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ABSTRACT 

Owing to robust and optimal specification, model predictive control method has received wide atten-
tions over recent years.  Since in certain operational conditions, an Atomic/scanning Force Microscope 
(AFM) shows chaos behavior, the chaos feedback control of the AFM system is considered.  According 
to the nonlinear model of forces interacting between the tip of micro cantilever and the substrate of AFM; 
the nonlinear control methods are proposed.  In the paper, the chaos control of a micro cantilever AFM 
based on the nonlinear model predictive control (NMPC) technique is presented.  Through software 
simulation results, the effectiveness of the designed NMPC of the AFM is assessed.  The simulation re-
sults together with analytical stability proofs indicate that the proposed method is effective in keeping the 
system in a stable range. 
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1.  INTRODUCTION 

Since the invention of AFM in 1986 by G. Binnig et al. 
it plays a significant role in different areas of science and 
engineering like electronics, biological, materials, chem-
istry, semiconductor manufacturing [1].  An AFM can 
be significantly effective in manufacturing many goods, 
including topographic three-dimensional Nano structures 
and precise measurement for MEMS devices [2].  Gen-
erally speaking, on the end tip of cantilever of micro-
scope, a sharp probe is considered to scan the substrate 
surface of the AFM.  Thereby, the performance of AFM 
depends on the interaction force between the substrate 
and the micro cantilever.  The main forces which affects 
the AFM mechanism include mechanical contact force, 
capillary forces, van der Waals forces, electrostatic forces 
and magnetic forces.  In “contact mode” measuring 
method of the surface forces of AFM, a photo diode 
measures the deflection of light perverse where a devia-
tion micro cantilever remain in contact with the substrate.  
In second method known as the “tapping mode”, by vi-
bration of micro cantilever in a frequency close to its 
resonant frequency and considering the changes of spring 
parameter, the surface forces of the AFM are measured.  
According to the nonlinear nature of the forces acting 
between the probe tip and the substrate, the micro canti-
lever shows chaotic behavior in certain conditions of 
tapping mode [3].  Analysis of the chaos behavior of the 
AFM is an important issue which is investigated by 

researchers.  Burnham et al experimentally studied the 
tapping mode as a single degree of freedom nonlinear 
system [4].  Based on Melnikov theory, the physical 
conditions in which chaos may occur in the system have 
been obtained [5, 6].  Ashhab et al concluded that the 
chaos in the AFM depends on the damping, excitation 
and distance parameters between the tip-sample [6].  
They showed that the state feedback control is effective 
to eliminate the possibility of chaotic behavior.  Basso 
et al simulated numerically the chaos dynamics in the 
same model of Ashhab et al [7, 8].  Lee et al 
investigated the numerical dynamic response of AFM 
under van der Waals force and mechanical contact 
between the tip and the substrate known as Derjaguin– 
Muller–Toporov (DMT) model [9].  By the way, a dis-
cretized single mode model of the micro cantilever was 
produced using Galerkin’s method.  Ruetzel et al applied 
Galerkin method on dynamic equations of the AFM.  
Furthermore, the interaction between the tip and the sub-
strate was studied by using the potential term of Lennard 
- Jones.  The periodic and the chaotic behavior of the 
AFM system has been investigated numerically in the 
study [10].  Experimental and theoretical works yield 
that the chaos behavior in the AFM may depend on many 
factors.  The main factors include the damper, the exci-
tation amplitude, frequency, and the average distance 
between the probe tip and the substrate.  The chaotic 
behavior during AFM operation is very risky and can 
make false results of the experiment.  Through systematic 
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experiments on different types of micro cantilever in 
different conditions, Hu and Raman showed that the 
dynamic response of micro cantilever AFM may bifur-
cate from periodic to chaotic oscillations near transition 
from non-contact to tapping regimens [11].  To ensure 
accurate performance of AFM and to eliminate the cha-
otic behavior in changing the operating conditions, the 
active controller should be used for stability considera-
tions.  Ashhab et al have applied the classic proportion-
al and derivative controller on the AFM system [5].  
Arjmand et al used nonlinear delayed feedback control 
method to control chaos behavior in the AFM [3].  They 
showed that the chaotic behavior of the AFM using the 
nonlinear method can be suppressed.  Yamasue et al 
presented using a new method of time delay feedback 
control for AFM [12].  Salarieh et al began using de-
layed feedback to control the chaos in tapping mode of 
AFM [13].  They used the minimum entropy algorithm 
to obtain a feedback gain.  Yau and Wang designed PD, 
Fuzzy logic and sliding mode control by back-stepping 
controllers for AFM micro cantilever [14-16].  Nozaki 
et al used the optimal linear feedback control and the 
state-dependent Riccati equation to control chaos of the 
AFM [17].  According to the studies of chaos control in 
the AFM, the assumption is that the exact parameters of 
the model are available, and the system is not under ex-
ternal disturbances.  However, the ideal condition can-
not be always provided. 

