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Abstract - A long range friction actuating mechanism was designed by using piezoelectric material to generate high frequency 

oscillation for actuating a finger tip which contacted with a slide to induce the back and forth motion. The LuGre friction 

model is chosen to simulate the dynamics of this friction actuating mechanism. However, this piezoelectric actuating system 

has obvious nonlinear and time-varying dead-zone offset control voltage due to the static friction and preload. It is difficulty to 

establish an accurate dynamic model for model-based precision control design. Hence, the functional approximation (FA) 

scheme is employed to compensate the system modeling error. The Laypunov-like design strategy is adopted to derive the 

adaptive laws and the system stability criterion. The dynamic experimental results of the proposed controller are compared 

with that of a model-based PID controller. 

 

Keywords - Piezoelectric actuator, LuGre friction model, FA based adaptive control.  

 

I. INTRODUCTION 

 

Due to the precision manufacturing requirements of 

semi-conductor related industry, the precise position 

control technology and positioning mechanism are 

important developing targets. Hence, the piezoelectric 

actuating element is the key component of micro/nano 

level positioning system. Piezoelectric material has the 

advantages of small size, quick response speed, high 

transformation efficiency between mechanical and 

electric properties, and accurate resolution. It has been 

widely selected as an actuator of micro positioning 

table. However, it has the disadvantages of small 

travel, serious hysteretic behavior and small tension or 

torsion capability.  

 

In order to improve the defects of small travel and low 

tension capability, a friction actuating mechanism was 

designed by choosing piezoelectric material to 

generate high frequency oscillation for actuating a 

finger tip which contacted with a slide to induce the 

back and forth motion. This piezoelectric actuating 

X-Y table is manufactured by Nanomotion Ltd. 

Company with 100 mm travel range. Under a designed 

39.6 KHz sinusoidal input voltage wave form, the 

combination of the PZT element longitudinal and 

bending deformations will induce the finger tip back 

and forth motion. The friction force between the front 

head of the finger tip and the slide contact surface is 

used to drive the linear motion of the slide. However, 

the static friction due to preload and motion contact 

between the finger tip and slide has caused an obvious 

starting offset control voltage. It is called as dead-zone 

offset control voltage in this study. It is a time-varying 

and temperature dependent value. If this friction 

phenomenon has not appropriately modeled and 

considered in the controller design, it will cause the 

oscillation and large tracking error in transient 

response and steady state error. The literature reviews 

of friction problem study and friction models 

investigation were proposed in [1].  

 

The friction behaviors can be divided into static 

friction, coulomb friction, stick friction stricbeck 

effect and hysteretic phenomenon. Dahl [2] proposed 

a Dahl model to describe the spring-like starting 

friction behavior. However, it can not describe the 

stricbeck friction effect. Canudas et al. [3] extended 

Dahl model to include stricbeck effect, hysteretic and 

varying break-away force and proposed a LuGre 

friction model. It is widely employed in the friction 

simulation and model-based control compensation.  

 

The control strategies of friction compensation can be 

classified into model-based and model-free two 

categories. Liu [4] proposed a decomposition-based 

friction compensation method and adaptive/robust 

control schemes to compensate the model 

uncertainties. Zhang [5] employed LuGre model to 

design an adaptive control for nonlinear friction 

compensation. Choi [6] proposed a modified LuGre 

model by using a neural network Preisach model 

approach to handle the non-local memory hysteretic 

phenomenon. In addition, neural network and fuzzy 

control strategies were employed to design model-free 

friction compensators [7-11].  

 

The friction force is considered as a time-varying 

unknown estimation component without model 

information. Lin and Peng [12] designed a model-free 

neural controller for handling the problem of friction 

force is function of local position and operation 

temperature. But it has about 0.5 mm error appearing 

at the acceleration discontinuous location. Wai et al. 
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[13] proposed a robust fuzzy neural network controller 

to compensate the nonlinear friction behavior of this 

piezoelectric actuating table to reach 0.08mm 

accuracy. Mainali et al. [14] designed a hybrid sliding 

mode control and iterative learning control methods 

and then used to learn the friction disturbance 

repeatedly. Tan et al. [15] employed an exponential 

friction model to design a learning nonlinear PID 

controller. These model-free approaches need long 

period of learning for improving the control accuracy.  

