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Mixed Stepping / Scanning Mode Control of Stick-Slip SEM-integrated Nano-robotic Systems

The ability to do dexterous automated and semi-automated tasks at the micro-and nano-meter scales inside a Scanning Electron Microscope (SEM) is a critical issue for nanotechnologies. SEM-integrated nano-robotic systems with several Degrees Of Freedom (DOF) and one or several end-effectors have therefore widely emerged in research laboratories and industry. The Piezoelectric Stick-Slip (PSS) is one of the best actuation principle for SEM-integrated nano-robotic systems as it has two operating modes, namely a coarse positioning mode with long travel range, and a fine positioning mode with a resolution of the order of the nanometer. The main contribution of this paper is the design of a switch control strategy to deal efficiently and in a transparent way from the user's point of view, with the transition between the coarse and the fine operating modes of PSS actuators. The aim is to be able to perform positioning tasks with a millimeter displacement range and a nanometer resolution without worrying about the mode of operation of the actuator. The coarse mode and the fine mode are respectively controlled with a frequency/voltage proportional control and a H ∞ control. The switch control is based on an internal model of the actuator. Experimental results show the effectiveness of the new mixed coarse/fine mode control strategy to satisfy closed-loop stability and bumpless specifications at the switching time. For the best knowledge of the authors, this result is the first demonstration of such a control capability for PSS actuators.
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Introduction

SEM-integrated nano-robotic systems have widely emerged in recent years to address the issue of automated and semiautomated tasks for nanotechnologies. The SEM is particularly interesting because it provides a visual feedback with nanometer resolution and a depth of field better than that of light microscopes. Nano-robotics inside the SEM enables in-situ tasks at the nanometer scale such as nano-manipulation [START_REF] Takahashi | Interactive nano manipulator based on an atomic force microscope for scanning electron microscopy[END_REF][START_REF] Qin | Nanomanipulation and nanofabrication with multi-probe scanning tunneling microscope: From individual atoms to nanowires[END_REF], nanoassembly [START_REF] Eichhorn | Nanorobotic assembly and focused ion beam processing of nanotube-enhanced afm probes[END_REF][START_REF] Yang | Assembly and evaluation of mwcnts probe thermal sensor by nanorobotic manipulation[END_REF] as well as electrical [START_REF] Zhang | A loadlock-compatible nanomanipulation system for scanning electron microscope[END_REF] and mechanical characterization [START_REF] Boles | In situ cycling and mechanical testing of silicon nanowire anodes for lithium-ion battery applications[END_REF] of materials and biological samples at the small scales. SEM integrated nano-robotic systems have to be able to generate two motion modes, namely a coarse positioning with a displacement range of several micrometers or millimeters to bring an end effector close to the micro/nano-object to be manipulated, and a fine positioning with a resolution in the nanometer range to locally characterize and/or manipulate the object. According to the literature, such robots are generally actuated by piezoelectric inertial actuators in the coarse and the fine modes independently [START_REF] Eichhorn | Nanorobotic assembly and focused ion beam processing of nanotube-enhanced afm probes[END_REF][START_REF] Ru | Automated four-point probe measurement of nanowires inside a scanning electron microscope[END_REF][START_REF] Zhang | A loadlock-compatible nanomanipulation system for scanning electron microscope[END_REF][START_REF] Yang | Assembly and evaluation of mwcnts probe thermal sensor by nanorobotic manipulation[END_REF][START_REF] Takahashi | Interactive nano manipulator based on an atomic force microscope for scanning electron microscopy[END_REF]. Particularly, the basic architecture of Piezoelectric Stick-Slip (PSS) type actuator [START_REF] Eichhorn | Nanorobotic assembly and focused ion beam processing of nanotube-enhanced afm probes[END_REF][START_REF] Ru | Automated four-point probe measurement of nanowires inside a scanning electron microscope[END_REF][START_REF] Zhang | A loadlock-compatible nanomanipulation system for scanning electron microscope[END_REF] is composed of a Piezoelectric Element (PE), a slider, and a friction material between the PE and the slider. It operates in scanning mode when there is no slip between the PE and the slider, and in stepping mode when several sequences of stick and slip phases occur. In scanning mode, the PSS actuator can perform a fine positioning with a nanometer resolution but the displacement range is limited by the maximal deformation of the PE (∼ few micrometers). In stepping mode, a coarse positioning with a millimeter displacement range can be achieved, but with a poor resolution. In this mode, the input voltage is usually a sawtooth signal.

The state of art has shown that PSS actuators have a real potential for nano-robotics. Design issues have been deeply investigated [START_REF] Wang | A stick-slip positioning stage robust to load variations[END_REF]. However, several control issues related to the nonlinear behavior and the hybrid operating mode of these actuators still require studies in order to satisfy the demanding performance in nanotechnologies. Existing control strategies can be classified into control in scanning mode and control in stepping mode. The objective of the control in scanning mode is to reduce the hysteresis effect and to damp the vibrations [START_REF] Gu | Modeling and control of piezo-actuated nanopositioning stages: A survey[END_REF].