In the current paper, the chaos stability of the micro 
cantilever AFM using the nonlinear model predictive 
control is presented.  The proposed cost function of the 
NMPC consists of quadratic terms of errors between the 
preferred trajectory and the predicted states of the AFM 
system.  Generally, the implementation of a real-time 
NMPC algorithm is difficult in practice.  Since the 
NMPC algorithm is complex, high computational burden 
is requested for online optimization.  However, owing 
to the importance of accuracy in micro/Nano scale 
movements, the high-level NMPC system is designed 
providing mathematical stability proof of the proposed 
NMPC.  The simulation results show that the proposed 
method can be used to effectively suppress the chaos of 
AFM.  The rest of paper is organized as follows: In 
section 2, dynamic modeling of AFM and occurrence of 
chaos are discussed.  In section 3, using NMPC, chaos 
of AFM system is controlled.  Conclusions are present-
ed in section 4. 

2.  AFM MATHEMATICAL MODELLING 

Depending on the application case, the micro cantilever 
system may be operated in some modes.  There are 
generally three types of AFM imaging, non-contact mode, 
contact mode, and tapping mode (or intermittent).  When 
an AFM operates in a tapping mode, the vibration am-
plitude of micro cantilever increases much higher than 
the equilibrium distance of separation between the tip 
and the substrate.  The tapping mode AFM can be used 
to characterize the elastic, viscoelastic, electrical and 
thermal properties of a surface [2].  The tapping mode 

is the most widely used mode of operation, in which the 
motion governing dynamics is nonlinear [10].  In this 
paper, the non-linear dynamicsand chaos of a piezoelec-
tric micro cantilever probe in tapping mode of the AFM 
will be investigated.  As previously mentioned, it is 
necessary to simulate the dynamics of micro cantilever 
completely before any examination of the interaction 
between the AFM tip and the substrate.  The physical 
model of the AFM in tapping mode is shown schemati-
cally in Fig. 1.  The base of the micro cantilever is ex-
cited by a dither-piezo generating a displacement 
cos(t) where  is the amplitude of excitation and  is 
excitation frequency.  The micro cantilever is controlled by 
a piezo-actuator.  The first model of micro cantilever 
vibration in tapping mode as a mass - spring – damper 
was made by Morita, Bhushan and Zhang [18, 19]. 

 

Photodetector Dither piezo

Piezo actuator

cantilever

Tapping mode

substrate

Piezo
scanner

 

Fig. 1  Model of an AFM. 

