoactuator gain
Piezoactuator damping
Current sensor bandwidth
Current sensor gain

Initial distance tip/surface
Bias voltage

Tunneling current constant 1
Tunneling current constant 2
Equilibrium tunneling current
Equilibrium distance tip/surface
Electron mass

Electron charge

Electronvolt

4 kHz

15V/V

120 kHz

1.2 nm/V

0.9

13 kHz

107 V/A

1 nm

1.025 V

0.0011

1.65 A1

1 nA

8.4 A (angstroms)
9.109 -1073! kg
1.602 -10719 C
1.602 10719 J

found by fitting the nonlinear function i(t) = gVipe %) to the experimental data as shown

in Fig. 5.2. For identification purpose it was assumed that the tunneling current appears
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Figure 5.2: Fitting the model (solid-red) i; = gV,e~*? to the experimental data (dashed-blue).

when the distance is less than 1 nm. The data used for identification are the output from the

current sensor y3(t) and the piezo control voltage u,(t). Since the hysteresis phenomenon is

negligible for such small piezo displacement z,(t), the latter can be deduced from the control
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signal (knowing the piezo gain G,;). The tip moves slowly towards the surface and when
the tunneling current appears, the control voltage is set to zero, which corresponds to the
initial distance dg = 1 nm. Since the obtained data are quite noisy, they are smoothed using
the moving average method before the curve fitting. Fig. 5.2 shows that this fitting is quite
well, which proves the exponential behavior of the tunneling nonlinearity. From chapter 2,
k = ce/@, where ¢, = 2¢/2mo/h = 1.0271/(eV)2 ~ 2.548 - 10Y. The identified value of k
corresponds to the effective work function tip /surface ¢ ~ 4.2 eV, which is in accordance with
the work functions for metals.

The physical law (5.4) is nonlinear and it is linearized around an equilibrium point (deg, ieq)
before linear control design. The first order Taylor expansion of (5.4) gives:

‘ . diy . .
it(t) = ieq dd |d(t)=d. (d(t) = deq) = ieq — Kieg(d(t) — deg) (5.6)
and subsequently:
Ay =iy (t) — teq = —Kieg(d(t) — deg) = —kiegAd (5.7)
or in terms of transfer function:
pris) = 1) g ) _pp 5.8
o) = 5 = iy = 105 = L) (58)

G.(s) = = CS¢(s)PL(s)Piezo,(s)V As(s)

5.9
G twt2 . sz wgzyz Goowyz ( )

ieq
s2 + 25wy + w? 52 + 2£pwpz5 + W2, 5 + Wz

The bandwidths of the voltage amplifier, the piezoelectric actuator and the current sensor in
the Z axis are equal to 4 kHz, 120 kHz and 13 kHz, respectively. Since, the bandwidth of
the open-loop system is determined by the smallest bandwidth among all of its components
(in this case voltage amplifier) and the desired closed-loop bandwidth is similar to the one
in open-loop (4 kHz), hence in practice both piezoelectric actuator and current sensor can
be taken as static gains. Therefore only the dynamics of the voltage amplifier is taken into
account for the controller design procedure. For that reason (5.9) reduces to:

S . Gy
Ga(s) = 1) _ GirkicgGre

(5.10)

5.3 Digital control using Pole-placement with sensitivity func-
tions shaping

In this subsection a pole placement with sensitivity functions shaping controller for vertical
motion of the tip is designed. In [Ahmad et al., 2012b] it was experimentally shown that this
method gives better results than simple PI control. The digital controller has an RS structure
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r=Z, R(z H|u= uz> z"4B(z™Y) Yy=DJY3
S(iz™1) A(z™Y)

n=ng
Figure 5.3: Closed-loop digital control system with RS controller.

as described in [Landau and G., 2006] and is shown in Fig. 5.3. The linear continuous-
time model (5.10) is first discretized with ZOH giving a discrete-time model used for digital
controller design, which can be expressed in the frequency domain as follows:

2~ U B(z7h)
HzH=2"—2°2"/ A1
= s (5.1)
with 27! variable defined as:

7l =e7% =cosw—jsinw, w=2m1 f/fs (5.12)

where f/fs is a normalized frequency (w.r.t. the sampling frequency), d; stands for system
pure delay expressed in number of sampling periods, B(z~!) = byz~! +otbyg 2B, Az =
l4+aiz7 '+ ... +a, .2 "4 are polynomials of the numerator and denominator of the plant
model, respectively. The closed-loop transfer function (complementary sensitivity function)
from the reference r(t) = z,(t) to the output y(t) = y3(t) is given by:

2 B(z"HR(z71)

Syr(z7") =Hep(z7") = AGDHSGE ) + 4Bz DR(=1) (5.13)

The aim is to find unknown coefficients of the following controller polynomials:
Rz =rog+rz 4+ . drp,z "R (5.14)
Sz =1+4s127 4+ spg2"s (5.15)

assuming that the plant polynomials A(z~1) and B(z7!) are known. Desired performances
are defined in terms of requirements on the shape of the output sensitivity function (from
p(t) = d,(t) to y(t) = y3(t)) and of the input (control) sensitivity function (from n(t) = ng(t)
or p(t) = d,(t) to u(t) = u,(t)) defined respectively as follows:

L A()SGED
Sup(=™) = A(z1)S(z"1) + -4 B(z-V)R(z1)
A("HR( _R(zTH

Sun(z7h) = Syp(z7h) = T A T B RGEET) — S(Z_l)syp(z—l) (5.17)

(5.16)

Note that:
Syr(z™H) + Syp(z 1) =1 (5.18)
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The desired closed-loop poles are defined by the polynomial P(z~!) given by:
P(z™Y) = Pp(z"HPp(z71) (5.19)

where Pp(z~!) contains the dominant closed-loop poles (the poles that determine the 'main’
dynamics of the closed-loop system) and they are the roots of the denominator of the following
discretized normalized continuous-time second-order system:

wi
s% 4 2wos + wd

(5.20)

with the desired closed-loop bandwidth wg and damping &. Polynomial Pr(z~!) defines aux-
iliary closed-loop poles that are faster than the dominant poles (i.e. they are placed at the
frequency higher than wq/27).

Now, the controller polynomials (5.14) and (5.15) can be found by solving the following equa-
tion (so called "Bezout identity"):

Pz H=AEHSEY +27%B(z"HYR(zY) (5.21)

The right part of (5.21) is the denominator of the closed-loop transfer function (5.13) and the
left part contains the desired-closed loop poles defined by (5.19).

The controller polynomials (5.14) and (5.15) may contain prespecified fixed parts Hr(z™1)
and Hg(z7!), respectively. Then polynomials R(z~!) and S(z7!) can be expressed as:

R(z"Y) = Hr(z"HR'(z71) (5.22)

S(z7Y) = Hs(>"1)8"(>"1) (5.23)

From (5.12), 2~! = 1 for f = 0, hence by introducing a fixed part Hg(z~!) = 1—2~! (which is
equal to zero at the zero frequency), one assures zero gain for the output sensitivity function
(5.16) at this frequency (since from (5.23) S(1) = 0). This implies zero tracking error at the
1= —1 for the Shannon frequency f = 0.5f;, hence by introducing
a fixed part Hg(z7') = 1+ 271, one assures zero gain for the input sensitivity function (5.17)
at this frequency (since from (5.22) R(—1) = 0). This implies that the controller does not
react to signals close to the Shannon frequency, and the operation is like in open-loop. This is

steady-state. Similarly, z=

to avoid an actuator stress for high frequencies, where the cascade interconnection actuator-
plant has generally low gain (see |[Landau and G., 2006]).

Inserting (5.22) and (5.23) into (5.21) gives a new expression of Bezout equation (5.21) (in-
cluding fixed parts):

PzH)y=A4'HS=Y+ z_dlB'(z_l)R'(z_l) (5.24)

where
Az =A("YHs(z ™) (5.25)
B'(z7Y) = B(z"Y)Hg(z™) (5.26)

and the problem boils down to resolution of (5.24) w.r.t. the polynomials R'(z~!) and S’(271).
If A(z7!) and B(z~!) do not have common factors, equation (5.24) has an unique solution



5.4. Obtaining tunneling current - experimental validation 97

with minimal degree provided that the following constraints on the degree of polynomials are
fulfilled:
np = deg(P(z_l)) <na+npg+np+npg, +d —1
ng =deg(S(z1)) <np+np, +d —1 (5.27)
nr=deg(R(z71)) <na+npgs — 1
The details on how to solve (5.24) can be found in [Landau and G., 2006]. Once the poly-
nomials R'(z71) and S’(27!) are found, they are inserted into (5.22) and (5.23), respectively,
giving the final RS controller ready for implementation.

In the considered case, using the parameters from Table 5.1, the model after discretization
with ZOH defined by (5.11), has the following numerical parameters: a; = —0.2846, by =
212.5, d; = 1. The following characteristics on the designed controller were imposed:

- Closed-loop dominant poles Pp: Poles placed at frequency wp = 27 x 4000 rad/s and with
damping £ = 0.9, which corresponds to the highly damped desired system without overshoot
and with the closed-loop bandwidth similar to the open-loop one.
- Closed-loop auziliary poles Pp: Double high frequency real poles placed at -0.2 to improve the
closed-loop robustness without affecting significantly the desired closed-loop performances.
- Controller fived part Hg : Hg(z7') = 1 — 2!, an integrator to assure zero steady-state
tracking error and low frequency disturbance rejection.
- Controller fived part Hr: Hr(27') = 14 27!, a real zero added at Shannon frequency 0.5
fs in order to shape the input sensitivity function and to impose an open-loop behavior close
to this frequency.
With the above characteristics, the obtained RS controller for the Z axis has the following
numerical form:

R(z71) = 1073 x (1.1634 — 0.8331271 + 0.3301272)

2
S(z7h =1-0.6664z"! —0.0723272 — 0.2613273 (5:28)

The closed-loop sensitivity functions of the the model with the designed RS controller are
given in Fig. 5.4. From the output sensitivity function, shown in Fig. 5.4a, one can see that at
low frequencies the gain is almost zero, which is due to the integral action introduced by the
fixed part Hg(z™1). The closed-loop system has also a good stability margin (||Sy,(z71) /e <
6dB). At the Shannon frequency |S,,(z71)| = 1 and from (5.18) it follows that |S,,(z271)| =
|Her(271)| = 0, which in turn implies |Sy,(271)| = 0 at this frequency (see Fig. 5.4b and
Fig. 5.4c). This is due to signal blocking at 0.5f,, introduced by the fixed part Hp(z~1).
Finally, Fig. 5.4d shows the step response of the digital control system. The response is
without oscillations, due to the high desired damping factor £ = 0.9. The settling time
ts ~ 0.17 ms and the obtained closed-loop bandwidth ws., = 27/t ~ 3.7 kHz, which is close
to the open-loop bandwidth wy,, = 4 kHz (the difference is due to the auxiliary poles added
to improve system robustness).