 

In order to improve the controller designing facility, a 

LuGre friction model is chosen and identified for this 

PZT actuating X-Y table for model-based adaptive 

controller design. Since the friction behavior of this 

experimental system has nonlinear and time-varying 

features, the functional approximation (FA) scheme 

[16] is employed to compensate the system modeling 

error of LuGre model. The control performances of a 

PID and the proposed adaptive control are compared 

based on experimental results. 

 

II. THE EXPERIMENTAL SYSTEM 

STRUCTURE 

A PC based controller is developed for this 

experimental system. This X-Y table has two 

independent axes x and y actuated by two different 

piezoelectric actuators. The experimental layout of 

this positioning system is shown in Fig. 1. This 

positioning table can be used in micro or/sub-micro 

level optical axis alignment of laser diode and 

lithography applications.  

 

The control voltage is calculated in PC, which is 

converted from digital to analog signal by a D/A 

interface card, and sent to the piezoelectric actuator’s 

driver unit to actuate a piezoelectric motor. This X-Y 

table’s displacements are measured by linear 

encoders, and sent back to PC through encoder card 

for closed loop control. The resolution of linear 

encoder is 0.1μm, and the maximum measuring range 

is 100mm. HR2 motor was used to actuate axis x, and 

HR4 motor was used to actuate axis y. 

 

 If the offset control voltage used to compensate the 

friction dynamics is deducted from the control law, 

there has a linear response feature between the 

piezoelectric mechanism sliding velocity and the 

driver control voltage. The actuator and driver can be 

modeled as a DC-motor with internal friction, which is 

driven by a voltage amplifier, as Fig. 2. When a 

command voltage within ±10V is sent to the driver 

unit, the driver generates a 39.6KHz sinusoidal wave 

for driving the actuator with an amplitude function of 

the command voltage. This constant oscillation 

frequency is generated from the driver unit which was 

supplied by Nanomotion Ltd. 

 
Fig. 1 Positioning control system experimental layout. 
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Fig. 2 The block diagram of motor and driver 

 

where Vin is the command voltage of the driver ( –10 

~ +10V) and offset is the dead zone voltage value (V). 

This offset voltage is a position dependent 

time-varying value which will be discussed in the next 

section. Kf is the force constant (N/V) and Kfv is the 

velocity damping factor (N×sec/m). Vel is the slide 

velocity (m/sec) and M is the moving mass (kg).  S is 

the Laplace variable. 

 

III. FRICTION MODEL OF THIS 

PIEZOELECTRIC  ACTUATING TABLE 

 

The main friction force components of this PZT 

actuating table can be divided into static friction and 

stricbeck effect viscous friction. If the control voltage 

is increased slowly from zero, the control voltage used 

to overcome the mechanism stick friction and preload 

can be found when it begins to move. This starting 

control voltage has nonlinear characteristic, and it is 

function of position, moving direction and 

temperature. It is called the dead-zone offset voltage.  

 

If the experimental payload is small comparing to the 

36N nominal preload, and the specified moving speed 

is much less than the 250 mm/sec maximal allowable 

velocity, the linear inversely proportional behavior of 

actuating force with respect to velocity can be ignored. 

The slide motion speed will be linearly increased with 

respect to the control voltage increasing. Hence, this 

dead-zone stick friction control voltage can be 

measured by experimental testing. Fig. 3(a) and 4(b) 

are the measured motion speed with respect to control 
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voltage of axes x and y, respectively. It can be found 

that the offset voltage of axis x is about 0.61V to 

0.65V and –0.67V to –0.75V, and axis y is around 

1.80V to 1.93V and –1.68V to –1.74V in both moving 

directions. When the actuating voltage exceeds the 

dead-zone offset voltage, the motion of X-Y table 

becomes very sensitive to the control voltage. If the 

actuating voltage exceeds the offset voltage, each 

0.1V extra control voltage will cause about 7mm/sec 

velocity change in axis x, and about 4.6mm/sec 

velocity change in axis y, respectively. Hence, it can 

be concluded that most of the control voltage is used to 

overcome this dead-zone offset control voltage. 

Besides, the dead-zone offset voltage has time-varying 

characteristic, it may change with respect to the 

operating position, the temperature and humidity. 