Hysteresis may induce open-loop positioning errors as high as 10%-15% of the displacement range [START_REF] Li | Adaptive sliding mode control with perturbation estimation and pid sliding surface for motion tracking of a piezo-driven micromanipulator[END_REF]. Furthermore, significant oscillations of a hundred nanometers at the fundamental resonance frequency can be observed in the slider displacement [START_REF] Lu | Nonlinear modeling for a class of nano-robotic systems using piezoelectric stick-slip actuators[END_REF]. These mechanical vibrations present a major problem in nano-robotics. For instance, for in situ stiffness measurements on membranes of 200 nm thickness [START_REF] Abrahamians | A nanorobotic system for in situ stiffness measurements on membranes[END_REF], an oscillation of 100 nm of the end-effector can produce the membrane destruction. Open-loop strategies can be used for hysteresis compensation [START_REF] Wang | High-speed and precision control of a piezoelectric positioner with hysteresis, resonance and disturbance compensation[END_REF][START_REF] Gu | Modeling and compensation of asymmetric hysteresis nonlinearity for piezoceramic actuators with a modified prandtl-ishlinskii model[END_REF] [START_REF] Zhou | Preisach modeling of hysteresis and tracking control of a thunder actuator system[END_REF][START_REF] Kuhnen | Inverse feedforward controller for complex hysteretic nonlinearities in smart-material systems[END_REF][START_REF] Rakotondrabe | Bouc-wen modeling and inverse multiplicative structure to compensate hysteresis nonlinearity in piezoelectric actuators[END_REF] and vibration damping [START_REF] Moheimani | A survey of recent innovations in vibration damping and control using shunted piezoelectric transducers[END_REF][START_REF] Rakotondrabe | Complete open loop control of hysteretic, creeped, and oscillating piezoelectric cantilevers[END_REF]. However, A c c e p t e d M a n u s c r i p t in practice, it is difficult to obtain precise compensators, and hence to guarantee positioning accuracy. Also, these methods are not robust against hysteresis variations and shifts in the resonance frequency. For these reasons, numerous closed-loop control strategies have been studied in the literature, including poleplacement [START_REF] Li | Positive acceleration, velocity and position feedback based damping control approach for piezo-actuated nanopositioning stages[END_REF], PID control [START_REF] Fleming | A new method for robust damping and tracking control of scanning probe microscope positioning stages[END_REF], H ∞ control [START_REF] Tsai | Robust tracking control of a piezoactuator using a new approximate hysteresis model[END_REF][START_REF] Sebastian | Design methodologies for robust nanopositioning[END_REF] [24], sliding mode control [START_REF] Liaw | Enhanced sliding mode motion tracking control of piezoelectric actuators[END_REF], LQG control [START_REF] Petersen | Minimax LQG optimal control of a flexible beam[END_REF], and so on. On the other hand, few techniques exist in the literature to control PSS actuators in stepping modes. A frequency proportional controller is proposed in [START_REF] Breguet | Stick and slip actuators: design, control, performances and applications[END_REF] where the frequency of the sawtooth control voltage is chosen based on the tracking error. A cascade controller is designed via dehybridization in [START_REF] Sedghi | Control design of hybrid systems via dehybridization[END_REF] using a hybrid model of the actuator. In the inner-loop, a hybrid controller is designed to impose a time-scale separation between continuous and discrete states. In the outer-loop, a continuous proportional derivative controller is developed using an approximated continuous model of the inner-loop in order to satisfy closed-loop stability. A frequency/amplitude proportional controller is presented in [START_REF] Rakotondrabe | Voltage/frequency proportional control of stick-slip micropositioning systems[END_REF] to control the amplitude and the frequency of the sawtooth control signal separately. The proportional gains are determined in the same way as for classical proportional controllers. None of the existing controllers has dealt with the stepping/scanning switch problem of PSS actuators. In fact, this switch generally leads to closed-loop instability and significant vibrations at switching time, which compromises the use of these actuators for fully-automated tasks inside a SEM. This paper focuses on a new control strategy able to drive a PSS actuator in closed loop in both stepping and scanning modes while guaranteeing an efficient bumpless switch between these two operating modes. The experimental setup used to validate the proposed strategy is a nano-robotic platform made up of a Cartesian structure actuated by PSS actuators (Fig. 1). In our approach, these actuators are initially controlled separately in scanning mode and in stepping mode. The hybrid controller involves a H ∞ scanning mode controller, a frequency/ amplitude ( f /u) proportional stepping mode controller, and a switching strategy using an internal model of the actuator. Experimental results demonstrate the effectiveness of the new hybrid controller and its ability to achieve millimeter range motion with a resolution of the order of the nanometer. The closed-loop system enables automated coarse/fine positioning which opens new perspectives on the use of PSS actuators in nano-robotics, particularly to perform precise automated tasks inside a SEM.