5.4 Obtaining tunneling current - experimental validation

In this subsection, the previously designed RS controller is connected with the Z axis of the
experimental platform as shown in Fig. 5.5. The procedure for obtaining tunneling current
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Figure 5.5: Closed-loop control system with real plant.

consists of two consecutive steps:

- Manual approach - During this step (called also a "coarse approach") the tip is approached
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Figure 5.6: Manual approach (view via high-precision camera): (a) The tip and the surface.
(b) Tip deformation after contact with the surface.
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Figure 5.7: Fine approach and tunneling current control: (a) Fine approach of the tip with
tunneling current stabilization, (b) Tracking the sinusoidal reference of tunneling current.

to the surface manually using the micrometer screws until both the tip and the surface are
visible through the camera as shown in Fig. 5.6a. Attention must be paid to avoid physical
contact between the tip and the surface so as not to crash/deform the tip apex, as shown
in Fig. 5.6b, since it can have an adverse influence on the quality of the obtained tunneling
current (therefore a sharp tip and a clean surface is usually required).

- Fine approach - This step is done in three stages via proper control as shown in Fig. 5.7a.
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In the first step, the vertical piezo moves the tip closer to the surface until the tunneling
current appears and saturates (1 in the figure). The saturation indicates that the value of the
tunneling current is too high to be measured by the card with the range 0-10V. Therefore,
in the second stage, the piezo "withdraws" the tip away from the surface and compares the
actual value of tunneling voltage with the reference one (imposed by the user) until they are
equal (2 in the figure), and if this occurs, the previously designed RS controller is switched
on and the loop is closed (3 in the figure). Fig. 5.7a shows the case of tunneling current
stabilization around the reference value z,=0.5 V and Fig. 5.7b shows tracking the sinusoidal
reference. Despite quite significant noise at such small scale arising mainly from the high-gain
current sensor the results are satisfactory. To minimize noise effect, a Faraday cage is used
and the presence of the anti-vibration table helps to attenuate external disturbances.

5.5 Conclusion

In this chapter, a vertical dynamical model has been examined and used to design a digital
controller with a polynomial structure in order to control the tunneling current. To that end,
the pole placement with sensitivity functions shaping method has been used. The procedure to
obtain the tunneling current has been described and the results for its stabilization and track-
ing have been presented. The behavior of this current, when positioned in three dimensions
is described in the next chapter.
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6.1 Introduction

In this chapter, two kinds of applications are under consideration. In section 6.2 a nanoposi-
tioning application in three dimensions is validated experimentally, while in section 6.3 STM-
like results (surface reconstruction) are given in simulation. In the first case, the tip is posi-
tioned along X, Y, and Z axes using three piezoelectric actuators. At each time instant the
tip is moved to the (x(t),y(t)) point of the X-Y plane using a prespecified scanning trajectory.
In the vertical direction the piezo tracks the prespecified reference signal, which plays the
role of "virtual surface". In the second case, the STM application is presented in simulation
and two control strategies are settled with a purpose of surface reconstruction. SISO PID
decentralized control is first tested, where unlike in the previous case, the tunneling current is
kept on a constant level and the surface topography is reconstructed from the control signal of
the vertical piezo. Then a multivariable centralized Linear Quadratic Integral (LQI) control
is proposed, where the tunneling current is again kept constant and the surface topography is
reconstructed via Kalman observer. Various adverse phenomena like tunneling nonlinearity,
actuator hysteresis, creep, vibrations and cross-couplings are compensated. Both strategies
are compared at the end and the results are presented in the form of 3D and more common
2D images, similar to the ones obtained from STM/AFM. Each value of the tunneling voltage
y3(t) from the current sensor has corresponding points in X-Y plane (y;(t), y2(t)), expressed

101
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in volts (or um) as well (for the horizontal X,Y axes 1V corresponds to the displacement of
5pm, and for the vertical Z axis 1V corresponds to the tunneling current of 1nA).

To move the tip in X-Y plane, two kinds of scanning trajectories are used: raster and
more recent spiral pattern [Mahmood and Moheimani, 2009a/|, shown in Fig. 6.1. In the raster
pattern, a triangle input voltage is used in one (fast) direction (here X, see Fig. 6.1a) and a
linear ramp in the other (slow) direction (here Y, see Fig. 6.1c) as follows:

o (1= g o) ot
Y () = gy + ot (6.2)

() = xpy + Ay (6.1)

where z,, and y,, are the starting points for the signals z,(t) and y, (), respectively, A,, fr
are the amplitude and frequency of the triangle signal, respectively, «; defines the slope of the
ramp signal and the symbol |z | represents the floor function of .

The spiral pattern centered at point (2, yr,) is generated by the pair (rs(t), 05(t)) in polar
coordinates, where r4(t) and 6,(t) are the instantaneous spiral radius and spiral angle at time
t, respectively. The following differential equation defines the spiral radius time evolution (see
[Mahmood and Moheimani, 2009al):

drs(t)  Psws(t)

= 6.3
dt 2T (63)
with the angular velocity ws and the spiral pitch Ps given by:
2R
P, = 4
*TN,—1 (6.4)

where Ry is the non-instantaneous spiral radius and Ny is defined as the number of times
the spiral curve crosses the line y(t) = y,, (in Fig. 6.1f Ny = 8 and the crossing places are
numbered from 1 to 8). Separating variables and integrating both sides of equation (6.3) with
rs(0) = 0 gives:

P
rs(t) = ﬁwst (6.5)
and the spiral angle at time ¢ is expressed by:
95 (t) = wst (66)

Since the piezoelectric actuators are moved in X and Y directions, one needs to translate the
polar coordinates (rs(t),0s(t)) to the Cartesian ones as follows:

xr(t) = xp, + 75(t)cos Os(t) (6.7)
Yr(t) = yr, + 7s(t)sin Os(t)
where z,, = 2,(0) and y,, = v (0) define a center in the Cartesian space of the spiral reference.

This center is chosen such that the whole spiral curve lies in positive quadrant of the Cartesian
space, since only the positive input voltages are used.
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6.2 Nanopositioning in 3D - experimental validation

In this section the positioning of the tip in three dimensions is validated experimentally.
To that end, the 3D STM-like micro/nanopositioning platform developed in GIPSA-lab is
used. In the horizontal scanning directions the hysteresis and creep are eliminated using the
techniques developed in chapter 3. Due to much smaller displacements, the hysteresis effect
in the Z direction is negligible. The performance of open-loop MPI alone, closed-loop DOB
alone (based on the affine hysteresis approximation) and a hybrid approach (DOB, based on
MPT hysteresis approximation) is compared, while simultaneously controlling the tunneling
current in the Z direction, using pole placement controller with sensitivity functions shaping
[Landau and G., 2006], [Ahmad et al., 2012b], designed in chapter 5. The scanning frequency
in the horizontal X-Y axes is not too high in order not to cause coupling-based positioning
errors in the vertical Z axis and not to lose the tunneling current. Future work can be devoted
to identify and compensate these couplings. In real STM, the aim is to scan the surface in the
X-Y plane and to keep the tunneling current constant (as discussed in simulation in the next
section). In this way the surface topography is retrieved via the control signal. Here instead,
the "virtual surface" is imposed by the proper reference tunneling voltage z,.(t) tracked while
moving in X-Y plane (nanopositioning application).

First test is done using DOB in both horizontal axes in order to eliminate the hysteresis
and creep phenomenon and the amplitude of the reference is small, which implies low signal
to noise ratio (the noise in the Z direction is reasonably high w.r.t. the amplitude of the
reference tunneling voltage). This reference z,(t) being sinusoidal variations between 0.25 V
and 1.25 V (which corresponds to tunneling current i;(¢) between 0.25 nA and 1.25 nA or the
distance d(t) between 9.3 A and 8.3 A, respectively) is shown in Fig. 6.2a and Fig. 6.2b in 3D
and 2D view, respectively. The raster scan is used in X-Y plane - a triangle signal (6.1) of
A, =2 pm amplitude and slow frequency f, =0.5 Hz is applied to the piezoactuator in the X
direction and a linear ramp signal (6.2) in the Y direction as shown in Fig. 6.1e. In our case
both forward and backward movements along the X direction produce a line of the scanned
samples, while moving slowly in the Y direction. For the clarity of results the hysteresis and
creep are already compensated for the Y axis. 2D and 3D images of the "virtual surface"
without creep and hysteresis compensation for X axis for 1 ym x1 pm (0.2 V x 0.2 V) range
are shown in Fig. 6.2c and Fig. 6.2d, respectively and with compensation in Fig. 6.2e and
Fig. 6.2f, respectively. The scanning trajectory without and with compensation is shown in
Fig. 6.2g and Fig. 6.2h, respectively. The difference between the reference image and the image
without compensation can be more pronounced when none of the two axes is compensated.
In X-Y plane, the obtained image with observer-based hysteresis and creep compensation
resembles the reference one better than wihout compensation (compare Fig. 6.2d and Fig. 6.2f
with Fig. 6.2b), however, the vertical resolution can be deteriorated due to the fact that the
observers work in a feedback loop, thus the measurement noise can be propagated to the
system input. This can be however improved as shown later using a low-pass filter on the
observers’ output as well as by properly tuned their corresponding covariance matrices. The
RS controller tracks the reference tunneling voltage well. However, our lab-made system at
ambient conditions has signal-to-noise ratio not as high as commercial STM, especially at this
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Figure 6.2: Experimental results for 3D operation of the platform and low signal to noise
ratio: (a) Reference tunneling current (3D view). (b) Reference tunneling current (2D view).
(c) Tunneling current without hysteresis and creep compensation (3D view). (d) Tunneling
current without hysteresis and creep compensation (2D view). (e) Tunneling current with
hysteresis and creep compensation (3D view). (f) Tunneling current with hysteresis and creep
compensation (2D view). (g) X-Y trajectory without hysteresis and creep compensation. (h)
X-Y trajectory with hysteresis and creep compensation.
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Figure 6.3: Reference tunneling current: (a) 3D view. (b) 2D view.