How to deal with this offset compensation is the key 

factor of this PZT mechanism motion control 

investigation.  

Actually, the dead-zone offset control voltage is not 

accurate enough to model the complicate friction 

dynamics of this PZT mechanism for designing a 

model-based precision controller. Hence, the LuGre 

friction model is adopted for this research, which 

includes stricbeck effect, hysteretic, spring-like 

characteristics for stiction, and varying break-away 

force. The mathematical equations of LuGre model 

can be described by bristle model as:  

z
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 Where v  is velocity, z is the average deflection of 

the bristles, F is the friction force, 0
 and 1  are 

the stiffness and damping coefficients, 2  is viscous 

friction coefficient. The function )(vg is used to 

describe the stricbeck effect. sv
 is the stricbeck 

velocity, cF
 and sF

 are the coulomb friction and 

static friction, respectively. Based on above equation, 

the steady state friction model can be derived. 

vveFFFvvvgF svv

cscss 2

2)/(

20 )sgn())(()sgn()(  


  (4) 

 
    (a) axis x                              (b) axis y 

Fig. 3 Dead-zone offset voltage of real movement 

The model parameters of this LuGre dynamic model, 

equation (1-3) and static LuGre model, eqation (4) can 

be identified based on experimental data by using 

nonlinear optimal operation scheme. Firstly, the 

steady state friction model is rewritten as: 

vveF svv
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The parameters 0
, 1 , 2  and sv

 can be 

estimated from the experimental friction-velocity 

curve. The friction force is calculated from the control 

voltage and the fK  (N/V) value of PZT data sheet. 

The constant velocity experimental data is obtained by 

designing a PI controller for speed control. The cost 

function is defined as: 
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The function “fminunc”of Matlab optimization 

toolbox is used as the optimization scheme for 

estimating the steady state friction model parameters. 

For example, the parameters for the x direction axis 

are: 

 

 

IV. MODEL-BASED PID CONTROL AND 

ADAPTIVE FUCTIONAL APPROXIMATION 

COMPENSATION CONTROL 

 

In order to investigate the feasibility of using this 

identified LuGre friction model for designing 

model-based controller, a sinusoidal wave trajectory is 

planned to evaluate the tracking control performance 

of a traditional model-based PID controller.  The PZT 

system dynamics can be represented as: 

 

Where m and cK are known mass and force/voltage 

gain of this PZT actuating system. frictionF  and 

),( txd are the estimated LuGre friction force and 

unknown disturbance, respectively. The PID control 

gains are 10PK , 007.0DK and 0002.0IK . The 

dynamic response trajectory, tracking error and the 

friction force for tracking a 0.5Hz 1mm amplitude 

sinusoidal wave are shown in Fig. 4. It can be 

observed that the tracking error has obvious peak 

appearing in the motion direction (velocity) change. 

That means the LuGre model based PID control of this 

specific PZT friction actuating mechanism cannot 

correct the error on-time at these positions. Hence, the 

concept of Karnopp’s model [1] is adopted to modify 

the LuGre friction model as: 
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Where 
maxf and uKu c

ˆ  are the maximum static 

friction force and actuating force of the PZT actuator, 

respectively. The dynamic response trajectory, 

tracking error and the friction force for tracking a 

0.5Hz 1mm amplitude sinusoidal wave by using the 

modified LuGre model are shown in Fig. 5. It can be 

observed that the tracking errors at the motion 

direction (velocity) change positions have been 

reduced significantly from 0.08mm to 0.03 mm.Since 

this PZT friction actuating mechanism has large static 

friction and time-varying behavior, the LuGre model 

can not always accurately track this plant slow speed 

dynamics. Hence an adaptive functional 

approximation scheme is adopted to model this 

friction modeling error. The system dynamics can be 

written as 

),(ˆ),(ˆ txfFuKtxdFFuKxm frictioncfrictionfrictionc 


  (9) 

  If the control law is designed as  
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1
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(10) 

 Where xxe d   and f


 is the estimated value of 

the friction modeling error and dynamics uncertainty 

by using finite terms functional approximation 

function.  

The unknown time-varying function ),( txf  in 

equation (9) can be approximated by a linear 

combination of finite orthogonal basis functions 

)(tZ to arbitrarily prescribed accuracy as long as n is 

larger enough [16].  