 
Considering merely the first mode of vibration, the 

cantilever is modeled as a mass - spring – damper system 
of Fig. 2.  The cantilever is characterized with the 
equivalent mass, m linear spring coefficient, k and 
damping coefficient, c.  The interaction between the 
cantilever and the substrate is made by the probe tip 
mounted to the bottom surface of the cantilever.  The 
probe tip is modeled by a sphere of radius, R.  A piezo 
actuator is applied to produce the input force, Fu required 
for the movement control of the micro cantilever.  The 
interaction force between the cantilever tip and the sur-
face of the substrate is considered according to the model 
released by Rutzel et al [10].  Using the potential term 
of the Lennard – Jones, the interaction force between the 
AFM tip and the substrate is represented as: 

 1 2
0 7

00

( , )
6( )1260( )

LJ

H R H R
U x z

z xz x
 


 (1) 

where, z0 and x denote the AFM’s tip position and 
displacement, respectively.  H1 and H2 stand for 
Hamaker fixed parameters in the interaction between the 
AFM tip and the substrate regarding the potential of at-
traction and repulsion, respectively.  The Hamaker con- 
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Fig. 2 Scheme of the mass- spring-damping model for 
the AFM cantilever vibrating. 

 

 
stants are defined as H1 = 2ρ1ρ2c1 and H2 = 2ρ1ρ2c2.  
In Hamaker parameters, ρ1 and ρ2 are the densities of the 
two interacting components also c1 and c2 are the interac-
tion constants. 

When the cantilever is driven close to the substrate, 
three different types of forces are considerable.  The 
first force is the spring force.  The second is van der 
Waals attraction force which is proportional to the in-
verse square of the distance between the tip of cantile-
vers and the substrate.  The third, van der Waals repul-
sive force is inversely proportional to the distance be-
tween the tip and substrate powered by eight.  The LJ 
force is written as the summation of the repulsion and 
attraction forces as follows. 

 0 1 2
8 2
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x z z x z x


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  
 (2) 

As shown in Fig. 2, the governing equation of motion 
of the micro cantilever is obtained: 

 cos( )LJ umx cx kx F t F        (3) 

To make Eq. (3) dimensionless, the following 
parameters are defined: 
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Therefore, the following non-dimensional differential 
equation is resulted. 

 ( ) cos( )y by y F y f T L       (5) 

Where 
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To transform Eq. (5) to the state space system, the 
following two state variables, x1 and x2 are defined: 

 1

2

x y
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 (7) 

Hence, 
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In Eq. (8), x1 indicates the non-dimensional displace-
ment of the micro-cantilever tip, T is the non-dimensional 
time, x2 denotes the non-dimensional micro-cantilever tip 
velocity of the micro cantilever.  Discretization of Eq. 
(8) yields as: 
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( 1) ( ) [ ( ) ( ) ( ( ))
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 (9) 

Where, ΔT denotes the sampling time of system.  In 
study on soft mono-crystalline silicon micro cantilever, 
the interaction with a flat silicon substrate is considered.  
The parameters of the dynamic cantilever, which are 
taken from a commercial AFM referred [10], are listed in 
Table 1. 

 

Table 1 Properties and dimensions of the cantilever 
[10]. 

descriptions symbol value 
length L1 449 μm 

thickness t1 1.7 μm 
width w1 46 μm 

Tip radius R 150 nm 

Material density  2330 kgm-3 

Static stiffness k 0.11 Nm-1 
Elastic modulus E 176 GPa 
1st resonance f1 11.804 kHz 
Q factor (air) Q 100 

Hamaker (rep.) H1 1.3596 × 10-70Jm6 
Hamaker (att.) H2 1.865 ×10-19J 

 
 

Hence, the numerical values of the parameters are 
obtained as: 

 59 4
10 2 0.04 0.8

28 27
h f b d a      (10) 

Chaos in particular systems, is sensitive to the initial 
conditions.  To analyze the behavior of dynamical sys-
tems and identification of chaotic responses, two 
well-known methods including Poincare map and maxi-
mum Lyapunov exponents are used.  According to Eq. 
(5), considering some practical values of the parameters 
and also the common initial conditions like, x1 = 0.6 and 
x2 = 0, the system shows chaotic behavior [20].  By use 
of the aforementioned values of parameters and the initial 
conditions, the simulated specifications of the chaos mi-
cro-cantilever system including the movement of the 
AFM tip, phase portrait diagram, the Poincar´e map and 
the Lyapunov exponents are represented in Figs. 3, 4(a), 
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Fig. 3 (a) Micro cantilever displacement without control, (b) Micro cantilever velocity without control. 
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Fig. 4 Chaotic behavior in AFM with real parameters: (a) in phase space and (b) in Poincare section of 10,000 points. 