Table 6.1: Tracking error-experimental result

MPI DOB MPI4+-DOB
rms (pm) | max (um) | rms (pm) | max (pm) | rms (pm) | max (um)
1Hz 0.0588 0.1557 0.0042 0.0137 0.0022 0.0074
10Hz | 0.0964 0.2045 0.0361 0.1334 0.0130 0.0590
20Hz 0.1157 0.2390 0.0760 0.2808 0.0274 0.1070
50Hz | 0.1065 0.2839 0.1884 0.5086 0.0706 0.2490

sub-nanoscale. The system is sensitive to external disturbances, which can be sometimes seen
as sudden high jumps of the tunneling voltage. Furthermore, an increase of scanning speed
in the horizontal axes can cause coupling-based positioning errors in the vertical axis. This
makes the control of the all system very challenging.

In the second test, to increase signal to noise ratio, the disturbance observers were "well-
tuned" (their covariance matrices were set to give more trust in the model than to the measure-
ment). Moreover, a low pass filter has been added on the observers’ output and the amplitude
of the reference signal was increased (i.e. one may expect to see better the hills and valleys
of the signal when its amplitude is increased w.r.t. the noise). The sinusoidal reference z,(t)
between 1 V and 7 V (which corresponds to tunneling current i;(¢) between 1 nA and 7 nA or
the distance d(t) between 8.4 A and 7.3 A, respectively) is imposed as shown in Fig. 6.3a and
Fig. 6.3b in 3D and 2D view, respectively. The aim of this test is to compare techniques for
hysteresis and creep compensation developed in chapter 3, namely MPI, DOB and MPI/DOB
approaches. The spiral scanning pattern described in section 6.1 is used (see (6.7) and (6.8))
to move the tip in horizontal directions. The tracking of the spiral pattern in X-Y plane for
different scanning frequencies 27ws is shown in Fig. 6.4. The values of the center of the spiral
reference (zr,,Yyr,) = (5V,4V) and the non-instantaneous radius Rs = 3V. For the clarity
of the presented results, the number of curves Ny = 8 (see equation (6.4)) was chosen. The
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corresponding RMS and maximal tracking errors are summarized in Table 6.1.

Comparing Fig. 6.4b with Fig. 6.4a and Fig. 6.4f with Fig. 6.4e, one can see the advantage
of DOB w.r.t. MPI approach for low frequencies. This is due to the fact that DOB works
in closed-loop, while MPI in open-loop. The performance of DOB worsens w.r.t. MPI model
when the input frequency is increased (compare Fig. 6.4j with Fig. 6.4i and Fig. 6.4n with
Fig. 6.4m). This can be explained by the fact that DOBs are based on low (second) order
model and their accuracy for higher frequencies can be improved by increasing this order,
which increases the model complexity. The accuracy can be also improved by combining DOB
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Figure 6.6: Tunneling current obtained for scanning frequency 1 Hz and MPI4+DOB. (a)
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with MPI, which gives the best performance among all considered configurations as shown in
the third column of Fig. 6.4. The last column of Fig. 6.4 shows the corresponding tracking
errors. For correct image presentation, the number of curves has to be dense enough and
has been increased to Ny = 50. The corresponding images of the "virtual surface" in the Z
direction for different scanning frequencies are shown in Fig. 6.5. The advantage of hybrid
MPI+DOB approach over MPI or DOB alone is visible especially for higher frequencies (see
Fig. 6.5j-Fig. 6.51). The level of deformation/improvement is indicated by dash-dotted lines.
The red and blue arrows point at two hills and two valleys, respectively. The MPI model
linearizes piezoelectric actuator and improves the performance of low-order observer, while the
presence of DOB assures robustness w.r.t. the hysteresis modeling uncertainties and external
disturbances. Next, MPI+DOB approach is used for 1 Hz scanning frequency and the result for
hysteresis and creep compensation is shown in Fig. 6.6. The adverse phenomena of hysteresis
and creep strongly deform the obtained image, when none of the axis is compensated as shown
in Fig.6.6a. Fig. 6.6b -Fig. 6.6d show the compensation results only for X axis, only for Y
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axis and for both X and Y axes, respectively. One can see that after compensation the details
(hills and valleys) of the surface, generated by the tunneling voltage are equalized in terms
of shape and size and the obtained image from Fig. 6.6d can be compared with the reference
one from Fig. 6.3b.

6.3 Surface reconstruction in STM application in simulation

In the previous section, experimental results for nanopositioning in three dimensions were
given, where the tunneling current tracked the prespecified reference, called "virtual surface".
In this section the STM application is presented in simulation. The tunneling current is kept
on a constant level (constant current mode), while simultaneously scanning in X-Y plane. The
surface topography is retrieved via control signal in the Z direction. Cross-couplings from the
horizontal X and Y axes to the vertical Z axis are modeled and the results for two approaches
are presented: SISO approach (3 PID decentralized controllers together with decoupling com-
pensators) and MIMO approach (a centralized Linear Quadratic Integral Controller (LQI),
which takes into account the whole system model with cross-couplings).
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Figure 6.7: Simulation plant model used for surface variation zs(¢) reconstruction.

6.3.1 Plant simulation model

The plant model simulated in this subsection, shown in Fig. 6.7, was developed in the early
stage of the work and differs a little from the model considered in chapter 2. For example it does
not take into account the cross-couplings between the horizontal axes (i.e. y(t) = y.(t) = 0).
As aresult zp(t) = 2, (t) + x4 (t) = x2(t) and yp(t) = yy(t) + yo(t) = yy(t) in the full nonlinear
model block schema from Fig. 2.3. The hysteresis in X (resp. Y) direction is modeled as a
symmetrical nonlinearity H,[v,,](t) (resp. Hy[vpy|(t)) using classical Prandtl-Ishlinskii model
described in chapter 3 and is compensated via its inverse model cascaded in a feedforward
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path of the corresponding axis. The creep phenomenon for X (resp. Y) directions has been
modeled as a linear system Gereepz(s) (resp. Gereepy(s)), used only in the simulated plant
model. However, from the control point of view nothing changes and the creep is still assumed
to be a disturbance d,(t) and d,(t), compensated via feedback control (PID or LQI). This
phenomenon in the Z direction has been neglected since the surface variations are changing
rapidly.

Most of the subsystems are modeled as in chapter 2. Here, this model is recalled with
some modifications. Each horizontal motion is driven by the piezoelectric actuator fed by
the voltage amplifier and read by the capacitive sensor. Like before, the voltage amplifier is
described by the following low-pass system:

il,vz (t) = —WyzTluzx (t) + ux(t)
Up (t) = vawvmxl,vx(t) (69)
or in Laplace domain:
VA, (s) = el8) _ Guatus (6.10)

ug(s) 8+ Wee
The piezoelectric actuator exhibits the adverse phenomenon of hysteresis H;[v,;](t) and also
tends to drift in response to a slowly varying input. This drift (creep phenomenon) in the
considered simulated plant is described by a 3™ order transfer function as in [Croft et al.,

2001] as follows:
s34+ 0.630s% + 0.0216 + 6.25 - 107°

. _ , 6.11
reens(3) = 5051652 + 0.0171 + 4.69 - 107 o1

The proper vibration part Dy, (s) of piezo is given by:

w2

D = pe 6.12
px(S) 52+25pxwp;p3+w}%w ( )

This yields a nonlinear model made of a static nonlinearity H,[v,,], followed by the linear
dynamics Gereeps () Dpz(s), known as a Hammerstein structure |Giri and Bai, 2010] and the
simulated piezo in the plant model from Fig. 6.7 is given by:

Gy (t) = Hy [vpa (1))
Piezog : 4 22 = Greepe () Dpal(s) (6.13)

apa(s) -
Tp(t) = w2 (t)

However, for the controller design, the creep phenomenon is considered as a disturbance d,(t)
and the control model of piezo takes the following form:

Qpa(t) = Hy [vpe (1)) + dm(g)
Piezoy : { 2 — D (s) = grobr (6.14)

82426 prwpsstw,

or in state space with state variables z,,1(t) = 2,(t) and xpy 2(t) = &p(1):

‘flypﬂf (t) = $2,px (t)
Tope(t) = fngaq’px(t) — 28 Wpa T2 pa (t) + wgqux(t) (6.15)
wp(t) = 1,p2(t)
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In [Croft et al., 2001] an inverse-based feedfoward control approach is used to compensate for
hysteresis, creep and vibration parts of piezo. Here instead, only hysteresis is compensated
using feedforward inverse-based classical Prandtl-Ishlinskii model, and then the feedback con-
trol is used to compensate for the creep and vibration.