The paper is structured as follows. In Section 2, the experimental setup used in this study is described. Sections 3 and 4 deal respectively with the scanning control and the stepping control strategies. In section 5, the new mixed stepping/scanning mode controller is presented. Section 6 concludes the paper.

Experimental setup

The experimental setup of the laboratory enables SEM manipulation and characterization tasks [START_REF] Abrahamians | A nanorobotic system for in situ stiffness measurements on membranes[END_REF]. It consists of a SEM, a multi-Degrees Of Freedom (DOF) nano-robotic system including the 3 axes serial nanorobot that is studied in this paper (Fig. 1), a processor board and a human-robot interface. The processor board features a QorlQ P5020 dual-core processor running at 2 GHz. The serial nano-robotic system is actuated by PSS actuators of the same reference (SLC-1720-S-HV). Each actuator integrates an optical encoder sensor with a resolution of 20 μm. Digital interpolators with an interpolation factor of 4096 are used to obtain a measurement resolution of 5 nm.

The allowable input voltage for each PSS actuator is 0-100 V. In scanning mode, the maximum displacement of the actuators is around 2 μm, whereas it is around 12 mm in stepping mode. The hypotheses of the study are that the PE is attached to the base of the actuator, there is a friction material without lubricant between the PE and the slider and each axis (i.e. slider + the supported robot axis) is guided by a linear guideway, which allows only a translational motion [START_REF] Lu | Nonlinear modeling for a class of nano-robotic systems using piezoelectric stick-slip actuators[END_REF].

Robust control in scanning mode

The scanning mode controller has to deal with hysteresis and undamped resonant modes. The standard H ∞ control strategy is designed for X, Y, and Z axes of the Cartesian structure based on the models presented in the work [START_REF] Oubellil | A 2-dof H ∞ control strategy for a 3 axes robotic system operating at the nanometer scale[END_REF].

The desired closed-loop multi-criteria performance is threefold: (i) A closed-loop response time of few milliseconds only to deal with the need to perform fast positioning tasks in nanorobotics. To do so, the closed-loop bandwidth must be very close to the fundamental open-loop resonance frequency. (ii) A high resolution positioning with a static error of few nanometers only. This performance is fundamental in several micro/nanorobotic tasks such as nano-assembly and nanomaterial characterization. (iii) A closed-loop stability robustness against the hysteresis and the uncertain measurement time delay varying in a defined interval. 

Scanning mode dynamic modeling

The block diagram of Fig. 2(a) describes the open-loop system, where V x (resp. V y , V z ) is the input voltage and X s (t) (resp. Y s (t), Z s (t)) is the slider displacement in X (resp. Y, Z) axis.

Each input/output transfer includes a hysteresis and a presliding dynamic between the PE and the slider. The hysteresis is the nonlinear relationship between the input voltage and the slider displacement. The Hammerstein model is used to describe the nonlinear dynamic in scanning mode as a static hysteresis H followed by a linear dynamic model G(s) as shown in Fig. 2(b) [START_REF] Billings | Identification of nonlinear systems-a survey[END_REF]. This approximation is valid because the hysteresis does not affect the dynamic parameters such as the resonance frequencies and the damping.

Linear presliding dynamic modeling

The presliding dynamics are identified for each actuator using Pseudo-Random Binary Sequence (PRBS) signals, and modeled considering a linear parametric (an autoregressive-moving average with exogenous terms (ARMAX)) model. The model parameters are identified from the experimental data using the Matlab Identification ToolboxTM. For an easy readability of the paper, in the sequel, the block diagrams will be presented for X axis only. Those of Y and Z axes can be obtained by replacing X by Y and Z, respectively.

MPI model of hysteresis

The modified Prandtl Ishlinskii (MPI) model is chosen because it is suitable for asymmetric hysteresis.

Unlike classical Prandtl Ishlinskii (PI) model which is composed of only backlash operators, the MPI model uses another type of operators, namely one-sided dead-zones, to catch the asymmetry [START_REF] Kuhnen | Modeling, identification and compensation of complex hysteretic nonlinearities: A modified prandtl-ishlinskii approach[END_REF]. This model is a superposition of weighted backlash operators followed by a superposition of dead-zone operators, where each backlash (resp. dead-zone) is characterized by a threshold r X S i (resp. r X Hi ) and a weighting coefficient w X Hi (resp. w X S i ) as shown in Fig . 4.

Backlash Dead zone

Vx(t)

Gain Gain identified using the Quadratic Programming Algorithm of the Matlab Optimization ToolboxTM.

xs (t)

Fig. 5 shows a good agreement between experimental and simulated hysteresis curves of the X, Y and Z axes, despite the small numbers of m and n.