)(),( tZWtxf f

T

f


                                (11) 

where )(tZ f  is an orthogonal basis function vector 

and fW  is a weighting coefficient vector. If the 

number of basis functions is large enough, equation 

(11) can be described as the following approximation 

form. 
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 Tnf WWWW 21 . This functional approximation 

equation (12) can be used to represent an unknown 

function with uncertainty and disturbance. The 

time-varying vector )(tZ f
 is a known function and the 

vector 
fW  is an unknown regulating constant. A 

proper Lyapunov function can be selected to find the 

update laws for these unknown constants based on 

Lyapunov stability theory.The Lyapunov-like 

function is chosen as the summation of the square of 

system output error and parameters error (
fW

~
). 
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Taking the time derivative of equation (13) and 

substituting the dynamic equations (9-10), the 

function parameters update law and Lyapunov-like 

function converging properties can be derived as; 

f

T

fff WPEbZQW
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Where ]/,0[ mKb c

T  is this dynamic system 

input gain vector and the right hand side second term 

of equation (14) is used to improve the parameter 

convergence property. That means this adaptive 

control system has globally stable property and the 

tracking error will be converged into certain error 

bound, which depends on the modeling accuracy. 

 

V. EXPERIMENTAL RESULTS 

 

In order to achieve a smooth motion response, the rd3  

order polynomial is chosen to plan the ideal moving 

trajectory between two positions. 

2 3
( )
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Then the coefficients of equation (4) can be solved as 
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where Li  is the initial position of a trajectory, L f  is 

the final position of a trajectory, t
i
 is the initial time, 

t
f

 is the final time and ( )T t t
f i

   is the motion 

time.  

In previous literatures, the control objective of a 

micro-positioner is focused on the steady state 

accuracy of a step input response [17-18]. Usually, the 

transient response between each step change is not 

investigated for slow micro-stepping motion. If the 

moving speed and the step change are increased, the 
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transient response should be concerned, too. Since this 

piezoelectric actuating table is driven by a PZT 

actuating finger tip instead of PZT directly, it has 

larger moving travel. Hence both the steady state 

accuracy and the transient state tracking error need be 

investigated in this study. In order to evaluate the 

control performances of the LuGre friction model 

based PID control and the modified LuGre model with 

adaptive functional approximation compensation 

controller, different moving speeds and travels are 

planned for experimental evaluation. The 400 Hz 

sampling frequency was chosen for the following 

experiments. 

 

(A)LuGre friction model based PID control 

The appropriate control gains of this PID controller 

are chosen as 10PK , 007.0DK and 

0002.0IK  after a trial-and-error test. The 

modified LuGre friction model, eq.(8) is employed. 

The average velocity of a moving trajectory with 
rd3  

order polynomial is specified as 2mm/sec. The 

tracking response, error history and control voltage of 

x axis by using a PID control are shown in Fig. 6(a), 

6(b) and 6(c), respectively. Although the final steady 

state error is less than m5 , the maximum middle lag 

is 18 m , and the initial periods has a 

12 m oscillation due to the dead-zone offset control 

voltage chattering. In addition, the control gains need 

be searched by a trial-and-error process for each 

different motion situation to obtain reasonable control 

performance. It is not convenient for practical 

implementation. For example, the experimental results 

of tracking a 
rd3  polynomial with 5mm/sec average 

speed by using this PID controller are shown in Fig. 7. 

It can be observed that the maximum middle lag is 

70 m , and the initial and settling periods have a 

20 m oscillation. The control voltage is smooth 

except at the initial starting area with moving 

directions change due to dead-zone offset control 

voltages. 

 

(B)Modified LuGre model with adaptive 

functional approximation compensation 

The LuGre friction model, eq. (8) is employed and the 

adaptive functional approximation control parameters 

are listed in Table 1. The tracking control 

experimental responses of this piezoelectric actuating 

table by using the proposed adaptive FAT controller of 

x axis are shown in Fig. 8 with 5 mm/sec average 

planning speeds. It can be observed that the steady 

state error is less than m3.0 and the initial learning 

period tracking error is less than 20 m . The 

maximum middle lag is less than 10 m . The control 

voltage chattering phenomenon only appears at initial 

learning and final stop positions. The proposed 

adaptive FAT LuGre friction model based controller 

can be employed in different moving speeds without 

trial-and-error effort for finding control parameters. 