Finally, the capacitive sensor is described as in chapter 2 as follows:

jfl,cap:v(t) = _wcapxxl,capx(t) + :Bp(t) (6 16)
Vg (t) = Gcapmwcapmxl,capa: (t)
or in Laplace domain:
CSI(S) _ Um(s) _ Gcapchapx (617)
zp(s) S + Weapa
The final sensor output is disturbed by measurement noise as follows:
y1(t) = v (t) + nq(t) (6.18)

Identical modeling is done for the Y axis, and is not given here for brevity.

The modeling in the Z direction is the same as in chapter 2 with the difference that the
creep phenomenon d,(t) of piezo is neglected in this case, since it is assumed that the surface
variations are changing fast enough. The voltage amplifier is described as follows:

jjl,vz (t) = _wvle,vz(t) + U, (t) (6 19)
Vpz(t) = Gozwyz102(1) .
or in Laplace domain:
Z G'UZ vz
VAL (s) = 2zl8) _ G (6.20)

uy(s) S+ wys
The piezoelectric actuator of the gain G, and the bandwidth w,,. in the Z axis together with
cross-couplings from the horizontal axes to the vertical axis (Z,(s) and Zy(s)) is described by
the following linear model (the displacements along this axis are very small and the effect of
hysteresis is negligible):

[ Gp=(t) = —Gpavp:(2)
t) = z2,p:(t)
Dp.(s) 1 q T2p:(t) = —uﬁle,pz(t) — 28p2WpzTa,p2(t) + wzquz(t)
2:(t) = @1,p2(t)

Piezo, : | T120(t) = w2 (t) + 2p(t) (6.21)
Zx(S) ' { Zm<t) = _szwzxxzm,l(t) + szxp<t)
s) - B1,2y(t) = —way1,zy(t) + yp(t)
20 i S G
zp(t) = 2z2(t) + 22(t) + 2y (2)

where the cross-coupling subsystems Z,(s) and Z,(s) are the first order high-pass systems
expressed in Laplace domain as follows:
22(8) G.ys

2o = S T s (6.22)
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_ozy(s)  Gays
(s) = (5) 5t (6.23)

where Gz, Wy (resp. Gy, wy) are the gain and the bandwidth of Z,(s) (resp. Zy(s)).

The physical tunneling law is the heart of the considered STM-like system and is modeled like
before as the exponential dependency of the tunneling current on the distance tip/surface d(t),
when the latter is less than 1nm and the bias voltage V}, is applied between the two materials

as follows: it
. | gWe™ , 0<d(t) <1lnm
PL, . d(t) = { 0. d(t) > 1nm (6.24)
where the distance d(t) is given by:
d(t) = do + zp(t) — 24(t) (6.25)

with initial distance dy between the tip and the surface, piezo displacement z,(t) (disturbed
by the cross-coupling phenomena) and surface variations z4(t).

The tunneling current is captured and amplified by the high-gain sensor of the gain G; and
the bandwidth w; modeled like before as follows:

j:l,t(t) = $27t(t)
It27t(t) = —wtzm,t(t) - 2§twtx27t(t) + U.)tQGtZt(t) (626)
V(1) = z1,4(t)

or in Laplace domain:
v2(8) Gw?
CSi(s) = = = 6.27
t(s) it(s) 824 24w + w? (6.27)

providing a noisy output:
y3(t) = vy(t) + na(t) (6.28)

6.3.2 SISO approach - 3 PID controllers with decoupling compensators

Fig. 6.8 shows the block schema of the considered SISO controlled system. As mentioned
before, the inverse Prandtl-Ishlinskii model (H,! and H, 1) is used to linearize piezoelectric
actuators in both horizontal directions and such a linearized system is controlled by two PID
controllers, which compensate the creep phenomena as well. The third PID controller in the Z
direction keeps the tip /surface distance on a desired constant level. The cross-couplings Z,(s)
and Z,(s) from the horizontal axes to the vertical one can be quite strong, thus a proper
compensation is looked for in order to obtain correct image of the surface topography.

As in [Shi et al., 2009], for X to Z coupling identification, the Y axis remains unexcited
(i.e. the reference y, is set to 0), which means that there is no influence on the Z axis coming
from the Y axis (i.e. z,(t) ~ 0). It is assumed also that the scanned surface is chosen to
be "more or less" flat (i.e. z4(t) ~ 0). The reason behind this is that the surface variations
2s(t), as well as coupling positioning errors z,(t), z,(t) are viewed as external disturbances on
the tip position 2, () as shown in Fig. 6.7. The coupling from Y to Z axis is identified in the
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Figure 6.8: STM-like controlled system with decentralized PID SISO controllers and decou-
pling compensators.

similar way.
Assuming both capacitive sensors C'S;(s) and C'Sy(s) as static gains one obtains:

. yi(t) N y2(t)
ra(0) % dplt) = T (0) e gyt) = 2 (629
capx capy
The transfer functions describing the identified coupling models are given by:
5 Aa: ézx > 2 CA:z
Zy(s) = 228 = Gt gy = 2l Gy (6.30)

:L‘p(s) 5+ Way ’ ﬁp(S) S+ (-:-}zy

where G.y, @sa, G’Zy, W,y are identified parameters of the coupling subsystems. Neglecting
the dynamics of the piezoactuator Dy, (s) and the dynamics of the voltage amplifier VA, (s)
in the Z direction one obtains:

A . 2.(s)

= =)

= —Gp.Go (6.31)

The control signal in the Z direction wu,(t) consists of two parts: the part that is used for
cross-couplings compensation u.(t) and the proper (non-compensating) part us(¢) that is used
to adjust the tip/surface distance when the cross-couplings are compensated as follows:

U (t) = ue(t) + us(t) = Uea(t) + Uy (t) + us(t) (6.32)
where the compensating components for Z,(s) and Z,(s) couplings are given by:

£(t), %wzqi%%w (6.33)

w _ Zw(s)
() GZZ(S)
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After cross-couplings compensation one can assume that z,(t) = z,(t) & —Gp.Gyzus(t). Ne-
glecting the dynamics of the current sensor C'S;(s), the estimated distance can be expressed

d(t) = —%m <g%/byg<f)> (6.34)

Finally, the surface is reconstructed from the current sensor output y3(t) and the proper part
of the control signal us(t) as follows:

as follows:

. 5 1 1 t

Z5(t) = do + 2p(t) — d(t) = fs(us(t),ys3(t)) = do — Gp.Gorus(t) + —In s ) (6.35)
k= \gW Gt

The results for the surface reconstruction are given in subsection 6.3.4 together with the results

obtained for MIMO design, for comparison.

6.3.3 MIMO approach - Linear Quadratic Integral Controller (LQI)

In this subsection, a Linear Quadratic Integral (LQI) controller is designed. It is Linear
Quadratic Gaussian controller with an integral action (i.e. LQG for tracking). The technique
is a model-based approach, and is based on the model developed in subsection 6.3.1, with
a state vector z(t) € RIP*1) [composed of the following state variables: @1 ,.(t), =1 (t),
$27px(t), 1’1,capz(t)7 wl,vy(t)v xl,Py(t)v x2,py(t)v xl,capy(t)v I’va(t), xl,pz(t)v x27p2(t)7 :CLZJU(t)?
21 .4y(t), ©1,4(t) and x9,4(t)], an output vector y(t) € RG*1D made of y1(t), y2(t) and y3(t), and
an input vector u(t) € RG>V made of uj(t), us(t) [assuming hysteresis compensation on X
and Y axes as before - see Fig. 6.9] and u3(t) = u.(t) is considered. The model, still nonlinear
with exponential tunneling nonlinearity (6.24), is then linearized around an equilibrium point
(deg,ieq) as in chapter 5 as follows:

1t(t) — leq = —Kieg(d(t) — degq) (6.36)
resulting in a final linear model used for the LQI controller design:

Az (t) = AAx(t) + BAu(t) + Bgzs(t) + w(t)

Ay(t) = CAz(t) + n(t) (6.37)

where Ax(t) = x(t) — Zeq, Au(t) = u(t) — ueq, Ay(t) = y(t) — yeq are deviations of re-
spective variables around their equilibrium. It is assumed that process noise w(t) and mea-
surement noise n(t) are zero-mean Gaussian noises with covariances W = E[w(t)w(t)”] and
N = E[n(t)n(t)T], respectively (E[x] stands for the expected value of ). A classical LQG
controller is an interconnection of a Kalman estimator and a Linear Quadratic Regulator
(LQR), which is used for a stabilization around zero. The purpose is to scan the surface in in
X-Y plane and to keep the tunneling current on a constant non-zero level in the Z direction,
hence the LQG with an integral action (referred here as LQI) is adopted as shown in Fig. 6.9.
The reference vector r(t) is composed of the references for each direction: z,(t), y(t), z,(t).

Observer Design. The surface variations zs(t) are considered as an unknown disturbance
on the tip position z,(t). The aim of the designed observer is to reconstruct not only the state
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Figure 6.9: STM-like controlled system with centralized LQI MIMO controller.

x(t) of the system, but also the surface variations. If the observer parameters are chosen in
such a way that its dynamics is sufficiently fast, the surface variations can be assumed con-

stant (i.e. Z5(t) = 0) from the controller point of view (i.e. the observer reconstruction speed

is much faster than the surface variations). The covariance matrices W and N are chosen to

guarantee both stability and proper dynamics of this observer.