 
4(b) and 5, respectively.  According to Fig. 5, the positive 
maximum Lyapunov exponent depicts the expected cha-
otic behavior of the AFM in tapping mode operation.  
Since the chaotic behavior in AFM is unpleasant, a control 
system is designed in order to suppress the undesirable 
behavior. 

3.  CONTROL SYSTEM DESIGN 

Model Predictive Control (MPC) is an effective 
method to control nonlinear systems.  MPC can over-
come the limitations of multi-input multi-output systems.  
It has been used in petrochemical and industrial process-
es with a relatively large sampling period.  Recently, 
according to the rapid development of computers and 
study of numerical calculation methods, the MPC may be 
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Fig. 5  Lyapunov exponents. 
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Fig. 6  AFM system basic structure using NMPC. 

 
applied to mechanical systems with small sampling pe-
riods [21].  However, in systems which very complex 
samples or a shorter period is required; MPC cannot be 
used due to the large computational cost [22].  In these 
cases, common linear models are not sufficient to de-
scribe the process dynamics and nonlinear effects.  
Therefore, this motivates the use of nonlinear model pre-
dictive control (NMPC).  To design such a high level 
controller, a new NMPC is used in this paper.  Owing to 
recent developments in the speed and performance of 
microprocessors, the NMPC systems are going to be 
popular.  In the NMPC, the control action is obtained by 
solving an optimal control problem over a finite horizon 
of future data.  In fact, the first control input is used at 
the current time step, and the rest is saved as an initial 
condition for the online optimization at the next time step.  
However, with the recent increases in computational re-
sources and the development of efficient control algo-
rithms, the NMPC is used to control many faster systems 
such as submarines [23] and aircraft [24, 25].  The 
newly proposed NMPC is used for chaos control of 
AFM-TM by minimizing the state errors and tracking the 
reference signal.  MPC is an advanced control tool 
which uses an internal model and predicts the future be-
havior of the system [26].  The NMPC’s basic structure 
is shown in Fig. 6.  It consists of a predictor block that 
predicts future input by minimizing a cost function in 
optimizer block; and AFM block, which includes the dy-
namic of the system.  The output of AFM block is com-
pensated with reference future trajectory that is provided 
from a reference model block.  As shown by the practi-
cal simulation model of Fig. 6, the control action signal 
generated by the NMPC algorithm is received by a pie-
zoelectric actuator.  The imposed electrical control sig-
nal on piezoelectric causes cantilever’s displacement 
which is measured by the photo diode in practice. 

The advantages of the MPC can be listed as follows: 
 

• Limited control information is required to use this 
control method due to a simply understanding of the 
principles and basic concepts and simple adjustment 
of its parameters. 

• The MPC algorithm can be used for systems with 
simple or complex dynamics, with a long delay time, 
non-minimal phase and unstable processes. 

• This algorithm essentially compensates the dead 

time, and can be easily used in multivariable sys-
tems. 

• MPC is a feed forward control algorithm and is used 
to compensate measurable disturbances. 

• When the output reference in future periods is 
known, the performance of this algorithm is very 
suitable. 