Multi-linear approximation of hysteresis

The Multi-linear approximation of hysteresis is very suitable for the control design because it leads to a model with very few parameters [START_REF] Grossard | Modeling and robust control strategy for a control-optimized piezoelectric microgripper[END_REF]. In the [V, X] plane, the hysteresis curve is divided into several piecewise affine functions [START_REF] Rakotondrabe | Quadrilateral modelling and robust control of a nonlinear piezoelectric cantilever[END_REF]. Fig. 6 illustrates this approximation using straight lines, where a Mx and a mx are the maximal and the minimal hysteresis slopes, respectively. Each hysteresis slope can be used for the control design.

The mean slope a 0x = 0.0253 μm//V is chosen to represent the static gain of the nominal model G nx of the actuator as shown in Fig . 7. As such, G nx is the model whose frequency response is shown in Fig. 3 (b) but with a static gain equal to a 0x . In Fig . 7, the ratio of b 0x on a 0x is an input disturbance [START_REF] Oubellil | Robust control strategies of stick-slip type actuators for fast and accurate nanopositioning operations in scanning mode[END_REF]. The H ∞ control strategy, developed in the following section, is based on this model.

Scanning mode control

The scanning mode controller has to satisfy the following closed-loop specifications: maximal closed loop response time lower than 5 ms, vibrations damping with no overshoot, maximal static error lower than 2%. These control specifications are introduced through the following weighting functions: W 1x to satisfy the tracking performances in terms of fast response time and low tracking error. W 2x to keep the control voltage lower than 100 V.

W dx to reduce the effect of the input disturbance b 0 a 0 .

W tx to reject the measurement noise n(t).

H ∞ principle

The H ∞ optimization problem can be illustrated using the block diagram of Fig. 8, where P(s) is the generalized plant model (i.e. the nominal model augmented by the weighting functions), K(s) is the H ∞ controller, i are the exogenous inputs (e.g. reference signals, disturbances, noises,...etc), o are the exogenous outputs (e.g. errors or signals used in the optimization), are the available measurements, and u are the control signals.
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F l (P x (s), K x (s)) = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ W 1x • S x -W 1x • S x • G nx • W dx -W 1x • S x W 2x • K x • S x -W 2x • T x • W dx -W 2x • K x • S x W tx • T x W tx • S x • G nx • W dx -W tx • T x ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ (1) P(s) K(s) i o u Figure 8: Block diagram of the general H ∞ problem.
The control objective is to find an optimal value γ and a controller K(s), stabilizing internally the closed-loop system and guaranteeing the following inequality [START_REF] Apkarian | Elements de la théorie de la commande robuste[END_REF]:

||F l (P(s), K(s))|| ∞ < γ (2) 
Where F l (P(s), K(s)) is defined as the transfer function between the exogenous outputs and the exogenous inputs. This transfer can be modified by the weighting functions used to introduce the desired closed-loop performance.

Robust H ∞ control

H ∞ problems are generally solved in form of the standard feedback control scheme illustrated in Fig. 9, where x s (t) denotes the PSS actuator position, and x r (t) the position reference. The closed-loop system augmented by the weighting functions is shown in Fig. 10. The transfer F l between the exogenous inputs (x r d n) T and the exogenous outputs (e 1 e 2 e 3 ) T is defined as shown in equations ( 1) and [START_REF] Eichhorn | Nanorobotic assembly and focused ion beam processing of nanotube-enhanced afm probes[END_REF].

+ + - + + + Gnx(s) xr(t) Kx(s) vx(t) b0x a0x xs(t) n(t)
S x = (1+K x •G nx ) -1 is the sensitivity function, and T x = (1+ K x • G nx ) -1 • K x • G nx is the complementary sensitivity function. ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ e 1 e 2 e 3 ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ = [F l (P x (s), K x (s))] ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ x r d n ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ (3) 
As previously mentioned, the H ∞ problem consists in finding a controller K x (s) such that the inequality (4) is satisfied.

+ + _ + + + W1x(s) W2x(s) Wdx(s) Wtx(s) Kx(s) Gnx(s) xr(t) e1(t) e2(t) d(t) e3(t) n(t) vx(t) xs(t)
Figure 10: Closed-loop scheme with the weighting functions.

||F l 1-DOF (P x (s), K x (s))|| ∞ < γ x ( 4 
)
This amounts to meet the condition given in [START_REF] Zhang | A loadlock-compatible nanomanipulation system for scanning electron microscope[END_REF].

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ |S x | < | γ x W 1x | |S x • G nx | < | γ x W 1x • W dx | |S x | < | γ x W 1x | |K x • S x | < | γ x W 2x | |T x | < | γ x W 2x • W dx | |K x • S x | < | γ x W 2x | |T x | < | γ x W tx | |S x • G nx | < | γ x W tx • W dx |T x | < | γ x W tx | ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ (5)

H ∞ control synthesis

The nonlinear static gain of PSS actuators comes from the hysteresis, and hence it takes values in the interval [a mx , a Mx ]. Furthermore, the experimentation has shown a measurement delay. For the control design, this delay is considered varying in an interval [0, T r ].