The state vector for reconstruction is extended into Az, (t) = [Az(t) z5(t)]T and is a part

of the following state space representation:

Az (t) = AcAxc(t) + BeAu(t) + w(t)
Ay(t) = CeAze(t) + n(t)

with the state space matrices defined as follows:

Ae:<§ ]f)d>, Be:<lg>, Cc=(C 0)

The steady-state Kalman observer for such observable system is given by:

Adeo(t) = AAz() + BoAu(t) + LIAY(E) — CoAT (1))

(6.38)

(6.39)

(6.40)

where Az, (t) is an optimal state estimate of (6.38) in terms of minimizing the mean square
error E[AZ.(t) — Az, (t)] if the observer gain matrix L = PCI N~! is properly chosen. The

matrix P is a solution of the following Algebraic Riccati Equation (ARE):

AP +PAT —LNLT +W =0

(6.41)
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Controller Design. As mentioned before, the LQG has to be adapted to the tracking
problem in order to ensure that the output y(t) tracks the reference signal r(¢), which can be
easily done via extending the classical LQG feedback from the system state estimate AZ(t)
(the state estimate Az(t) is used and not the extended state estimate Az, since zs(t) is not
controllable) with the feedback from integrated error z;(¢) such that Au(t) = —Kxz.(t), where
z.(t) = [AZ(t) z;(t)]T. The integrated error x;(t) is given by:

24(t) = / e(t)dt = / r(t) — ()] dt (6.42)

The following cost function is minimized:
J(u(t)) = / [ze(t) T Qze(t) + Au(t) RA(t)]dt (6.43)
0

with the feedback matrix K = R~'BI'S, where S is a solution of the following ARE:

ATS + SA. — KTRK +Q =0 (6.44)

a (A0 me () o5

where @ is a positive semi-definite weighting matrix for the state with integral action x.(t)
and R is a positive definite weighting matrix for the control Aw(t).

6.3.4 Simulation results for surface reconstruction

The final simulation results for surface reconstruction in the STM-like system for both SISO
and MIMO design are presented in this subsection. The numerical values used for simulation
are summarized in Table 6.2. Most of them are with a good accordance with the parameters’
values of the experimental platform under development in GIPSA-lab (see e.g. [Ahmad et al.,
2012b|, [Ryba et al., 2013]). The raster scan is used to scan the surface in X-Y plane, while
simultaneously keeping the tunneling current on the constant level (here 0.9 nA). The X axis
is assumed as the fast scanning axis, where a triangle signal of amplitude 1 gm and frequency
100 Hz is applied and the Y axis is the slow axis, where a linear ramp is applied, which moves
the tip to the next line in a raster pattern. It is assumed that the data are collected only
during the forward movement of the tip (rising part of the triangle).

The influence of different adverse phenomena (cross-couplings, hysteresis, creep and vibra-
tion) on the surface reconstruction are investigated here for both SISO and MIMO designs from
the previous subsections. It is assumed that all these phenomena are already compensated for
the Y axis and subsequently eliminated for the X axis. Fig. 6.10a shows the reference surface
topography being the sinusoidal variations of amplitude 5 A . Due to large cross-coupling from
the horizontal axes to the vertical one, the image of the surface without any compensation can
be completely deteriorated as shown in Fig. 6.10b. Two decoupling compensators designed in
SISO design in subsection 6.3.2 were switched on and the obtained image shown in Fig. 6.10c
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Table 6.2: System parameters used for simulation.

Wozs Woy, Wz Bandwidth of voltage amplifier 4 kHz

Gowy Guy, Goz Gain of voltage amplifier 15 V/V

Wpas Wpy, (Wpz)  Bandwidth of piezoactuator 630, (120000) Hz
Gpo: Gpy, (Gpz) Gain of piezoactuator 25, (1.2) nm/V
Epzs Epys Ep2 Damping of piezoactuator 0.9

Weapzs Weapy Bandwidth of capacitive sensor 8.5 kHz

Geapzs Geapy Gain of capacitive sensor 200 V/mm

wy Bandwidth of current sensor 13 kHz

Gt Gain of current sensor 10° V/A

do Initial distance tip-surface 1 nm

Vi Biased voltage 1.025 V

g Tunneling current constant 0.0011

k Tunneling current constant 1.65 At

Geq Equilibrium tunneling current 0.9 nA

deg Equilibrium distance tip-surface 8.5 A

Wz, Way Bandwidth of cross-coupling 100 Hz

G, Gy Cross-coupling gains (maximum positioning error 3%

w.r.t. scanning displacement)

resembles the reference sinusoidal surface variations. The difference is due to other remaining
phenomena of hysteresis, creep and vibrations. Fig. 6.10d shows the image after hysteresis
compensation and Fig. 6.10e after the creep and vibration compensation. These results have
been obtained for the SISO design with three PID controllers and in this classical approach
the surface is reconstructed from the control signal of vertical piezo [Abramovitch et al., 2007].
However, in case of large model uncertainties and measurement noise, the performance of this
approach deteriorates. In case of MIMO design described in subsection 6.3.3, the surface is
reconstructed via the state observer together with the system state. Since the whole model is
taken into account, including the cross-coupling phenomena and the level of noise is decreased
by properly chosen covariance matrices W and V', the reconstructed surface is better than
in SISO case as shown in Fig. 6.10f. The difference can be seen also in tunneling voltage
stabilization at z, =0.9V (corresponding to 9 nA of tunneling current) as shown in Fig. 6.11.

6.4 Conclusion

In this chapter two applications have been investigated: nanopositioning validated experimen-
tally on the 3D lab-made micro-/nanopositioning device, and STM-like surface reconstruction
tested in simulation. In the first application, the piezoactuated tip followed a prespecified
trajectory in X, Y and Z directions. In the horizontal X and Y axes raster and spiral tra-
jectories were used, and in the vertical Z direction the prespecified sinusoidal trajectory has
been imposed playing the role of "virtual surface". First, the amplitude of this surface was
chosen to be small enough w.r.t. the measurement noise (low signal to noise ratio). The ob-
tained images were influenced by noise, however the surface details can be well-distinguished.
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The low-pass filters added on the observers’ output as well as increased signal to noise ratio
improved significantly the presented results and the performance of the following compen-
sation methods for hysteresis and creep was compared: Modified Prandtl-Ishlinskii (MPI),
disturbance observer (DOB) and hybrid MPI + DOB. Illustrative results show, that all of the
approaches give significantly better results than without any compensation among which the
hybrid MPI+DOB approach gives the best results.

The second application - STM-like surface reconstruction was tested in simulation. Two
control strategies were analyzed: decentralized SISO control, where three PID controllers were
used (each for one axis of the considered system) and MIMO centralized control using Linear
Quadratic Integral (LQI) controller. In the first approach the surface was reconstructed via
control signal of the vertical piezo, while in the second approach estimated via state observer.
In both approaches the hysteresis was first compensated using classical Prandtl-Ishlinskii
model. Illustrative surface images have been presented for subsequent cross-couplings, hystere-
sis, creep and vibration compensation for SISO approach. The MIMO approach outperforms
its SISO counterpart in terms of both surface reconstruction and tunneling current stabiliza-
tion, since it is based on the whole system model (including cross-coupling phenomena) and
appears more robust to model uncertainties and measurement noises.
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7.1 Introduction

This chapter is devoted to modeling and control of the electrostatically actuated cantilever
based on the tunneling current measurement. The idea is to consider here the (multi-mode)
dynamics of the cantilever. The electrostatic actuator is used to keep the tunneling gap con-
stant, while the piezoelectric actuator adjusts the tip (and as a result positions the cantilever,
since the gap cantilever/tip is already maintained constant). This extends the former study
of [Blanvillain et al., 2014], which considered a one-mode cantilever model without proximity
force compensation. The numerical data (such as cantilever dimensions) used for simulation
have been taken from the cantilever provider from Nano World company and are summa-
rized in Table 7.1 (f. stands for the cantilever thickness in order to avoid confusion with the
time t). The multi-mode model of the cantilever from [Salapaka et al., 1997] is borrowed
for further studies and analysis for n = 3 first modes. Some "singular points" of the modal
shape functions along horizontal x position of the cantilever are emphasized and used for
actuator /sensor location. Near these singular points the model is degenerating (i.e. the cor-
responding shaped modes are vanishing) and as a result the model order can be reduced. The
success in damping the resonances for the piezoelectric actuators in the horizontal axes, shown
in chapter 4, motivated the use of H., approach to control the tunneling gap via resonant
cantilever. The proximity force is approximated from the tunneling current measurement and
then compensated via PID controller which actuates the tip via piezoelectric actuator.

121
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Table 7.1: Numerical data concerning the cantilever.

Cantilever width 100 pm
Cantilever length 500 pm
Cantilever thickness 1 pm

Cantilever Young’s modulus of elasticity 180 GPa
the Q factor 33
Number of first modes used for simulation 3

SO e

7.2 Multi-mode cantilever model analysis

In chapter 2 the equations describing the multi-mode model of the cantilever have been pre-
sented. In this section this model is used and simulated for the first 3 modes. Recalling
equation (2.30), the cantilever motion subject to proximity force —F,(t) and damping force
pa(x,t) (constant per unit length) can be described as follows (see Fig. 7.1a):

822.(z, 1)

ot Zc(x¢ t)
! ot2?

FE
ozt

+ pal, )+ pA A0 (7.1)
where I = wt?/12 is the moment of inertia of the cantilever and A = wt, is its cross sectional

area. The force F},(t) is the interaction force between the tip and the cantilever and is acting

/ I_Fp(t) 3
7 {C(x,t) y E.(t) = =F,(t) + F,() et
Y — Ty I 5
cal - N X

ATTII I e % ]

|< ;I I L

| L 1 1
ZI Z,[
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Figure 7.1: Schematic showing the cantilever: (a) Subjected to the external force of value
—F,(t) acting at a distance z; from the base of the cantilever with the the damping force
pa(x,t), assumed constant per unit length. (b) The equivalent schematic with the total net
force Fi(t) = —F,(t) + Fe(t).

at the distance xy from the base of the cantilever. The damping force pg(x,t) is the sum of
the natural structural damping force of the cantilever and the external damping force (here
the electrostatic force Fe(t)) as follows:

O0zc(x,t)

8t - Fe(t) (72>

pa(z,t) =§



7.2. Multi-mode cantilever model analysis 123

with the damping factor £ = 3.515/Q+/EIpA/L* (assumed constant for all modes). Inserting
(7.2) into (7.1) gives (see Fig. 7.1b):

O*ze(z,t) 0zc(x,t) O?zc(x,t)
—Fp(t)+Fe(t)

E

where Fi(t) = —F)(t) + Fe(t) is the total net force acting at a distance z; from the base of
the cantilever, which can be distributed over the cantilever length L.