The discretized Eq. (9) is redefined by a nonlinear 
state space model as: 

 1 ( , )k k kx f x u   (11) 

Subject to x(k)  X, u(k)  U.  Where f : Rn × Rm → 
Rn, is a nonlinear functions vector, x(k)  Rn and u(k)  
Rm represent the state and control input vectors at time k, 
respectively.  The mismatch between the reference and 
predicted values can be represented by the following cost 
function [26]. 
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  (12) 

Where, the error between reference trajectory and 
current state is written as, XE(k) = Xref(k)  xk.  The ref-
erence state vector is chosen as a sinusoidal force in 
standard tapping mode operation [3].  N is the length of 
prediction horizon.  The cost function on the terminal 
state is specified by φ(XE(N)).  P, Q and R are weighting 
matrices of state error and control components, respec-
tively.  The objective is to find a feedback control law 
that the finite horizon cost function in Eq. (12) is mini-
mized.  According to Fig. 7, the receding time horizon 
of the NMPC is chosen 5 steps (N = 5).  Consequently, 
when K = 0, the control horizon is from K = 0 to K = 4 
and the predictive horizon is from K = 1 to K = 5. 

3.1  Stability Analysis 

The techniques used to guarantee the stability of 
NMPC include terminal equality constraint, terminal cost 
function and terminal constraint set [21].  It is well 
known that the stability of a finite receding horizon Eq. 
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Fig. 7 A discrete nonlinear model predictive control 
approach. 

 
 (12) by adding a terminal state penalty term φ(XE(N)) to 
this optimization problem can be guaranteed [22].  To 
prove the stability of NMPC for a terminal constrain set 
X0  X the following assumption is needed. 

 
Assume 1: for each XE(k)  X0 an acceptable control 

value exists uk(XE(k))  U such that: 

 0( , ( ))E k Ef X u X X  (13) 

Assume 2: The terminal cost φ(XE) in Eq. (12) is such 
that for each XE  X0 there exists an acceptable control 
value uk(XE)  U for Eq. (10) and 

1( ( )) ( ( 1)) ( ( 1), ) 0E E E NX N X N X N u         (14) 

Assumption 2 shows that φ is a local Lyapunov func-
tion. [22]. 

Theorem 1: The system Eq. (11) is asymptotically 
stable if assumptions 1 and 2 holds. 

Proof Theorem1: first, it is shown that for each uN-1  
U Eq. (15) can be satisfying. 

 1N NJ J   (15) 

Using Eq. (12) 
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Regarding 
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by Eq. (14), Eq. (16) can be rewritten as: 
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  (17) 

If the optimal value function of problem Eq. (12) is 
defined as VN then, Eq. (17) leads to: 

 1 1 1inf infN N N N N NV J J V V V        (18) 

Eq. (18) shows that the optimal value function is a 
non-increasing function. 

Assume 3: there is a function 3 0 0{ : }R R      

such that 3( , ) (| | )
refE E xX u X   holds for all XE  X 

and all u  U, then 3 (| | )
refN xV x . 

Assume 4: there is a function 2 0 0{ : }R R      

such that 3( ) (| | )
refE E xX X   holds for all XE  X, 

then 2 (| | )
refN E xV x . 

Proof Assume 3: By principle of optimality VN(XE) = 
η(XE, uN) + VN-1(f(XE, uk)) [23].  Can be reached that 
VN(XE) ≥ η(XE, uN) and from Assumption 3, VN(XE) ≥ 
η(XE, uk) ≥ 2 (| | )

refxx . 

Proof Assume 4: Repeatedly using the inequality Eq. 
(18) yields.  And at the end by obtaining a similar ine-
quality to Eq. (18), for N = 1 Eq. (18) can be obtained. 
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So by using Assumption 4 and Eq. (19), 

0 0 3( ) ( (1, )) (| | )
refN E E xV x X x X   . 

The results of Assumption 3 in conjunction with the 
results from assumption 4 show the asymptotic stability 
of NMPC [23]. 

In this section, the stability conditions of NMPC are 
explained.  As shown by Eq. (14), by choosing terminal 
cost function as a Lyapunov function candidate, the as-
ymptotically stable NMPC is concluded if Theorem1 be 
satisfied.  The aforementioned condition is given as: 

 

1 1

1 1
( ) ( ) ( 1) ( 1)

2 2
1 1

( 1) ( ) 0
2 2

T T
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T T T
E E N N

X N PX N X N PX N
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  

   
 (20) 

Eq. (20) shows that the asymptotic stability is guaran-
teed by proper tuning, N and the weighting matrices.  
So the system state error converges towards zero. 

