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ABSTRACT 
 

This paper presents simple and effective nonlinear friction compensation methods. When the direction of position 

command reverses, the integrator output of the PID controller does not change the sign of its output instantaneously, due 

to friction at zero velocity, i.e. stiction resulting tracking errors, that results in continuous push even though the 

command direction has been changed.  To overcome this problem, we attempt to reverse the sign of the integrator 

output as the sign of velocity changes.  The effectiveness of this approach is demonstrated by experiments on a 3-

PRPS(Prismatic-Revolute-Prismatic-Shperical joints) in-parallel 6-D.O.F manipulator.  The control strategy has been 

analyzed for stability.  Also discussed are disturbance observer and velocity observer approaches for friction 

compensation. 
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�� ���� ��� ���� ���� �

�� ����� ��� ���� �� � �� 

��� ���� ���� ���� ��� �� 

���. ��� �� ��, �� ��� �� ��

�� �� � ��� ��� �� �� ��� �

� ��� [1,2]. ����� �� ��� �� ��, 

����, ���, Stribeck ��� ��� �� �

� ��. �� ��� �� ��� �� ��� 

���� � ���� �� ��(stick-slip) ���

� �� ���� ���� ���� ��� PD 

�� PID ���� ��(Feedforward) ��� ��  

��� �� ��� �� ��� [3]. ��� ��

� ��� ��� ��, ��� ��, ����, 

�� ��� �� ��, ��� �� ��� �� 

��� ��� ��� �� ��� ���� ��

�. ��, � ���� ��� �/�� ���� 

��� ��� �� ���� �� ��� �� 

�� �� ��� �� ��� �� ���� �

�� PID ������ �� ��� ���� [4]. 

��� �� �� ��� ���� �� �� �

�� ��� �/�� ��� ����� � ��

���.  ����� ���� �� ��� ��

��� �� ��� ��� ���� �� ��� 

����� [5]. ��� � ��� ���� ���



 

�������������� : �������� � 00� � 00� 

 

�� ���� ����� �� ���� �� �

�� ��� �� ��� �� ��� ���. �

�, �� ��� ��� �� ��� ��� ��

� ���� ��� ���� ��� ���� �

�� ��� ����� ��� � ��� ��� 

��� ��� �� �� [6,7]. ��� � ��� 

�� �� ����� ���� �� ���� �

�� ��� ��� ����� �� ����� 

����� ��� ��. ���, ��� ���� 

���� ��� �� ��� ����� �� �

� ���� �� ���� ��� ����� �

���� [8,9]. ��� �� ���� ���� �

�� ��� ��� ��� ��� ��� ���

� ���(stiction)� �� ���� ��� ��

�� �� ��� �� �� ��� ��, ��� 

�� ���� ���� �� �� �� ��� 

����� ��� ��� ���� ��� ��

� ���� �� ��� ���� �� ��� 

��� �� �� �� � �� ��� ��.  

 � ����� ���� ��� �� ���

� ��� ����� ���� ��� ��� �

� ��� �� ��. ��� ��� �� �� 

��� �� ��� ���� ��, ��� �� 

� ���� �� ���� ��� ����. �

���� �� ���� �� ��� ���� �

� �� ��� ���� ��� ��. ���, �

� ����� ���� �� ��� ��, �� 

��� ���� �� ���� ��� � �� 

��� �� ���� ���� �� �� ��� 

�� ����. ��� ��� ��� ��� �

��� ��� ��� ���� �� ��� ��

��. �� �� ������ �� ��� �� 

��� ��� ��� ���� ��� �� ��

� �� ��� �� �� �� ��� ���� 

�� ��� �� ���. ������ ���� 

�� ��� ��� ��� ��� �� ��� 

���� ���� ����, �� �� �� � 

���� ��� �� ��. ��� ��� ��

� ��� ���� ��� �� ��� ��� 

��� ��� �� ��� �� ��. ��� �

� ��� �� ��� ��� ���� ��� 

��� ��� ��� ��, ��� ��� ��

� ���� ��� ��� �� ��� ���� 

���� �� ���� ��� PID ��� ��

� ��� �� � ���� � � �� ��� 

�� ��� ��� ��� ��� ��� ��� 

����� �� �� ��. ��� � ����

� ��� ��� ��� �� ���� ��� 

���� �� ���� ��� �� �� � PI 

��� ��� ��� ��� ��� ���� �

��� ��  ��� ��� �� ��� ���

�.  