The cantilever displacement is expressed as the sum of the fundamental deformations g;(t)
shaped by the modal shape functions ¢;(z) (j = 1..3) as follows:

3
ze(,t) = ) ¢(x)q;(t) (7.4)
j=1

where ¢;(z) is given by (2.34) and g;(t) is the solution of (2.38). The displacement depends
not only on the time ¢ but also on the horizontal position x along the cantilever. However,
as mentioned in chapter 2, the modal shape function ¢;(z) allows to distribute in space the
modal contributions ¢;(t) and it only depends on position, while the modal part depends only
on time. Recalling equation (2.50), the cantilever displacement in Laplace domain can be
expressed as follows (assuming zero initial conditions ¢;(0) = ¢;(0) = 0):

- ¢jlry) 1
with the modal parameters defined by (2.39)-(2.42). The computed parameters for the con-
sidered 3-mode model are summarized in Table 7.2. Note that one can rewrite equation (7.5)

as follows:

3
wles) =~ L —Fuls) (7.6)

2 C
i1 5@6EnS T Hwmean® T Gme @

Now taking only the first mode of (7.6) one obtains the equivalent single-mode model, at

Table 7.2: Parameters computed for the first three modes.

Aj ¢;(L) m; k; ¢j
0.3798 x 10* -8.5673 2.1446 x 1077 2.7311 2.3184 x 1076
0.9392 x 10* 107.6972 3.3694 x 1077 | 1.6850 x 10* | 3.6424 x 10~
1.5710 x 10* | —2.5803 x 103 | 1.9389 x 10~* | 7.6025 x 107 | 2.0961 x 107!

W .

the force location z; and sensor location x, with the following parameters:

mi c1 k1

Mgingle = ma Csingle = my ksmgle = m (77)
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x = L =500 um (i.e. cantilever end).
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Three resonant frequencies were found using parameters from Table 7.2 according to the
formula f; = w;/(27) = \/kj/m;/(27) = )\?\/EI/(ﬁA)/(Qﬂ') and they are equal to 5.68 kHz,
35.59 kHz and 99.65 kHz. The force constant at the end of cantilever is given by the formula
k(L) = Bwt?/(4L3) = 0.036 N/m.
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Figure 7.4: Magnitude plot of different shaped modes at singular points, when the applied
force is at &y = 500 pm (cantilever end): (a) x = 1 pm ~ 0 pm. (b) z = 252 pm. (c)
x =39L.5 pm. (d) x =434 pm.

Analyzing the model (7.5), it can be noticed that depending on the position z, the contri-
bution of the j* mode to the total displacement is different and can vanish completely when
its corresponding modal shape function ¢;(x) is equal to zero. Here, the positions where this
happens are called the singular points. Fig. 7.2 shows the modal shape functions ¢;(x) for
the considered model. The singular points are pointed by the red points and it appears that

4" mode has j singular points. It can be also noticed that all modes have singular point at
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Figure 7.5: Magnitude plot of the cantilever total displacement at singular points, when the
applied force is at y = 500 ym (cantilever end): (a) z =1 pm ~ 0 pm. (b) x = 252 ym. (c)
x =391.5 pm. (d) z =434 pm.

x = 0 pm (cantilever fixed part). Fig. 7.3a shows the bode diagram of the shaped modes
individually and Fig. 7.3b the bode diagram of the whole model (sum of the one, two and
three shaped modes) from the input force F,(t) to the output cantilever displacement z.(x,t),
where both the applied input force and captured output displacement are taken at the end
of cantilever (x = 2y = L = 500 um). Fig. 7.4 shows the frequency response (magnitude
plot) of the individual shaped modes at singular points, when the input force is applied at the
cantilever end (zy = L). It can be clearly seen that all the modes are vanishing at x = 0 pm
(see Fig. 7.4a), the second mode vanishes at x = 391.5 um (see Fig. 7.4c) and the third one at
x = 252 pm and = = 434 pum (see Fig. 7.4b and Fig. 7.4d, respectively). The corresponding
frequency response for the total displacement is shown in Fig. 7.5. One can see that placing
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Figure 7.6: Magnitude plot of different shaped modes at singular points, when the applied
force is at xy = 252 pm: (a) z =1 pm ~ 0 pm. (b) z = 252 pm. (c) z = 391.5 pm. (d)
r =434 pm.

the displacement sensor (if such exists) at the position near the singular point can damp the
associated mode and in a consequence reduce the model order. These results have been ob-
tained for the fixed position for the applied force (xy = L). What happens when this position
is also placed in one of the singular points (i.e. when ¢;(zf) = 0)? From model (7.5) it
appears immediately that the j* mode contribution will vanish as well in this case. Fig. 7.6
shows the frequency response (magnitude plot) of the shaped modes at singular points in such
a case, where the input force is applied at the position xy = 252 pum (one of the singular
points for the third mode). One can notice, that at each plot the third mode is vanishing,
thus its contribution to the total displacement (see Fig. 7.7) is almost zero. Moreover, at the
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Figure 7.7: Magnitude plot of the cantilever total displacement at singular points, when the
applied force is at ¢y = 252 pum: (a) x =1 pm ~ 0 pm. (b) z = 252 ym. (c) x = 391.5 pum.
(d) z =434 pm.

location 2 = 391.5 pm, the second mode is vanishing as well (see Fig. 7.6¢) and as a result the
corresponding model for the total displacement can be reduced in this case to the first mode
only as shown in Fig. 7.7c. From this observation one can conclude that the model order can
be reduced by both sensor and actuator locations.

Fig. 7.8a and Fig. 7.8c show the input force being the step function with random Gaussian
noise with signal to noise ratio SNR=30 dB and SNR=15 dB, respectively while Fig. 7.8b
and Fig. 7.8d show the corresponding cantilever total displacement with modal contributions
(forced at xy = L = 500 pm and measured at x = 150 pm). Fig. 7.9 shows the case
corresponding to Fig. 7.7 where the force (of SNR = 15 dB) from Fig. 7.8¢c is kept at x¢ =
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Figure 7.8: Input/output data: (a), (c¢) Input force F(t) for SNR = 30 dB and 15 dB,
respectively. (b), (d) Corresponding output displacements z.(z,t) (total and coming from
individual shaped modes), captured at the position & = 150 pm, when the input force F.(t)
is applied at zy = L = 500 um.

L = 252 pm (singular point for the third mode) and is captured at four singular points. In
all cases, the contribution coming from the third mode is zero, since the force is applied at
the singular point of the modal shape function ¢3(xf). The total displacement in Fig. 7.9a at
x =1 pm is almost zero and is increasing with the position x. As expected, for x = 391.5 um
(singular point of the modal shape function ¢3(x¢)), the second mode is additionally vanishing

and the total displacement of the full 3-mode model is exacly equal to the displacement of the
1-mode model.

In the case of the considered tunneling current-based platform, the displacement sensor
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Figure 7.9: Output displacements of the cantilever (shaped modal and total) at singular
points, when the applied force is at x5 = 252 ym: (a) x =1 ym ~ 0 pm. (b) x = 252 pum.
(¢) x =391.5 pm. (d) x = 434 pm.

is not present and the only sensor in the vertical direction measures the tunneling current
(or the gap between the tip and the cantilever). The cantilever displacement z.(xs,t) causes
the change in this gap according to (2.16) which in turn affects the value of the current. In
this case, the measurement and the force location is constrained to the same position z =
(tip position). According to the previous observations, in order to damp the mode, x = x;
should be located near one of the singular points, corresponding to this mode. Here, x = x
is set to 0.81L = 405 um, which is between the singular points for the second and the third
mode, in order to obtain a satisfactory damping of the two. This can be seen in Fig. 7.10
showing frequency response of shaped modal and total displacement. Comparing this figure
with Fig. 7.3, where the x = z; = L, a significant damping can be noticed. Fig. 7.11a and
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Fig. 7.11b show the displacement at x = 2 = 0.81L = 405 pm in response to the excitation
force from Fig. 7.8a and Fig. 7.8c, respectively. The contributions from the second and third
mode to the total displacement are negligible.

X =405 pm, X, =405 um (L = 500 um) X = 405 pm, X =405 pm (L = 500 pm)

—— 3 mode model
~501| ——2 mode model
— 1 mode model

Magnitude (dB)
o
Magnitude (dB)
o

_108 —108
1% mode
o 451 2" mode ] >
@ rd @
z 3" mode Ao
o -90r o -90r
2 g
ey e
o -135- o
-180~ 4 5 6 180~ 4 5 6
10 10 10 10 10 10 10 10

Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 7.10: Frequency response of (a) shaped modal and (b) total displacement (sum of
shaped modes) when the applied input force and measured output displacement are at the
distance x = zy = 0.81L = 405 pm.
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Figure 7.11: Output displacement of the cantilever (shaped modal and total) for z = xy =
0.81L = 405 pm for the input force with: (a) SNR = 30 dB (Fig. 7.8a). (b) SNR = 15 dB
(Fig. 7.8c).
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7.3 Tunneling current-based cantilever nanopositioning with elec-
trostatic actuation and piezoelectric tip actuation

Fig. 7.12 shows the considered controlled vertical system (more details about its control is
given in the following subsections). It consists of two closed-loops, one inside the other one

_Zcr
P 2Cp(x)|XZXf CNT I_Fp 1 lﬁp };'E
DC IS I <€
A

Plant,

- > sat(*) He, +1€
_Zce(x)lxzxf = bV, Ue 5
r

Figure 7.12: Closed-loop control of the vertical subsystem. The tunneling gap d = z; —
Ze(xf) = do + 2zp — 2zc(xy) is regulated by the Ho, controller via cantilever position z.(z¢) =
Ze, (T f)+ze, () by keeping the tunneling voltage y3 (and as a result the tunneling gap) on the
constant level of z,. The interaction (proximity) force F), between the tip and the cantilever
is estimated via F'E subsystem from the tunneling voltage y3 and the control signals u, and
ue and eliminated by adjusting the position of the tunneling tip z, via outer closed-loop with
PID controller, tuned automatically using Matlab & Simulink software.