To take into consideration both the gain uncertainty and the time delay in the control design, PSS actuators are firstly modeled using the multilinear input uncertainty representation as shown in Fig. 11, where W Ix (s) is the uncertainty weighting function, and Δ Ix (s) is the uncertainty defined as any stable transfer function with |Δ Ix |( jw) ≤ 1 for all w ∈ R. According to the small gain theorem, the closed-loop transfer x Δ /u Δ with the feedback H ∞ controller for any uncertain A c c e p t e d M a n u s c r i p t plant G px (s) = G nx (s)(1 + Δ Ix ω Ix ) can be written as in equation ( 6), where

+ + Ix (s) v (t) x u x WIx(s) Gnx(s) xs(t)
T px = (1 + K x •G px ) -1 • K x •G nx is the complementary sensitivity function of the uncertain plant G px (s). x Δ = -W Ix T px (s) u Δ (6) 
To satisfy robust stability against the gain uncertainties and the uncertain measurement delay, an additional constraint has to be taken into account in the H ∞ synthesis. This new constraint is obtained using the robust stability criterion as:

|T px (s)| < 1 |w Ix | ∀w, ∀ G px (s) (7) 
Considering the weighting functions W 1x , W 2x , W dx , W tx , and W Ix for each axis, and using the Riccati equation optimization algorithm [START_REF] Doyle | State-space solutions to standard H 2 and H ∞ infinity/control problems[END_REF], the H ∞ controllers have been designed for the three axes (X, Y, and Z) with a sampling frequency of 25 kHz. They are obtained with an optimal performance index of γ x = 1.9024 for X axis, γ y = 2.1699 for Y axis, and γ z = 2.1864 for Z axis.

Experimental results

The H ∞ controllers are implemented on the 3-axes Cartesian system of Fig 1 The closed loop response times for reference signals of 1 μm and 500 nm amplitudes are respectively 1.2 ms, 0.8 ms for X axis, 1.2 ms, 1.1 ms for Y axis, and 0.5 ms, 0.4 ms for Z axis. In the dynamic mode, the overshoots are significantly reduced, and for reference signals of 1 μm and 500 nm amplitudes, they are respectively equal to 4.3 %, 0.5 % for X axis, 8.6 %, 8.2 for Y axis, and 0.6 %, 0.4 % for Z axis. The static error is close to zero and it is less than 1.2 % for the three axis and 1 μm and 500 nm amplitudes reference signals.

Response times, overshoots, and static errors are not given for the 50 nm amplitude reference signals as the sensor noise is significant in the corresponding step responses.

Closed-loop tracking of a circle with X and Y axes is per- The experimental tracking error is illustrated in Fig. 16 for X and Y axes and for the different tracking frequencies. The maximum error respectively for X and Y axes are 0.7 % and 1.18 % for 1 Hz, 0.9 % and 0.74 % for 10 Hz, 2 % and 1.9 % for 50 Hz, 4.29 % and 3.2 % for 100 Hz, 3.33 % and 2.6 % for 200 Hz, 3.1 % and 4.3 % for 300 Hz, 7.9 % and 4.2 % for 350 Hz, 9.5 % and 7.1 % for 400 Hz. This error is less than 5 % for trajectory tracking up to 300 Hz with both X and Y axes. Y axis is able to track trajectories up to 350 Hz with less than 5 % tracking error as it has a faster rising time than that of X axis. The rising time is 0.3 ms for Y axis whereas it is 0.6 ms for X axis.

These results demonstrate the ability of the closed-loop system to track trajectories at frequencies up to 300 Hz with a tracking error less than 5 % . square reference signal of 5 nm amplitude. This experimental displacement curve shows the achievable positioning resolution of these actuators in scanning mode using the H ∞ controllers.

Control in stepping mode

The objective of the stepping mode control is to perform a positioning with a large range displacement, i.e micrometer and millimeter ranges. To this end, a f /u proportional control strategy [START_REF] Rakotondrabe | Voltage/frequency proportional control of stick-slip micropositioning systems[END_REF] is designed.

Mixed stepping / scanning dynamic modeling

The open-loop system is illustrated in Fig. 18, where x p (t) and x s (t) are respectively the PE and the slider displacements, v x (t) is the input voltage of the PE and F f (t) is the friction force between the PE and the slider. C H is a static conversion coefficient. The nonlinear model involves the static hysteresis H, the dynamic model of the PE and that of the slider and the nonlinear dynamic of the friction force. More details about the non-linear mixed stepping/scanning modeling can be found in the previous work [START_REF] Boudaoud | Voltage/frequency rate dependent modeling for nano-robotic systems based on piezoelectric stick-slip actuators[END_REF]. This model is well adapted for the definition of stepping control parameters. 

PE dynamics slider dynamics

vx(t) xp(t) xs(t) Ff(t) xp(t) xs(t)

Stepping mode control

f /u proportional control

The closed-loop f /u proportional control scheme is shown in Fig. 19. It includes the PSS actuator to be controlled, a home made sawtooth generator based on an arduino due, an amplitude proportional controller gain K ux and a frequency proportional controller gain K f x .