The dynamic response and tracking error history of Y 

axis for tracking a sinusoidal wave with 1 mm 

amplitude are shown in Fig. 9.  It can be observed that 

the tracking error always keep within 35 m  and the 

steady state error can reach 0.5 m  positioning 

accuracy. It can be concluded that the proposed 

adaptive FAT LuGre friction model based controller 

can effectively controlled this heavy friction and 

nonlinear PZT actuating mechanism to reach 

sub-micro level precision control accuracy. It also can 

be observed from these experimental results that the 

steady state error can converge into 0.3μm finally for 

each case. In addition, the chattering phenomenon of 

control voltage is improved by using the modified 

hybrid Karnopp + LuGre friction.  

 

VI. CONCLUSION 

 

The LuGre friction model is chosen to model the 

friction dynamics of a piezoelectric actuating system. 

The concept of Karnopp’s model is adopted to modify 

the LuGre friction model for model-based PID 

controller. The FAT is employed to design an adaptive 

control loop for compensating the modeling error and 

system dynamics uncertainty. The adaptive law is 

derived from the Lyapunov-like stability criterion to 

obtain the system converging property and stability. 

The tracking errors of a 3rd polynomial trajectory and a 

sinusoidal wave trajectory are kept within 20 m  and 

the final steady state error is less than 0.3 m  for both 

axes by using the proposed adaptive FAT hybrid 

LuGre model controller. These dynamics 

performances are better than that of a LuGre friction 

model based PID controller. In addition, the proposed 

adaptive controller can be employed to monitor 

different planning trajectory and speeds with the same 

control structure and parameters. In addition, the 

chattering phenomenon has been improved 

significantly by using the proposed adaptive 

controller. 

 

REFERENCE 

 
[1] B. Armstrong-Heloury, P. Dupont, and C. Canudas de Wit, “A 

Survey of Models, Analysis tool and Compensation Methods 

for the Model of Machines with Friction,” Automatica, Vol. 

30, No. 7, pp. 1083-1183, 1994. 

[2] P. R. Dahl, “Solid Friction Damping of Mechanical 

Vibrations,” AIAA Journal, Vol. 14, No. 12, pp. 1675-1682, 

1976. 

[3] C. Canudas de Wit, H. Olsson, K. J. Astrom and P. Lischinsky, 

“A new Model for Control of Systems with Friction,” IEEE 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 8, Issue-1, Jan.-2020, http://iraj.in 

Adaptive Control for a Piezoelectric-Actuating Table Based on Lugre Friction Model with Functional Approximation Compensation 

 

31 

Trans. On Automatic Control, Vol. 40, No. 3, pp. 419-425, 

1995. 

[4] G. Liu, “Decomposition-based Friction Compensation of 

Mechanical Systems,” Mechatronics, Vol. 12, pp. 755-769, 

2002. 

[5] Y. Zhang, G. Liu and A. A. Goldenberg, “Friction 

Compensation with Estimated Velocity,” Proceedings of IEEE 

Intern. Conf. on Robotics and Automation, Washington, USA, 

Vol. 3, pp. 2650-2655, 2002. 

[6] Jeong Ju Choi, Seong Ik Han and Jong Shik Kim, 

“Development of a Novel Dynamic Friction Model and 

Precise Tracking Control Using Adaptive Back-stepping 

Sliding Mode Controller,” Mechatronics, Vol. 16, pp. 97-104, 

2006. 

[7] M. R. Popovic, D. M. Gorinevsky and A. A. Goldenberg, 

“High-precision Positioning of a Mechanism with Nonlinear 

Friction Using a Fuzzy Logic Pulse Controller,” IEEE Trans. 

on Control Systems Technology, Vol. 8, No.1, pp. 151-158, 

2000. 

[8] Y. L. Wang, X. L. Huang, L. J. Zhao and T. Y. Chai, “Friction 

Compensating Modeling and Control Based on Adaptive 

Fuzzy System,” IEEE 8th Intern. Conf. on Control, 

Automation, Robotics and Vision Kunming, China, Vol. 3, pp. 