and proximity force estimator F'E. The inner closed-loop consists of the nonlinear physical
law PL} with the current sensor C'Sy(s) and linear cantilever CNT'(s) actuated by the non-
linear electrostatic actuator E A, controlled by H,, controller which is designed to control
the tunneling gap on the constant level (i.e. tunneling voltage y3 on the desired level z,).
Recalling equation (2.27), the nonlinear electrostatic actuator can be described by:

Fo(t) = ———Ve(t 7.8
where I(t) = lo + z.(zy,t), lo is the distance between the unbended cantilever and the electro-
static plate (see Fig. 2.4) and z.(xy,t) is the total cantilever displacement at the tip position
xy, defined as the superposition of the displacements caused by the proximity and the elec-
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trostatic forces as follows:
ze(xp,t) = ze, (T, t) + 20 (T4, 1) (7.9)

Since in static conditions this force can be approximated as Fe(t) = kfzc (xf,t) (where ks
is cantilever effective stiffness (force constant)), one gets the expression which links directly
Ze, (xf,t) with the input voltage V,(t) as follows:

ky 21(t)? c N kg 2(lo + zc(x g, 1))

Ze (g, t) = 2Ve(t)2 (7.10)

Finally, since lg >> z.(x,t) further approximation of (7.10) gives (see also [Blanvillain et al.,
2014]):

Ze (T f,t) 2 —— SV (1) = —bV(t)? (7.11)

The nonlinear electrostatic actuator can be expressed finally as follows:
Fo(t) = kpze (zy,t) = —k:fbVe(t)2 (7.12)

where the cantilever effective force constant ky is equal to the inverse of the cantilever DC
gain ky = CNT, Eé. In order to linearize the actuator an exact linearization is used as follows:

Ve(t) =/ (7.13)

where u. = bV2 = —2. (xf). Therefore, the control signal u. (with minus sign) serves as an
estimation of the cantilever position coming from the electrostatic force F,. Since this force
is negative it bends the cantilever downwards (2., (zy) < 0). The presence of the square root
in (7.13) restricts u. to be positive. One can design the controller with anti-windup design,
however here the positiveness of u, will be assured by restricting the cantilever displacement
coming from the electrostatic force z., to be negative, therefore u, = sat(u.) = —Z., almost
ever and the saturation block is added only for the security reason. Recalling (5.8), the
linearization of the nonlinear physical tunneling law PL} around equilibrium point gives:

o~

t(s) _ g _uls) _ppo
oy = ke =~ 105 = PLs) (7.14)

Taking into account the two linearizations (7.13) and (7.14), the Hy linear controller is based
on the following linearized model from ue to y3:

PLi(s) =

=

Gup—sys(5) = —CSy(8)kieqCNT(s)CNTph (7.15)

Once the inner loop is closed, a well tuned PID controls the tip position (and the cantilever
position as well, since the gap is kept constant by the inner closed-loop). This two-loop
scheme enables positioning the cantilever and tip above 1 nm, which is not possible with
only one loop, since the gap must be kept below this distance. The force estimator FE
estimates the proximity force on the basis of the measured tunneling voltage y3 and the control
signals of the piezoelectric and electrostatic actuators (u, and w., respectively) and will be
described in the last subsection. Since the total cantilever displacement is the sum of the
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Figure 7.13: The perturbed 3-mode model (in red) and the nominal 1-mode model (in blue)
in case of: (a) x = xy = L =500 um. (b) x = xy = 0.81L = 405 pum.

displacement components coming from the electrostatic and proximity forces (i.e. z.(x f) =
Ze, (Tp) + 20, (Tp) é(_FP +F,) = %FG in the static case), knowing the estimated cantilever
displacement Z., taken from the estimated proximity force Fp allows to adjust the reference
for the cantilever displacement coming from the electrostatic force (with minus sign) —z., in
such a way that the total cantilever displacement z. is kept on the reference level z... The
low-pas filter LP with cut-off frequency of 70 Hz is added on the reference —z., in order to
eliminate the influence of its high frequency components on the tunneling current.

7.3.1 H, design for tunneling gap control via electrostatically actuated
cantilever

In this section H o, controller is designed for the two models corresponding to the two positions
highlighted in the previous section (i.e. © = xy = L = 500 pm and = = zy = 0.81L =
405 pm). In both cases the controller for the 3-mode model (called the perturbed model) is
designed on the basis of the 1-mode model (called the nominal model) as shown in Fig. 7.13a
and Fig. 7.13b. The linearized perturbed model from the input u. to the output ys (see
Fig. 7.12) including the 3-mode model of the cantilever is given by:

Guo—>ys, (5) = —CSi(8)kicgCNTsm(s)CN T3, (7.16)

where CNT5,,,,. is the DC gain of the cantilever model CNT3,,(s). The considered nominal
model corresponds to model (7.16) but with 1-mode model of the cantilever and is given by:

Gup—ys(8) = —CSy(8)kiecgCNT1p(s)ONTY,! (7.17)

Impc

The output multiplicative structure has been chosen to model the uncertain system (7.16) as
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Figure 7.14: The relative errors Ia(w) together with their upper bounds |Wa (jw)| used for
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z =1z =0.81L = 405 um and 2°¢ order weight Wa(s).

follows:
Gue—>ys, (s) = (1+ Wa(s)A(s))Gue—>ys(s) (7.18)

where A(s) is any stable transfer function, which represents the normalized complex pertur-
bations such that |A(jw)| < 1, Yw and Wa(s) is a rational transfer function representing the
uncertainty weight chosen as follows:

Guef>ysp (Jw) = Guo—>ys (Jw)
Gue*>y3 (]CL))

(Wa(jw)l = [Wa(jw)A(jw)| = la(w) = , Vw (7.19)
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Figure 7.15: Sensitivity functions for the nominal plant and the obtained Ho, controller for
the desired bandwidth 5 kHz and 2"¢ order uncertainty weight Wa (s): a) Output sensitivity
function. b) Complementary sensitivity function. ¢) Control sensitivity function.

where [a (w) represents relative magnitude of the neglected dynamics (i.e. one chooses Wa (s)
such that |Wa(jw)| is an upper bound on the relative errors Ia(w)). Fig. 7.14 shows the
relative errors Ia(w) together with [Wa (jw)| for the 5* and 2" order weight Wa(s) with
cross-over frequency of 5 kHz and for two cases, where v = 2y = L = 500 pm and x = zy =
0.81L = 405 pum (for both cases Wa(s) are exactly the same). Since Wa(s) will shape the
complementary sensitivity function, to assure good robustness margin, it is already constrained
at low frequencies by the 3.5 dB from below. It can be seen that for the considered bandwidth
5 kHz, the 5" order weight Wa(s) successfully bounds the relative errors from above for
the two cases. For the 2" order weight, the robust stability of the model corresponding to
x = xp = L =500 pum is not achieved, while for the case where z = x; = 0.81L = 405 um
it is. Moreover, in the second case the bandwidth can be furtherly increased, since there is
still a little space for robust stability. The following weights have been chosen to shape the
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sensitivity functions:
s+ 6.283 x 10*

Ws.(8) = =5 6983 (7.20)
Wr.(s) = Wa(s) (7.21)
Whr.(s) = —Gikie,/10 = —1.65 x 10° (7.22)

Fig. 7.15 shows the sensitivity functions shaped by the associated weights (2°¢ order uncer-
tainty weight Wa(s) in this case). The optimal cost function v = 1.35 has been obtained.
Fig. 7.16 shows the reference tracking corresponding to the two cases and weights. The open-
loop response of the model has been scaled by its gain in order to be with the same scale
with the closed-loop one. The performance achieved is the same apart from the case where
robust stability is not achieved (z = 2y = L = 500 um and 2" order weight Wa(s)). One
can conclude that proper location of the actuator and sensor allows to reduce the order of
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Figure 7.16: H., control of the linearized model from the input u. to the output y3 (without
the noise) (the open- loop response of the plant has been scaled by its gain in order to be with
the same scale with the closed-loop one): (a) x = xy = L = 500 pm and 5t order weight
Wal(s). (b) x =z = L =500 um and 2" order weight Wa(s). (c) z = z; = 0.81L = 405 um
and 5™ order weight Wa(s). (d) # = zy = 0.81L = 405 pm and 2°¢ order weight Wa(s).
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the controller and/or increase the desired bandwidth. Fig. 7.17a and Fig. 7.17b show the
frequency response (magnitude) of the scaled open-loop and closed-loop system for the two
considered cases. The comparison with the simple PID controller has been shown in Fig. 7.18.
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Figure 7.17: Bode diagrams of the scaled open-loop (OL) and closed-loop system with H
controller (with 5" order weight Wa(s)) and the perturbed plant model: (a) z = zy = L =
500 pm. (b) x = xy = 0.81L = 405 pm.
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Figure 7.18: Comparison of Hs, control with the PID controller (PID; is the closed-loop
response with the first shot parameters of PID proposed by Matlab & Simulink and PID,
refers to the fastest possible PID controller before the stability loss).
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The PID gains have been tuned using Matlab & Simulink software. The proposed solution
(PIDy) has quite low bandwidth and can be increased, however this introduces at some point
significant oscillations until the system is on the stability limit (PID;). The model-based Ho,
controller clearly outperforms PID.

7.3.2 Cantilever positioning via piezoelectrically actuated tip with prox-
imity force compensation

Recalling equation (2.24), the proximity interaction force between the tunneling tip and the
cantilever is expressed as follows:
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Figure 7.19: Simulated proximity force for different tip curvature radius R. Here, the inter-
atomic distance a, = 0.166 nm. The inset plot shows the zoom of the proximity forces in the

tunneling voltage measuring range (i.e. 0-10 V, which corresponds to the tip/surface distance
0.7-1 nm).