The sawtooth generator has three inputs, namely the voltages u x (t), f x (t) and d x (t) to set respectively the amplitude, the frequency and the direction of the sawtooth voltage v x (t) at each sampling time. The amplitude and the frequency of v x (t) can vary in the ranges [0 -5V] and [few Hz -20 kHz ] respectively. The voltage v x (t) is amplified by a linear amplifier with a gain of 20 to feed the PE. 

xr(t) xs(t) ex(t)

Experimental results

The f /u proportional controllers are designed for the three axes of the Cartesian nano-robot (Fig. 1). The control gains K ux and K f x are defined experimentally by trial and error to have a good compromise between the positioning precision and the vibration damping. The gains have been defined for a position reference of 1 mm and the same gains have been used for all the experiments performed thereafter, i.e. for different input references and for the three nano-robot axes. The sampling frequency is 25 kHz.

Step references of 1 mm, 100 μm, 50 μm, and 5 μm are used for the validation. Fig. 20 shows experimental results for X axis. The response time is equal to 26.9 ms (resp. 3.8 ms, 2.5 ms, 2.4 ms) for a reference signal of 1 mm (resp. 100 μm, 50 μm, and 5 μm) amplitude. Fig. 21 shows the experimental results for Y axis. The response time is equal to 40.7 ms (resp. 4.7 ms, 2.8 ms, 2.7 ms) for a reference signal of 1 mm (resp. 100 μm, 50 μm, and 5 μm) amplitude. Fig. 22 shows the experimental results for Z axis. The response time is equal to 27.7 ms (resp. 3.4 ms, 1.9 ms, 1.1 ms) for a reference signal of 1 mm (resp. 100 μm, 50 μm, and 5 μm) amplitude. Static errors are close to zero for the three axes and for the reference signals of different amplitudes. The displacement curves are smooth thanks to the ability of the arduino due card and the defined algorithm to generate sawtooth voltages at relatively high frequencies up to 20 kHz. As such, the stick and slip phases are almost invisible.

The f /u proportional controller always feed the actuator with a sawtooth voltage. It ensures good tracking performances but for displacements lower than the maximum elongation of the PE, i.e. less than 2 μm. In this case, the scanning controller provides better positioning results mainly in terms of resolution as it will be shown in the sequel. In an ideal case, a global control structure should be able to switch between the stepping controller to the scanning controller when the required displacements are in the range of the elongation of the PE. This switch must be transparent for the user. In other words, the aim is to be able to perform positioning tasks with millimeter or micrometer range displacements and a nanometer resolution without worrying about the mode of operation of the actuator.

Mixed stepping/scanning mode control

Switching control problem

To deal with the transition between the coarse and the fine positioning of the nano-robot in a transparent way, a switch control strategy between the stepping and the scanning controllers in needed. Even if the switch is stable, the bump transfer at switching time can generate undesired vibrations of the actuator due to the discontinuity of the control voltage of the two controllers. The generated oscillations can damage the end effector of the nano-robot or the object to be manipulated. For instance, Let us consider the mechanical characterization task of mico-membranes of [START_REF] Abrahamians | A nanorobotic system for in situ stiffness measurements on membranes[END_REF]. The end effector is a tungsten probe attached on the Z axis. It is brought close to the micro-membrane in a semi-automated way: (i) It is approached from few millimeters distance to few micrometers distance in a coarse mode. (ii) It is thereafter controlled using the SmarAct controller to bring it from few micrometer distance to few nanometers distance. This characterization gives satisfactory results, but it is time consuming. Moreover the transition from stepping mode to scanning mode generate significant vibrations of around 100 nm as shown in Fig. 23 while the micromembranes are 200 nm thin.

Control principle

Switched controllers have to provide control outputs with an equal first derivative at the switching time to avoid a bump transfer. The issue for PSS actuators is that it is necessary to deal with a system that has two operating modes. The first one is the scanning mode alone. The second is the stepping mode that includes a succession of scanning modes.

The structure of the proposed mixed stepping/scanning mode control is shown in model of the actuator G nx (s) to deal with the bumpless switching. The aim is to to mitigate vibrations at the switching time and to satisfy closed-loop stability.

Each PSS actuator can be controlled as follows:

-Stepping mode control-: the PSS actuator is initially controlled using the f /u proportional controller designed in section 4. The nominal model G nx (s) (see section 3.1.3) is meanwhile used when the scanning controller K x is offline. In this case, the position reference of the offline controller is the current position x s (t) of the actuator. During the Stepping control, the Switch 1 is on position 1 and and the Switch 2 is on position 2. The switch condition is defined by the user.

-Mixed stepping/scanning mode control-: Thanks to the closed-loop system composed of K x and G nx with the reference position x s , during the stepping mode control, the control voltage value of the scanning mode controller approaches that of the stepping mode controller so that at switching time, the transition between the two control voltages is smooth.

