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Abstract: Over the last three decades the Atomic Force Microscopy 

(AFM) has played an important role in the field of nanotechnology for 

imaging and manipulating samples. However, the acquisition of a high-

quality imaging performance by an AFM is significantly influenced by its 

key scanning element called its Piezoelectric Tube Actuator (PTA). In 

this article, to improve its performance, a multi-input multi-output model 

predictive control scheme for achieving improved 3D scanned image of 

sample is proposed. The proposed controller achieves this by greatly 

overcoming the problem of tilted characters and nonlinearity effects in 

the AFM scanned images. The experimental outcomes are demonstrating 

the effectiveness of the proposed control technique. 
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Introduction 

Over recent years, Atomic Force Microscopy (AFM) 

has proven to be exceedingly handy as an investigative 

and manipulative research tool in the field of 

nanotechnology (Binnig et al., 1986). It has significant 

impacts in many disciplines, from biological and medical 

research to surface science and has almost all the 

capabilities required to make it a preferred imaging 

technique (Rana et al., 2017). It can obtain the high 

precision and high-resolution topographical images both 

in the form of 2D and 3D. Figure 1 shows a 3D scanned 

image of a TGQ1 sample for a scanning speed of 1 Hz 

by using AFM. 

 

 
 
Fig. 1: 3D form of the TGQ1 sample 

Nevertheless, at high scanning speed the imaging 

performances of presently available AFMs are 

constrained by the limitations of their scanning element 

called Piezoelectric Tube Actuator (PTA) (Li et al., 2019 

and Rana et al., 2018). The major limitations of the 

AFM’s PTA are the non-linear manners in the form of 

hysteresis (Zhang et al., 2019) and creep effects  

(Rana et al., 2014a); low resonance frequency 

(Moheimani and Vautier, 2005) and motion coupling 

effect among the axes (Rana et al., 2014b). 

To achieve the high-speed AFM imaging control 

techniques are needed, to surmount the aforementioned 

restrictions of the PTA. At low scanning speed the AFM’s 

in-built Proportional-Integral (PI) controller achieves good 

tracking of the reference signal. Nevertheless, at high 

scanning rate it cannot compensate the PTA 

nonlinearities. Also, it fails to damp the dominant mode of 

the PTA which consequences vibrations in a scanned 

image. During the last three decades, different control 

techniques have been applied to the PTA to improve the 

imaging performance of the AFM. 

To compensate the hysteresis effect in an AFM’s 

PTA different advanced level controllers have been 

addressed in the literature, such as the Iterative Learning 

Control (ILC) (Leang and Devasia, 2006) and H∞ control 

(Chuang et al., 2013). Leang and Devasia (2006) an 

improved controller is designed using a complex Preisach 

hysteresis model to compensate the nonlinear hysteresis 

effect in the PTA. Though this controller compensates the 
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hysteresis effect significantly it produces vibrations in the 

scanned images at higher scanning rates because it cannot 

take effective measures over the dominant mode. An 

integrated inversion-based control approach is addressed in 

(Croft et al., 2001) to reduce the effect of creep effect. 
To damp the dominant mode of the AFM’s PTA 

numerous feedback controllers have been applied. In 
(Mahmood and Moheimani, 2009) the Positive 
Position Feedback (PPF) control scheme is proposed. 
It is a low-pass filter with high gain at low 
frequencies and fast roll-off at high frequencies. 
However, it suffers from the crisis of small phase and 
gain margin due to its low-pass nature. 

One of the major limitations in AFM imaging is the 
motion coupling effect among the axes of its scanning 
unit. In the high-speed precision positioning of the PTA 
the motion coupling effect between its axes initiates a 
noteworthy amount of error. Because of this effect, the 
input applied to any of the axes of a PTA results in 
movements in both axes of the scanner and introduces 
errors on scanned images. In (Wu et al., 2009) an 
Inversion-based Iterative Control (IIC) method is 
proposed to compensate the motion coupling effect of 
a PTA in the tapping-mode AFM imaging. Although 
the performance of this controller is restricted up to 
24.4 Hz scanning speed. 

Also, developed mechanical structure of the PTA can 

overcome for its motion coupling effect. A XY 

nanopositioning stage actuated with piezoelectric material 

is presented in (Yong et al., 2009) which extensively 

reduces the motion coupling effect. Its combined nature 

with feedforward control and Integral Resonant Control 

(IRC) achieved high-speed scans up to 400 Hz.  
In order to overcome these existing problems, this 

article describes the use of an improved Model 
Predictive Control (MPC) scheme in a Multi-Input 
Multi-Output (MIMO) form. To track the reference 
trajectories and, compensate the nonlinearities and the 
motion coupling effect of the PTA is the primary goal of 
this control framework. 

Indentified Model of the PTA  

In nanopositioning applications the PTA is the most 
useful actuator to perform the displacement of the object in 
both 2D and 3D plane. Figure 2 shows the block diagram of 
the experimental platform. In this experiment, the plant 
model is developed using the black box system 
identification method. The best fit model frequency 
responses for the X and Y-piezos are shown in Fig. 3. 