For the solution of the optimal control problem, sev-
eral methods exist such as Newton’s method, interior 
point method, gradient descent method and Genetic al-
gorithm based method.  In this paper, the gradient de-
scent method is used to solve the online optimization 
problem by a numerical approach. 

3.2  Gradient Descent Optimization Algorithm 

In this method the discretized model from Eq. (11) is 
added to optimization the problem Eq. (12) by using La-
grange multiplier as constrain of the problem.  So the 
cost function from Eq. (12) is redefined after the La-
grange multiplier vector terms ( 1, , )k k N    are 

added. 
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If the Hamiltonian function is defined as: 

1( ( ), ) ( , )T
k E k k k kH X k u f x u    , Eq. (21) is rewritten 

by Eq. (22). 
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The differentiation of the cost function Eq. (22) yields 
as: 
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If the Lagrange multipliers are chosen as 
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The differential change of the cost function is simpli-
fied to: 
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Using Hamiltonians supposed function, the gradient 
of the function in respect to the control input can be 
written as: 

 1
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u u u
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For decreasing gradient of cost function, the next con-
trol input should be in negative direction of Eq. (26). 

 1 (0 1)k
k k

k

H
u u

u
 


   


 (27) 

The steps of the designed optimization algorithm are 
organized as Fig. 8.  The steps will be repeated until the 
sampling time ends. 

4.  SIMULATION AND RESULTS 

In section 3, the nonlinear model predictive control 
has been designed to control chaos phenomenon in the 
AFM.  Considering the numerical values given by Eq. 
(10) and initial conditions, x1 = 0.6 and x2 = 0, the sys-
tem is confronted to chaos.  The phase plane of the  

While |Δ| ≥ ε

Compute xk for k = 1:N
Eq. (10)

Compute Lagrange multiplier
for k = N:1

Eq. (23)

Compute              for k = 1:N

Eq. (25)

∂Hk

∂uk

Reduce ρ If ∆ ≤ 0

Compute uk+1
Eq. (26)

No

Yes

Compute ∆ = ∑i=1 (Jk - Jk+1)N i i

 

Fig. 8  Gradient descent optimization algorithm. 

 
AFM with Eq. (9) and without feedback control was 
shown in Fig. 4(a).  The sinusoidal reference trajectory 
for the displacement is used as, 1 0.6sin( )dx T  and 

2 0.6cos( )dx T .  Table 2 shows the parameters used in 

the simulation. 
 

Table 2  Conditions of AFM system. 

Initial x0 [0.6,0]T

Initial u0 0 
Weight matrix P diag [0.1,0.1]T

Weight matrix Q diag [18,18]T

Weight matrix R 0.1
Sampling period  0.001 [s] 

Time delay by calculation 0.001 [s] 

 

4.1  Simulation without Noise 

As the simulation results show in Figs. 9 through 11, 
the feedback control is activated at 50 t s .  In Fig.  9, 
the displacement and velocity of the micro cantilever 
following the application of NMPC system are shown.  
The control force regarding the stability of the AFM 
system is shown in Fig. 10.  Figure 11 shows the phase 
plane after the force control. 
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Fig. 9  Displacement and velocity of the micro cantilever based on NMPC. 
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Fig. 10  Control effort force of NMPC without noise. 
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Fig. 11  Phase plane using NMPC without noise. 

4.2 Comparison with Linear Feedback Control and 
NMPC 

To assess the performance of the proposed NMPC 
method that applied to an AFM, the controlled non- 
dimensional displacement and velocity of the cantilever 
tip through a linear feedback control (LFC) algorithm are 
represented.  The error dynamics of control system is 
rewritten as the following error model [27]. 