-Scanning mode control-: the Switch 1 is on position 2 and Switch 2 is on position 1. The actuator is controlled in scanning mode only using the H ∞ controller designed in section 3.2.2. The position reference is in this case x r . Precise and fast positioning of the actuator can be achieved.

The mixed structure presented above can simultaneously manage the two operating modes of the actuator. Its main advantage consists in the fact that the user has not to specify the well-suited operating mode according to the desired task, as it is automatically done by the mixed control strategy. This is a novelty in control of PSS actuators. Experimental validations are presented in the following section.

Experimental results

The real time implementation of the control is done on X and Y axes of the Cartesian nano-robotic system of Fig. latter is operating inside the SEM vacuum chamber.

The parts inside the dashed bloc of Fig. 24 are implemented on the processor board. Different parameters such as those of the reference signal x r (t) and the switch condition can be set and changed in real time thanks to the human-machine interface. The signals u x (t), f x (t) and d x (t) are calculated by the controller and connected at the input of the sawtooth generator through DAC (Digital To Analog) converters of 16 bit resolution and 1.6 μs sample time. The current position of the actuator measured by the integrated optical encoder is fed back to the controller thanks to a an incremental encoder interface board.

The reference trajectory selected for the experimental test of the mixed controller is a sinusoidal signal of 1 Hz frequency and a decreasing amplitude from 20 μm to less than 1 μm as shown in Fig. 25. Let m(t) be the straight line passing through the peaks of the reference signal (Fig. 25). The switch from the stepping control to the scanning control is performed when m(t) < 1.2 μm. The controller is implemented with 25 kHz sampling frequency.

Experimental results are presented in Fig. 25 can be observed as shown in Fig. 25. The vibration (I) is due to the switch from the stepping to the scanning controller. Its amplitude is lower than 80 nm for X axis and almost unobservable for Y axis. The vibration (II) happens during the stepping control, it is due to the slip phase when the PE exceeds its maximum elongation. The vibration (III) is due to the switch from the scanning to the stepping controller. This vibration occurs since the bumpless switch from the scanning to the stepping mode control is not considered in this paper.

Some experimental issues occur. The results of Fig. 25 are not always reproducible. For instance, if the switch from the stepping to the scanning mode control happens when the control voltage is close to 0 V or 100 V (i.e. the limits of input voltage of the PE), the PE has not enough displacement range to follow the reference trajectory. In this case the switch is produced with vibrations. This is one of the probable reasons of the reproducibility issue. Nevertheless, several experiments have given very satisfactory results similar to those of Fig. 25. The reproducibility of the experiments will be investigated in future works.

In a second time, the nano-robot axes are controlled only in stepping mode (i.e. without switch) for the same reference position x r (t). The results for Y axis are presented in Fig. 26 and compared with those obtained using the mixed stepping / scanning control. For displacements lower than 1 μm, the use of a scanning control (H ∞ in the case of the study) allows reaching the sensor resolution (i.e. 5 nm), while the resolution obtained if only the stepping control is used is around 25 nm. The other advantage to use a scanning controller in the fine positioning mode and hence a switch strategy is that it offers the possibility to set precisely the closed loop specifications during the control design which is not the case when the actuator is controlled with only a sawtooth type voltage.

Experimentations have shown that the new mixed stepping/ scanning control strategy can perform stable and smooth switch between two controllers of different structures. This controller can guarantee fully-automated nano-robotic applications when millimeter or micrometer range displacements with a nanometer resolution are required.

Conclusion

Nanotechnologies are increasingly requiring robotics at the nanometer scale. SEM-integrated nano-robotic systems have therefore emerged to perform the main required tasks, such as nano-manipulation, nano-assembly, electrical characterization and mechanical characterizations. The PSS actuator is one of the best candidates in nano-robotics because it is able to perform long-range coarse displacements in stepping mode and fine displacements with a nanometer resolution in scanning mode. Control of these actuators is challenging due to several reasons among which the hybrid stepping/scanning operating modes. This paper has focused on the control of PSS actuators to perform large range motions with a nanometer range resolution. A H ∞ controller has been firstly designed in scanning mode to satisfy multi-objective criteria in terms of stability robustness w.r.t hysteresis and the measurement time delay, closed loop bandwidth and precision. A f /u proportional controller has then been designed to control the actuators in a large motion range in stepping mode. A new mixed control strategy able to switch from the stepping control mode to the scanning control mode has been thereafter proposed to drive the PSS actuators in a mixed stepping/scanning operating mode. Experimental results have demonstrated the effectiveness of the controller and have therefore opened new perspectives for the capability of automated nano-robotics. Futur works will concern the extension of the control method to deal with tracking performance of the switch from the scanning mode to the stepping mode. 
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Figure 1 :

 1 Figure 1: The 3-DOF Cartesian nano-robotic structure. It is composed of three axes X, Y and Z. Each axis is actuated by a piezoelectric stick slip actuator (SmarAct SLC-1720-S-HV).