  �� �� ��� �� �� ��� �� 

���� �� ���� �� ��� 3-

PRPS((Prismatic-Revolute-Prismatic-Shperical) �� 

������� ���� �� ��� �� ��

� ���� ��� ��� ��� ������ 

�� ��� �� �� ��� � �� ���� 

��� ��� �� �� ��� �� ���. 

  � ��� ��� ��� ��. 2 ���� 

��� ��� 3PRPS �� ������� �� 

�� � ��� ������ �� ����  3

���� �� ��� �� ��� � ��� �

� PID ��� �� ��� ����.  4 ���

� �� ��� ��� ��� ��� �� �� 

�� � �� ��� ���� 5 ���� ��� 

�� �� ��� �� ��� � ���� ��

��. 6 ���� �� ���� �� �� ��� 

�� � �� ��� ����.  

 
2. 
����

 
��������������

 
����

 
����

 
 
�������� ��� �� ������

� Fig. 1� �����.  ���� �� ����

�� ���� �� ���� �� ���, �/� 

���� � ���� ���� 3 �� �� ��, 

�� ���� ��� 3 �� �� ��� ���

�. �� ���� �� ��� � ���(ball 

joint)� ����, �� �� ��� � ���(pin 

joint)� ��� �� ��� ����. �� ��

����� ��� � ����� ���� ��

�� ��� � ���, ���� ���� �� 

��� � ���� ��� ��� � �� ��

� ��� ����� ����� � � ��. 

� ��� VCM(Voice Coil Motor)� ��� ��/

�� ��� �� ��� � � ��� ��� �

� ��(moving coil)��� ���� ������ 

��� �(Lorentz force)� ������ �� �
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� ��� ������� ���� � ��� �

���. �, Fig. 2��� �� 4�� ��� ��

��-�-��(NdFeB) ���� ��� ���� 

��� ���� � ��� �� I � ��� �

�� �� � Fcoil � ��� ����. 

 

∫ ×−= dlBIFcoil  (1) 

 

��� B � ������ dl � ��� ����

��. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Photograph of the developed parallel manipulator 

 

 

 

 

 

 

 

Fig. 2 Joint actuator with an optical sensor 

 

��� ���� �� ���� �� ���

�� ����.  �� ��� �� ���� 5 mm

� ����� ���, ��� �� �� ��� 

��� ��� ��� ��� �� ��� ��� 

� ��� ���� �� �� Fig. 3 � ����

�.  � ���� ��� ��� ���� �� 

����� ��� ���� ��� ��� ��

� ����� �� � � ��.  ��� �� �

��� ��� �� 0.8 [N/A]�� ��� � �� 

Kt ��. ��/�� ��� �� ��� ���� 

���� ��� ���� PSD(Position Sensing 

Device)� ���� �m ��� �� ��� ��

� �� �� ��� ������, ���� �

�� � 5 �m ��. 
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Fig. 3 Relationship between current and force of VCM 
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�� ������� �� ��� �� �� 

��� ��� Fig. 4 � �����. ����� 

�� ������, ����� �� �� ��� 

�� VxWorks ��� ������ ���� 

VME(MC68040) ��, ������� �� ��

� �� DSP(TMS320C30) ��, VCM ��� �� 

�� ���� ���� ��. �� ��� �� 

��� �� 2 �� �� ���� ����� [10]. 

�, VME ����� � 8msec  �� �� ��� 

�� �� ������� ����� �� ��

�� ��� DPRAM(Dual Port RAM) � ��� 

DSP ��� ����, DSP ����� �� �� 

����  �� � 1msec ��  ��� ���� 

�� ��� �� �� ��� 1msec �� ���

� �� ������ ��� �� ��� ���

�. �� �� ���� PSD ����� ��� 

DSP ��� �� 12 �� A/D ���� ���� 

��� ��. 

�� ��� � ���� ��� ��� � 

�� ��� ��� ����� ���� ��� 

���� ��� ���� �� �� ��� � 

��� �� ��� �� �� ���� Fig. 5 � 

�� �����. ���� PID �� �����,  

�� ��� 1msec ��. 