Fig. 7.19 shows the behavior of proximity force (7.23) for the following numerical values:
different tip curvature radius R = [20, 30,40, 50] nm, the Hamaker constant H = 6.4 x 10~2°
J, interatomic value a, = 0.166 nm, the effective contact stiffness EZ;, = [(1 — v2) /By + (1 —
v?)/E]~! with the Poisson ratios v; = 0.28 and v = 0.17 and the elastic moduli F; = 129
GPa and F = 180 GPa of the tip and the cantilever, respectively. As mentioned before, the
interatomic value a, separates the region where only attractive van der Waals force is present
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from the region where the repulsive adhesive force is added to the van der Waals force. When
the two forces become equal (proximity force Fj, = 0) the materials are in mechanical contact
and the total net proximity force starts to be repulsive. In the considered case the measuring
range of the tunneling voltage is constrained to the standard value of the data acquisition cards
between 0 and 10 V, which corresponds to the tip/surface distance below 1 nm and down to
0.7 nm and therefore during normal operation (where the tunneling current can be measured)
only the attractive proximity force should appear (non-contact mode). The proximity force
could be estimated from the measurement of z.(x) if the cantilever displacement sensor (like
in AFM) was available as follows (in static case):

Fp = Fe — Fc ~ kféce(xf) — /ffzc(a:f) = kfue — k:fzc(a;f) (7.24)

In the considered case the only available measurement is the tunneling voltage y3. The prox-
imity force can be then approximated from the measurement y3 and the control signals u, and
u, as proposed below:

Fp = Fe — FC ~ k:fue — kuA’c($f) (725)

where Z.(xf) is given by:

R 1
2C($f) = 215 —d= (—szG’UZU/Z + d()l_ {—kln <Gigg3‘/b> } (726)

2t

d

Fig. 7.20 shows the performance of the two closed-loop scheme from Fig. 7.12, when the
proximity force is absent. The tunneling current is kept on the constant level of 1 nA (which
corresponds to the tunneling voltage of 1 V) via electrostatic actuator, by the Hy, controller
as shown in Fig. 7.20a. This corresponds to the distance d = 0.84 nm. The corresponding
control signal u, is shown in Fig. 7.20b. Note that ue = —Z, (i.e. it is the estimation of the z.,
taken with minus sign). The displacements z; and z. of the tip and the cantilever, respectively
are shown in Fig. 7.20c. One can see that the PID controller of the outer loop controls the
cantilever position z. around the reference z.. by adjusting the tip position z; via piezoelectric
actuator (it is possible since the gap between the tip and the cantilever is already kept on
the constant level of 0.84 nm by the Ho, controller of the inner loop). The low-pass filter
LP added on the cantilever reference allows to reduce the peaks appearing in the tunneling
current measurement due to the square signal of this reference. The creep phenomenon which
acts as a disturbance d, over the tip position has been successfully canceled (which can be
also seen on the control signal u, of the tip, which drifts as shown in Fig.7.20d).

Fig. 7.21 shows the performance of the two closed-loop scheme in the presence of the
proximity force. First, the case when the creep d, of the tip is not present is considered.
Fig.7.21a shows the tip and the cantilever displacements without (z, and z.,) and with
(ztc and z..) proximity force compensation. Without compensation the cantilever cannot
be positioned at the reference signal z.., since the force —F), attracts it upwards. As a
result the tip moves upwards as well in order to keep the tunneling gap constant. When
the interaction force is compensated, the proper cantilever and tip positioning is possible.
The estimated proximity force is shown in Fig. 7.21b. Notice that Fig. 7.21c and Fig. 7.21d
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Figure 7.20: The performance of the two closed-loop scheme from Fig. 7.12 when the proximity
force F), is absent: (a) Tunneling voltage y3. (b) Control signal u. of the inner loop with H
controller. (c) Cantilever and tip displacements. (b) Control signal u, of the outer loop with
PID controller.

correspond to the case when the creep phenomenon of piezoactuated tip is present. In this
case the proximity force cannot be well estimated, however the results are still much better
than without compensation. The performance could be improved when the creep model of
the piezo was taken into account in the proximity force estimator. It should be stressed that
this compensation depends on the accuracy of the parameters used in the estimator and other
phenomena like creep.

7.4 Conclusion

In this chapter simulation results for the 3-mode cantilever model have been presented. Know-
ing the singular points of the modal shape functions allows to place the actuator/sensor near
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Figure 7.21: The performance of the two closed-loop scheme from Fig. 7.12 when the proximity
force F), is present: (a) Tip and cantilever displacements without (z, and z,) and with
(ztc and z..) proximity force compensation (without the creep phenomenon). (b) Estimated
proximity force F, (without the creep phenomenon). (c) Tip and cantilever displacements
without (z, and zq,) and with (z;. and z.) proximity force compensation (with the creep
phenomenon). (d) Estimated proximity force F}, (with the creep phenomenon).

them in order to damp the associated modes and as a result to reduce the order and increase
the bandwidth of the system. The application of such a 3-mode cantilever nanopositioning
has been considered on the basis of the tunneling current. The tunneling gap is kept constant
via electrostatically actuated cantilever by H, control. The positioning over the distance of
1 nm was possible using a second closed-loop, which controls the cantilever position through
the tip position via piezoelectrically actuated tunneling tip. To that end, a proximity force
estimator has been designed in order to compensate it, on the basis of the measured tunneling
current and two control signals.



CHAPTER 8

Conclusions and perspectives

Conclusions:

Summing up, the main goal of this thesis was to develop 3D model for the nanopositioning
system corresponding to the experimental set-up developed in GIPSA-lab, its proper control
with high accuracy over possibly high bandwidth and experimental validation of the proposed
techniques. To that end, the platform has been equipped for 3D operation with capacitive
sensors for both X and Y horizontal displacements in addition to the vertical actuation.

The developed 3D model finally consists of piezoelectrically actuated scanning horizonal X
and Y axes and vertical probing 7 axis. The latter is equipped with piezoelectrically actuated
tunneling tip (like in STM) and with electrostatically actuated micro-cantilever (like in AFM).
Such a model is quite complex and due to several nonlinearities (exponential nonlinearity of
tunneling current, hysteresis of piezoelectric actuators, quadratic nonlinearity of electrostatic
actuator) and other adverse phenomena (creep, vibration, cross-couplings between piezo axes,
high measurement noise of tunneling current sensor), it is a real challenge to control it with
nanoscale accuracy. First, hysteresis and creep phenomena exhibited by piezoelectric actua-
tors in horizontal axes have been compensated in real-time using different techniques (classical
Prandtl-Ishlinskii (PI) model, its modified version (MPI), disturbance observer (DOB) and
a combination of MPI with DOB, as well as an adaptive approach). An identification with
subsequent order reduction of such linearized horizontal 2D model allowed to design several
linear controllers (LQG/LTR, SISO Hs,, MIMO H,) for piezo vibration and cross-coupling
reduction between X and Y axes. Their comparative experimental validation has been pre-
sented. The real challenge is a control of the vertical motion (Z axis), based on the tunneling
current phenomenon, due to several requirements (nanoscale operating range, high sensitivity
to measurement noise and external disturbances, sharp tip, clean surface etc.). A two-stage
procedure for approaching the tip to the surface and obtaining tunneling current has been
used (coarse approach done manually and fine approach done automatically). Tunneling cur-
rent proper control using pole placement with sensitivity functions shaping methodology has
been experimentally validated. Finally, illustrative results for three applications have been
presented:

e 3D nanopositioning application (without cantilever motion), validated experimentally.
The tunneling tip tracks prespecified reference signals in X, Y and Z directions (in the
Z direction the reference is called "virtual surface", since it imitates surface variations).
The adverse phenomena of hysteresis, creep, vibrations and cross-couplings in the hor-
izontal axes were eliminated using above mentioned techniques with tunneling current
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control in vertical axis using pole placement with sensitivity functions shaping method-
ology.

STM-like application, validated in simulations. The tip is moved along the X and Y
axes, while the reference for the 7 axis is kept constant. To that end, two control
strategies have been compared: SISO PID decentralized control (3 PIDs, each for one
axis, with decoupling compensators) and one MIMO LQI centralized controller. In the
first approach, the surface topography is retrieved from the control signal of the vertical
piezo (classical approach) and in the second approach it is reconstructed via Kalman
observer (proposed approach). The second approach gave more satisfactory results.

Multi-mode cantilever positioning application, tested in simulations. A scheme consist-
ing of two closed-loops (an inner closed-loop with electrostatically actuated cantilever
using Ho, controller and an outer closed-loop with piezoelectrically actuated tunneling
tip using PID controller) allowed to position the cantilever on a distance larger than
1 nm. The interaction force appearing between the tip and the cantilever has been
compensated via proximity force estimator.

Perspectives:

Several perspectives/extensions can be deduced in view of the obtained results:

The multi-mode cantilever model tested in simulations needs to be validated in exper-
iments. To that end, the sampling frequency should be increased in order to catch at
least two modes. However, the acquisition cards in the present configuration limit the
sampling frequency to 30 kHz. High speed data acquisition, based for example on FPGA
technology can be used for that purpose.

Cross-couplings from the horizontal to the vertical axes should be compensated. How-
ever, it is hard to identify them from the tunneling-current measurement, since it is
affected also by the surface variations (for that purpose the surface should be ideally
flat). For high frequencies, the tip can move outside the operating range as well, resulting
in loss of tunneling current.

For the second application (STM-like application), in order to be experimentally val-
idated, a proper reference grating (surface) should be used. Here instead, a "virtual
surface" was imposed as the reference in the vertical direction, which only imitated
the real surface (the first application - 3D nanopositioning). For that reason, the first
application has been tested in experiments, while the second one in simulations only.

Accurate model parameters are needed for the proximity force compensation using the
proposed estimator. Adding for example another sensor which measures the cantilever
displacement could help with exact force estimation.
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