Figure 3 :

 3 Figure 3: Experimental and identified linear presliding dynamics: (a) PRBS response of X axis, (b) Power Spectral Density (PSD) of X axis response , (c) PRBS response of Y axis, (d) PSD of Y axis response, (e) PRBS response of Z axis, (f) PSD of Z axis response [30].

Fig. 3

 3 Fig. 3 shows experimental data and simulation data of the PRBS responses of X (resp. Y, Z) axis. Fig. 3(b) (resp. Fig. 3(d), Fig. 3(f))) shows that the PSS actuator in X (resp. Y, Z) axis has three resonance frequencies at 2061 Hz, 3652 Hz, and 6761 Hz (resp. 1684 Hz and 2870 Hz and 4397 Hz, 5819 Hz and 6760 Hz and 9613 Hz).

Figure 4 :Figure 5 :

 45 Figure 4: Block diagram of the MPI model.

Figure 6 :Figure 7 :

 67 Figure 6: Multilinear approximation of hysteresis, and parameters estimation on X axis[START_REF] Oubellil | A 2-dof H ∞ control strategy for a 3 axes robotic system operating at the nanometer scale[END_REF].

Figure 9 :

 9 Figure 9: General feedback control scheme.

Figure 11 :

 11 Figure 11: Block diagram of the PSS actuator with the multiplicative input uncertainty representation.

Figure 12 :Figure 13 :Figure 14 :

 121314 Figure 12: Experimental closed loop responses of X axis with the H ∞ controller. Reference signals of: (a) 1 μm, (c) 500 nm, and (e) 50 nm. Control voltages for reference signals of: (b) 1 μm, (d) 500 nm, and (f) 50 nm.

Figure 16 :

 16 Figure 16: Experimental errors in XY axes in closed-loop with the H ∞ controller when tracking a circle with frequencies: (a) 1 Hz, (b) 10 Hz, (c) 50 Hz, (d) 100 Hz, (e) 200 Hz, (f) 300 Hz, (g) 350 Hz, and (h) 400 Hz.

Fig. 17 Figure 17 :

 1717 Fig.17illustrates the closed-loop response of X axis for a

Figure 18 :

 18 Figure 18: Block diagram of the open-loop input/output transfer in stepping mode.

Figure 19 :

 19 Figure 19: Closed-loop f /u proportional control scheme of the PSS actuator in stepping mode.

Figure 20 :

 20 Figure 20: Experimental displacement of the X axis in closed-loop with the f /u proportional controller for step reference signals of amplitude: (a) 1000 μm, (b) 100 μm, (d) 50 μm, and (e) 5 μm. Time(ms) 0 10 20 30 40 50 60 70 80 Y axis displacement (μm) 0 200 400 600 800 1000

Figure 21 :Figure 22 :

 2122 Figure 21: Experimental displacement of the Y axis in closed-loop with the f /u proportional controller for step reference signals of amplitude: (a) 1000 μm, (b) 100 μm, (d) 50 μm, and (e) 5 μm. Time(ms) 0 2 4 6 8 1 0 1 2 Z axis displacement (μm) 0 20 40 60 80 100

Figure 23 :

 23 Figure23: The closed-loop X axis displacement with the controller provided by SmarAct company. The maximum elongation of the PE is between 1 μm and 1.5 μm while the input reference is 2 μm. When the position of the slider exceeds the maximum elongation of the PE, vibrations are produced due to a slip phase.

Fig. 24 .Figure 24 :

 2424 Figure24: The mixed stepping/scanning control strategy for PSS actuators. The dashed bloc includes the elements that are implemented in the processor board for the experimental validation.

Figure 25 :

 25 Figure 25: Closed loop response of X axis (a) and Y axis (b) to a 1 Hz sinusoidal reference position with a deceasing amplitude. The switch from the stepping mode to the scanning mode happens when the input signal m(t) for the switch condition is less than 1.2 μm.

  (a) Fig. 25 (b) and for X and Y axes respectively. The nano-robot axes are actuated with the f/u proportional controller when m(t) >= 1.2 μm and with the H ∞ controller otherwise. Three main vibrations A c c e p t e d M a n u s c r i p t

Figure 26 :

 26 Figure 26: Closed-loop response of Y axis with the mixed stepping/scanning control and the stepping control only.
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• A multi-criteria robust control strategy in scanning mode ensures positioning with motion range from few nanometers to few micrometers, and nanometer resolution.

-It satisfies a good compromise between closed-loop bandwidth and vibration damping.

-It guarantees stability robustness against hysteresis and uncertain measurement timedelay.

• A frequency/amplitude controller ensures precise positioning with displacement range from few tens micrometers to few millimeters.

• A new mixed stepping/scanning mode control strategy guarantees accurate positioning with displacement range from few nanometers to few millimeters.

-It is able to switch between the scanning and stepping modes while guaranteeing closedloop stability and bumpless at switching time.

-It opens new perspectives to the use of the PSS actuators in fully-automated nano-robotic applications inside a Scanning Electron microscope (SEM).