2041-2045, 2004. 

[9] Jason T. Teeter, Mo-yuen Chow and James, J. Brickley Jr., “A 

Novel Fuzzy Friction Compensation Approach to Improve the 

Performance of A DC Motor Control System,” IEEE Trans. on 

Industrial Electronics, Vol. 43, No. 1, pp. 113-120, 1996. 

[10] Denis Garagic and Krishnaswamy Srinivasan, “Adaptive 

Friction Compensation for Precision Machine Tool Drive,” 

Control Engineering Practice, Vol. 12, pp. 1451-1464, 2004. 

[11] T. Senjyu, T. Kashiwagi and K. Uezato, “Position Control of 

Ultrasoinc Motors Using MRAC and Dead-zone 

Compensation with Fuzzy Inference,” IEEE Trans. on Power 

Electronics, Vol. 17, No. 2, pp. 265-271, 2002. 

[12] Chin-Min Lin and Ya-Fu Peng, “Adaptive CMAC-based 

Supervisory Control for Uncertain Nonlinear Systems,” IEEE 

Trans. on Syst., Man, Cybern. B. Bol. 34, No. 2, pp. 

1248-1260, 2004. 

[13] Rong-Jong Wai, Faa-Jeng Lin, Rou-Yong Duan, Kuan-Yun 

Hsieh and Jeng-Dao Lee, “Robust Fuzzy Neural Network 

Control for Linear Ceramic Motor Drive via Backstepping 

Design Technique,” IEEE Trans. On Fuzzy Systems, Vol. 10, 

No. 1, pp. 102-112, 2002. 

[14] K. Mainali, S. K. Panda, J. X. Xu and T. Senju, “Repetitive 

Position Tracking Performance Enhancement of Linear 

Ultrasoinc Motor with Sliding mode-cum-iterative Learning 

Control,” Proceedings of IEEE Intern. Conf. on 

Mechantronics, ICM’04, pp. 352-357, 2004. 

[15] K. K. Tan, T. H. Lee and H. X.Zhgou, “Micro-positioning of 

Linear-piezoelectric Motors Based on a Learning Nonlinear 

PID Controller,” IEEE/ASME Trans. On Mechantronics, Vol. 

6, No. 4, pp. 428-436, 2001. 

[16] A.C. Huang and Y. C. Chen, “Adaptive Sliding Control for 

Single-link Flexible-joint Robot with Mismatched 

Uncertainties,” IEEE Trans. on Control Systems Technology, 

Vol. 12, No.5, pp., 2000.  

[17] Breguet, J. M., Pe’rez, R., Bergander, A., Schmitt, C., Clavel, 

R. And Bleuler, H., “ Piezoactuators for Motion Control from 

Centimeter to Nanometer,”  Proceedings of the 2000 

IEEE/RSJ International Conference on Intelligent Robots and 

Systems, Vol. 1, pp. 492-497, 2000. 

[18] Lee, S. Q., Kim, Y. and Gweon, D.G., “Continuous gain 

Scheduling control for a Micro-positioning System: simple, 

Robust and no overshoot response,” Control Engineering 

Practice, Vol. 8, pp. 133-138, 2000. 

 

 
Table 1 Adaptive Functional Approximation Control 

Parameters 

 
Fig.  4 The dynamic response trajectory, tracking error and the 

friction force for tracking a 0.5Hz 1mm amplitude 

sinusoidal wave by using PID control. 

 

 
Fig.  5 The dynamic response trajectory, tracking error and the 

friction force for tracking a 0.5Hz 1mm amplitude sinusoidal 

wave based on modified LuGre model. 

 

 
Fig. 6 The tracking response, error history and control voltage 

of axis x by using a PID control with 2 mm/sec average 

speed. 
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Fig. 7 The tracking response, error history and control voltage 

of axis x by using a PID control with 5 mm/sec average 

speed. 

 
Fig. 8 The dynamic response, tracking error histories, control 

voltage, and estimated driving force for 5 mm/sec average 

speed. 

 
Fig. 9 Dynamic response and tracking error of y axis with 1 mm 

amplitude sinusoidal wave by using proposed adaptive FAT 

LuGre model compensation. 

 

 

 

 

 

 

 
 