By the following frequency response functions the 

lateral displacements of the PTA can be described: 
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Fig. 2: Schematic diagram of the experimental platform 
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Fig. 3: The measured and identified model of the PTA’s dynamics: (a) Gxx, (b) Gxy, (c) Gyx and (d) Gyy [measured system model 

(dashed line - -) and identified system model (solid line –)] (Rana et al., 2014a) 
 

Design of Controller 

Design of PI Controller 

The design of a PI controller is presented in this 

section. It continuously observes an inaccuracy between 

a preferred reference and a measured value then applies 

an improvement to the plant based on action of 

proportional and integral control. The generalized 

transfer function of the PI controller is as follows: 
 

 I
c P

K
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s
    (5) 

A detail design of the PI controller can be found in 

(Mandava and Vundavilli, 2019; Mandava and 

Vundavilli, 2018). 

Design of Damping Compensator Controller 

The design of a Damping Compensator (DC) 

controller is presented in this section. The form of the 

DC controller is (Rana et al., 2014c): 
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where, q = 1,2,,N, kq is the controller gain of the 

resultant mode. We are able to get better damping of 

the dominant mode of the PTA by choosing the 

correct value of Lq, Rq and Cq. In this work the DC 

controller is implemented with the PI controller. 

Design of MIMO MPC Controller 

There are numerous potential applications for MPC 

schemes, such as biomedical control, MEMS, robot 

manipulation, automotive or aerospace control, power 

electronics, microchemical systems and different 

process industries. Their good performances 

demonstrate their capability to achieve highly 

efficient control in the field of high- speed AFM 

imaging. They have some special features which make 

them useful in this area, such as tracking a reference 

signal, having a high bandwidth, handling time delays 

and constraints, augmenting integral actions and 

possessing a multivariable nature. The MIMO form of 

a MPC controller improves the overall stability of the 

system. These capabilities of MPC have motivated 

this research to indirectly compensate the limitations 

in an AFM’s PTA. In this control design, the 

dynamics of the PTA is expressed as the following 

discrete time-domain model (Rana et al., 2014a): 

 

     1p p p px k A x k B u k     (7) 
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where, Ap, Bp and Cp describe the plant dynamics, 

derived at a sampling time Ts from Equations (1)-(4). 

To track the reference signal and to compensate the 

system nonlinearities an integrator is added in MPC 

algorithm: 
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where, AC, BC and CC are the augmented plant model. 

The following cost function is minimized to develop the 

proposed control law: 
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where the linear inequality constraints on the system 

inputs are: 

 

 min max1 ,   1, , ;cu u k i u i N      (12a) 

 

 min max1 ,   1, , ;cu u k i u i N         (12b) 

 

where, RS, R and Q  are the reference signal, the control 

weighting matrix and the state weighting matrix, 

respectively. 

Experimental Results 

Figure 4 and 5 shows the scanned 3D images of a 

sample and its vertical direction contours at 62.50 Hz 

and 125 Hz scanning speeds. The AFM is controlled 

in constant force mode for the period of this 

experiment. As a reference sample in this experiment 

an NT-MDT TGQ1 is used. The scanning is 

performed using an NT-MDT CSG01 microcantilever. 

The shape of TGQ1 sample is rectangular whose 

altitude is 20±1.5 nm and area is 1.5±0.25 μm. The 

conventional zigzag raster pattern scanning technique is 

used in this experimental investigation. 

Discussion 

To evaluate the nanopositioning performance of the 

proposed controller it is implemented in the AFM’s 

PTA. At 62.50 Hz scanning speed the scanned 3D 

images using the conventional PI controller and DC 

controller have some noticeable error at the boundary of 

the image. This consequence is excessive at high 

scanning rate. At 125 Hz scanning speed the DC 

controller has alleviated this error in some degree where 

the PI controller entirely looses the information of the 

image because of the nonlinear effects and excitation of 

resonance of the AFM’s PTA. On the contrary, the 

scanned 3D images using the proposed controller are 

better capture, even at high speeds. In Fig. 5 the vertical 

contours of the scanned images are presented. It can be 

noticed that the proposed control scheme provide the 

better height profile of the calibration grating than the 

existing AFM PI controller and the DC controller which 

results in improved images.   
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Fig. 4: 3D scanned images at 62.50 and 125 Hz: (a)-(b) using the PI controller; (c)-(d) using the DC controller; and (e)-(f) using the 

proposed controller, respectively 
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Fig. 5: Vertical direction contours of the sample at 62.50 and 125 Hz: (a)-(b) using the PI controller; (c)-(d) using the DC controller; 

and (e)-(f) using the proposed controller, respectively 

 

Conclusion and Future Work 

In this brief, the design and experimental execution 

of a MIMO MPC controller for advancing the 3D 

imaging performance of an AFM is addressed. The 

shortcomings of the PTA are compensated by the 

proposed controller. The proposed controller results 

improved 3D scanned images over the existing PI 

controller and the DC controller up to 125 Hz 

scanning speed. 

In this work to generate the 3D scanned images of the 

sample a conventional scanning method is used which 

excites tube resonance. In future, a Lissajous scanning 

pattern could be a better alternative.  
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