��� ���� ��� �� KP=7, KI=0.5, 

KV=4 ��,  b � �� ��� ������, ��

� ����� ��� ��. 
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J   : Mass of moving coil  : 0.044  [Kg]        

Kt  : Force constant       : 0.8    [N/A] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Experimental system 

 

 

 

 

 

 

 

 

 
Fig. 5 Conventional position control system 

 

Fig. 6 � �� 1.5mm � �� ��� �� �

� ��� ����. Fig. 6(a)�  ��� ��� �

� �� ��� ����, �� Fig. 6(b)� �� 

�� ��� ����. �� Fig. 6(c)� �� ��

����� �� ��(End-Effector)� �� �� 

����.  �� Fig. 6(a) � Fig. 6(b)�� ��� 

�� ��� �� ����� �� ��� �� 

��� �� ��� ��� �� � �� ��� 

�� �� ��� ��� �� �� ���� � 

� ��. ��� ��� ��� �� ���� �

� ����� ��� ��� � � ���, �� 

Fig. 6(c)� ��  � ����� 3 �� ���� 

�� �� ��� ��� ���� �� 6 �� 

�� �, 60 � �� ���� ���� ����

� �� �� �� � � ��. ������� 

����� ����� 0.223mm �� rms ��� 

0.0646mm�� �� ���� � � ��. 

 

 

 

 

 

 

 

 
 

 

 

(a) Trajectory of first link 

 

 

 

 

 

 

 

 

 

 

(b) Position error of first link 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) Circular motion of end-effector 

Fig. 6 Experiment : Circular motion with PID control 
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Fig. 5 �� �� �� ( )sE � ��� ��� 

�� ��. 

 

( ) ( ) ( ) ( )
( ) ItPt

2
Dt

3
ld

23

KKsKKsKKbJs

ssTsbsJs
sE

++++
++= θ   (2)  

 

��� �� ���� ��� ��� ��� ��

� � ��. 

 

( ) ( )
( ) ( ) ( )

( ) ItPt
2

Dt
3

ld
2

I
I

KKsKKsKKbJs

sTsbsJs

sE
s

K
su

++++
++

=

=

θ
 (3) 

�(2) � (2)�� �� �� �� )s(cθ  � �� 

)s(Tl � �� �� �� �� �� � ��� �

�� ���� ��� Table 1� �� ��. 

�� �� )s(cθ � �� �� �� � ��� 

��� �� �� )s(Tl � ��� �(Tconst)� �

�� ���� �� ��� �� ��� ��� 

��� ��� � tconst K/T � ���. ��� �

� ��� ���� ���� ��� ���

(bandwidth) �� �� ��, �� ��� �� �

�� ���� ��� δ� �� �� ����� 

��� ��� �� �� ��� ��� ��� 

�� � � ��. 

 

t

0sIssI K
|)s(s

δττ == =  (4) 

�(4)� ��� ��� �� ��� �� ��

� �� ��� �� �� ��. 

Fig. 7 � ����� 1Hz � ���� �� �� 

�� � �� ��� ��� tK � �� ���  

���� ����� ����. ���� � ��

� ��� �� ��� ���� ��� ��� 

��� � ��� ��� ���� ��� ���

�. ��� �� ��� �� ���� ���  

�� 0[N], 0.4[N], 1.2[N]� � ����. Fig. 7(a)�

� � � ��� ��� �� �� �� �� �

�� ��� �(500 msec)�� ���� ��� �

��, Fig. 7(b), � Fig. 7(c)� �� ��� ��� 

��� ���� ��� �� ��� �� �� 

�� ��� ��� ���� � � ��. 

 

 

 

 

 

 

 

 

 

 

(a) 0 [Nm] 

 

 

 

 

 

 

 

 

 

(b) 0.4 [Nm] 

 

 

 

 

 

 

 

 

 

(c) 1.2 [Nm] 

Fig. 7 Output of integral controller varying Coulomb 

friction magnipude 

 

�� ����� � � ��� ��� ��� 

�� ���� ��� ��� ��� ��� ��

�� � � ��. ����, ��� ��� ���

�� ��� ��� ��� ��� �� ���� 

��� tK � ��� �� ���� �� ��� 

��� ��� � �� ��� ����.  

Fig. 8(a)� ���� PID���� ���� �

� ������� � �� � ��� ��� �

� ��� ����� ��� ����. 
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Table 1. Steady state error of position error and Integrator output  
according to the position comand and disturbancePosition command 

)s(dθ  
Disturbance 

( )sTl  

Steady-state error 

ssE  
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(a) Normal output of the I-Controller:�� 

 

 

 

 

 

 

 

 

 

 

 

(b) Reversed output of the I-Controller:����� 

Fig. 8 Integral Controller output for the PI control 

 

Fig. 8(a)�� � � ��� ��� ��� �

� ��� �� ��� ��� ��� ��� �

��� ��� �� ���� ��� � � ��. 