1 2

2 2 1 * 8 * 8 * 2
1 1 1 1 1

* 2
1
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e e
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e be e
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  (28) 
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Fig. 12 Comparison of displacement and velocity track-
ing errors between NMPC and LFC methods. 
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Fig. 13 Displacement and velocity of micro cantilever using NMPC under white noise. 
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Fig. 14  Force control of NMPC together with white 
noise. 
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with white noise. 

 
Where x* and uof are the desired periodic orbit and the 

feedback control force respectively; e = [e1  e2]
T stands 

for the deviation from the desired orbit (e = x – x*).  The 
LFC algorithm is applied on the continuous time nonlin-
ear dynamic system of Eq. (28).  Figure 12 shows the 
performance of the NMPC based method compared to 
the LFC algorithm. 

As is clear by Fig. 12, compared to the LFC method, 
the NMPC method results is a better performance in par-
ticular a smaller settling time. 

4.3  Simulation with Noise 

Through imposing random white noise on measured 
state variables, the simulations in 4.1 and 4.2 sections are 
performed in the time interval between t = 0 (s) and t = 

10 (s).  Figure 13 represents the displacement and the 
velocity states of the micro cantilever using noisy meas-
urements in the NMPC.  The control force for the 
stability of the AFM system in the presence of noise is 
shown in Fig. 14.  The phase plane plot under the con-
trol force is shown in Fig. 15. 

5.  CONCLUSIONS 

According to the widespread uses of AFM in past 
several years, for topography, Nano/micro manipulation, 
etc., there exist chaos performances.  Generally speak-
ing, the AFM is highly sensitive to chaos.  Therefore, 
design of a feedback control system that can block the 
probable chaos in manufactured present AFMs without 
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hardware corrections is of utmost importance.  In this 
paper, the chaos control in the tapping mode of AFM has 
been studied.  By use of computer simulation, it was 
shown that under certain real conditions and real 
parameters, chaotic behavior occurs in the AFM.  In 
order to suppress chaos and keep the system in the stable 
range, a NMPC strategy was used.  As the main practical 
result without changing the physical structure of cur-
rently working AFMs, merely by implementation of 
newly proposed control system on the digital micro-controller 
of the AFM system, the chaos could be suppressed.  In 
preceding research papers to remove the chaos of AFM, 
some control systems were proposed based on past time 
feedback errors.  However, by prediction of future states 
and thereafter adaptation of the proportional control law, 
the proposed NMPC method results in a smoother and 
optimal performance.  The small bounded control input 
of the NMPC makes its implementation more feasible in 
real AFM systems in which the actuator system could not 
be enhanced.  The NMPC considers a model based pre-
diction of future outputs and an optimization algorithm 
according to the future, current and past inputs and out-
puts/states of system.  The optimization cost function 
was formulated as a mismatch between reference and 
predicted values of outputs and input control signals.  
Therefore, the computational burden of optimization 
algorithm is suitable for the practical AFM implementa-
tion in online.  As a matter of fact, the proposed online 
NMPC system is significant for current and future real 
AFM implementations.  The robustness against stochas-
tic noises in addition to the NMPC’s optimal and adap-
tive predictive solution, showed another practical speci-
fication of the proposed technique.  Analysis of simula-
tion results depicted that the proposed control method is 
very effective since the chaos trajectory has been thor-
oughly changed to a regular line.  In the proposed con-
trol method, the convergence error of the system was 
very convenient.  For the stability of Lyapunov sense, 
considering the cost function of NMPC as Lyapunov 
function candidate it was shown that the asymptotic sta-
bility is guaranteed by proper tuning of the receding time 
horizon and the weighting matrices.  In online solution 
of optimal predictive control problem, through gradient 
descent method a discrete-time model of AFM was gath-
ered to the optimization algorithm as constraint.  Hence, 
a fast minimization control algorithm is obtained which 
is important in the practical AFM implementation.  By 
inspection of the simulation results, it can be concluded 
that the NMPC algorithm yielded a good performance 
for chaos control of AFM within an acceptable range of 
precision of commercial AFMs. 
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