Fig. 8(b)� ��� ��� ��� ���� ��� 

��� �� �� �� ��� ��� ��� �

��� ��� �� ��� ��� ���� ��

� ��� ��� � PID ��� ��� �� �

� ��� ��� ����. �, �� � Iout � 

��� ��� �� Irevτ � ��� ��� �� 

��. 

 
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )⎩
⎨
⎧

<−+−−
≥−+−

=
01kk if        ke1kI

01kk if           ke1kI
)k(I

out

out
out θθ

θθ  (5) 

 
( ) ( )kIKk outIIrev =τ  (6) 

 

��� ��� ��� ������ ��� 

�� �� ��� �� ��� � ��� ��� 

� ��. 

 

( ) ( ) ( )1nIKkeKk outI

nk

IIrev
−−= ∑

=

τ  (7) 

��� n � ��� ��� ��� ��� ���

�. 

�, ��� ��� ��� ��� ��� ��

� ���� � �� ��� ���� ��� �

���, ���� �� ��� ��� �� �� 

��� �� �� ��� ����. 

Fig. 9 � ��� ��� ��� ��� ��� 

�� �� PID ��� ��� �� �� ���

���� � �� � �� �� ��� ���� 

�� ����. Fig. 9(b)�� ��� ���� PID

��� �� ��� ��� ��� �� ��� 

��� �� �� � � ��. ������� �

���� ����� 0.0780mm �� rms ��� 

0.0255mm �� �� ��� �� �� ���� 

� � ��. 

 

 

5. 
������
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��������

 
������

 
 

� ���� 4��� ��� ���� ��� 

�� ���� �� ����� ��� �� �� 

���� ���� �� ���.  

 �� ������ ��� ����� �� ��

� �� ������ ��� ��. 
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(a) trajectory of s1 link 

 

 

 

 

 

 

 

 

 

 

 
 

(b) position error of s1 link 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) circular motion of end_effector 
 

Fig. 9 Experiment: Circular motion with reversed 
Integral-Controller 
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4 ��� ��� ��� ��� ��� ��� 

�� �� ��� �� ��� �� �� ��� 

� �� ���� ��� ��� �� �� ��

� �� �� �� �� ��� [4,6,9]. 
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��� ��� ���� �� ��� �� �

� ��� Fig. 10 � �����. � ��� ��

� �� �� ��� ���� �� ��� PI �

� ��� �� ���� ��� �� � � ��. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 10 Disturbance observer and feedback of it 

 

���  nJ  : ��� ��� 

 tnK : � ��� ��� 

 eK  : ���� ��� 

 T  : sampling time 

 

Fig. 11 � �� ������� �� �� � 

�� �� ��� ���� Fig. 11 �� � � �

�� ��� �� ��� ����. ������

� ����� ����� 0.079mm �� rms ��

� 0.0249mm��. 

 

 

 

 

 

 

 

 

 

(a) trajectory of first link 

 

 

 

 

 

 

 

 

 

(b) position error of first link 
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(c) circular motion of end effector 

Fig. 11 Experiment : Circular motion with estimated 

disturbance feedback 
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6.1 ���� �� �� ���� �� ���

� ��� �� ����� [4,6,9]. ����, �

�� ��� ��� �� PSD ����� �� 
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��. 
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Fig. 12 � �(20)���� ��� �� ���� 

�� ����. �������� ��� ��� 

�� ���� ��� ���� ��� ��� �
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Fig. 12 Velocity Observer 

 

Kve� �� ���� ����.   

Fig. 13 � �� ��� � �� ���� ��

� �� �� �� ���� ������� ��

��� ����� 0.077mm �� rms ��� 

0.0212mm��. 

 

 

 

 

 

 

 

 

 

 

(a) trajectory of first link 

 

 

 

 

 

 

 

 

 

 

(b) position error of first link 

 

 

 

 

 

 

 

 

 

 

 

(c) cirular motion of end-effector 

Fig. 13 Experiment: Circular motion with disturbance 

and velocity observer 
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� �� ��� �� �� ��� � �� ���

� ���� �� ������� ���� ��

�� ��� �� �����. � 2 � � �� � 

�� ����. 

 

Table 2. Experimental results of the circular motion 
Control Method Max error 

(mm) 
Rms error  

(mm) 
PID 0.223 0.0646 

PID with 
reversed 

integrator 
0.078 0.0255 

Disturbance 
observer 

0.079 0.0249 

Disturbance 
observer and 

velocity observer 
0.077 0.0212 

 

������ ���� ��� �� � ��

�� ��� PID ���� ��� ���� �� 

���� ��� ����� ���� �� ��

�� �� ������� �� �� �� ��� 

� �� ���� ���� ��� �� ���� 

�� ��� ��� �����. 

 
��������

 
 

1. B. Armstrong-Helouvry, “Stick slip and control in 

low-speed motion,” IEEE Trans. Automatic. Control., 

vol. 38, Oct.    1993. 

2. C.Canudas, H. Olsson, K. J. Astrom, and P. 

Lischinsky, “Dynamic friction models and control 

design,” in Proc.  

    American Control Conf., June. pp.10-12. 1993. 

3.  L.Cai and G.Song, “A Smooth Robust Nonlinear 

Controller for Robot Manipulators with Joint Stick-

Slip Friction,” IEEE Proc. of the IEEE Int. Conf. 

Robot & Automation, pp.449-454, 1993. 

4. G.Morel and S.Dubowsky,”Precise Control of 

Manipulators with Joint Friction: A Base 

Force/Torque Sensor Method,” Proc.of the IEEE 

Int.Conf. Robotics & Automation, pp.360-365, 

1996. 

5. Canudas,C. , Astrom,K.J., and Braun,K. “Adaptive 

Friction Compensation in DC-Motor Drives,” IEEE 

Journal of Robotics and Automation, Vol.RA-3, No6, 

pp.681-685, 1987. 

6. J.T.Teeter and M.Y.Chow, “A Novel Fuzzy Friction 

Compensation Approach to Improve the  

Porformance of a DC Motor Control System,” IEEE 

Transactions on Industrial Electronics,Vol.43 No.1, 

pp.113-120, 1996. 

7. K.Kiguchi, T.Fukuda, “Fuzzy Neural Friction 

Compensation Method of Robot Manipulation 

During Position/Force Control,” Proc. of the IEEE 

Int.Conf. Robotics & Automation., pp.372-377, 1996. 

8. K. Ohnishi, M.shiata, T. Murakami, “ Motion 

Control for Advanced Mechatronics”, IEEE/ASME  

Tranc. on Mechatronics, vol.1, no.1, March. 1996. 

9. T. Umeno, Y. Hori, “ Robust speed control of DC 

servomotors using Modern Two Degrees-of-Freedom 

Controller Design”, IEEE Trans. on Industrial 

Electronics, vol. 38, no.5, pp. 363-368. Oct. 1991. 

10. ���, ���, ���� 7�, ”�� CNC� 

�� � ��”, � 3 � CNC ���� ���”, 

���� ��� �� ��, �����,1994. 

11. J.H.Shim, H.S.Cho, and S. Kim, “A New Probing 

System for the In- Circuit Test of a PCB”, Proc. of 

the IEEE Int. Conf. on Robtics & Automation, 

pp.580-585, 1996. 

12. J.H.Shim, J.Y.Park, D.S.Kwon, H.S.Cho, and 

S.Kim, ”Kinematic  Design of a Six Degree-of-

Freedom In-Parallel Manipulator for Probing Task”, 

Proc. of the IEEE Int. Conf. on Robtics & 

Automation, pp.2967-2973, 1997. 

13. K. Ohnishi, N. Matsui, Y. Hori, “Estimation, 

Identification, and Sensorless Control in Motion 

Control System”, Proc. of  the IEEE, vol. 82, no.8, 

Aug. 1994. 

14. ���, ���, ���, ���, ”�� �� 

������� �� � �� ��� ��� 

�� �� ��”, Proceedings of the 12th KACC,  

pp1796-1799, October, 1997. 

15. J.I.Song, Y.H.Choi, J.H.Shim, D.S.Kwon, H.S.Cho, 

“Nonlinear Friction Compensation Methods for an 

In-Parallel Actuated 6-D.O.F Manipulator”, Proc. of 

the IEEE Int.Conf. on Robotics& Automation., 

pp.169-174, 1998. 


