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Abstract: This paper presents a real-time friction compensation 
for a mechanical plant. The study demonstrates effectiveness of 
both dither signal and friction compensation techniques in the 
reduction of the steady state error caused by stick-slip friction. 
The experimental results on a DC motor system show that the 
dither signal significantly improves the steady state error while 
the friction compensation reduces the time constant. In 
addition, both dither based and friction compensation 
techniques can be combined to reduce both types of errors. In 
addition, the selection method for the amplitude and frequency 
of dither signal that optimally reduce the steady state error are 
presented. Both simulations and experiments are used to 
validate the proposed technique. 
Key words: friction compensation, dither, stick-slip, PD 
controller. 

1. INTRODUCTION

Friction is highly nonlinear at low velocities and poses a 
considerable chaUenge in the control of mechanical systems 
such as machine tools, robots, tracking mechanisms, etc, which 

require precision positioning. Friction is commonly neglected 
since the traditional PID controUer with appropriate gains 
norma11y gives a stable performance with error within the 
acceptable limit. However, friction compensation may be 
required for high precision positioning or system control at low 
velocities. Friction compensation is a challenging task since it 
is difficult to model and barely understood. In recent years, 
there has been progress in developing friction models for 

compensation. Both dynamic and empirical friction models 
have successfully captured pertinent friction characteristics 
such as Dahl, LuGre, Bliman-Sorine and Bristle model, etc. 

(Armstrong-Helouvry & Dupont, 1993; Haessig, Jr. & 
Friedland, 1991) 

The presence of friction often imposes limits on 
positioning, tracking performance and accuracy of position 

control. This phenomenon causes a limit cycles (Canudas et al, 
1995) and positioning error in control systems. If the system 
with friction is linear and operated only at high velocities 
without changing directions, i.e., without crossing zero 
velocity, friction can be modeled as a linear function of 
velocity (Armstrong-Helouvry & Dupont, 1993; Haessig, Jr. & 
Friedland, 1991). A simple PD controller with a velocity 
feedback control can compensate for friction. On the other 
hand, if system operated at low velocities or with direction 

reversals, the ordinary PD control may be ineffective. When 
the traditional integral control is included in the feedback 
controller, the presence of stiction causes the system to stick 
near zero-velocity position (Lee & Asada, 1997; lpri & Asada, 
1995) and start to move when the controller output is greater 
than the level of stiction force. 

On the other hand, the simple high frequency dither 
technique reduces the effect of friction between parts in relative 
motion. A successful example is the use of dither in gyroscopes 
for autopilots in the 1940s, where dither signal was obtained 
simply by a mechanical vibrator (Ehrich & Krishnaprasad, 
1991). 
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Figure 1. Block diagram for PI-Control. 
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Figure 2. Limit Cycles on DC Motor System. 
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The mechanism of the dither-based technique introduces 
extra forces to move the system move before reaches the 
stiction level. It is introduced in the position control of 
pneumatic lifters system (Maeda et al., 2000), which does not 
induce limit cycles, commonly found in integral control. 

The paper also addresses the model based friction 
compensation. The model of friction is determined offline and 
used to estimate and compensate for the instantaneous friction. 

This technique improves the transient performance. 
This study applied both techniques, dither signal and 

friction compensation through a friction model, to reduce 
steady-state error on a DC motor and improve the transient 
performance. Both simulations and experiments demonstrate 
the reduction of the error and the improvement of transient 
response. 



2. STICK-SLIP FRICTION

Stick-slip friction is a common friction phenomenon
occurred in low velocity system (Armstrong-Helouvry, 1993). 
It manifests itself as repeated sequences of sticking between 
two surfaces with static friction, followed by sliding or slipping 
of the two surfaces with kinetic friction. It is found in the 
transmission elements in robotic manipulators such as 
harmonic drive, gears, pulleys etc. 

Stick-slip is a seriously problem in low speed motion, 
causing a stable limit cycle near a reference position with 
integral control, as shown in Figure 1. Hence, a system under 
integral control is unstable when the moving body is stuck and 
the control gain is too high. As time progresses, the integral 
error, which is building up to move the body from its stuck 
configuration, becomes so high that the body overshoots the 
origin and comes to rest at another position. This phenomenon 
is illustrated by DC motor experimental results as shown in 
Figure 2. 

3. FRICTION COMPENSATION

There are two major friction compensation techniques,
model-based and non-model-based friction compensation. 
Examples of the non-model-based friction compensation 
techniques include stiff PD control, integral control, dither, 
impulsive control, and joint torque control, etc. The increase of 
the damping or the stiff of the system can eliminate the stick
slip motion; by increasing the PD gain, the stiff of the system 
increases. This is a very simple way to control the system with 
friction. However, the high control effort is limited by the 
hardware. Normally, the stiff PD control is used for a stable 
tracking while the integral control is used to minimize the 
steady state error. Nevertheless, the system exhibits limit cycles 
at low or zero velocity tracting. In addition, integral control 
may be ineffective at velocity reversals. Integral windup is 
normally reset at velocity reversals, causing the minimal effect 
of integral action when most needed to overcome the stiction. 

The dither-based technique can effectively improve the 
control performance of the system with friction. This technique 
is mainly used in this study. The other similar technique, called 
impulsive control, applies the impulses to the system at low or 
zero velocity. 

For the model-based friction compensation, the estimated 
friction torque is calculated by the friction model and an equal 
and opposite torque is applied to the system to cancel out the 
instantaneous friction torque. The model-based friction 
compensation may decrease the need for the high servo gains. 
The Coulomb friction model is the simplest and widely used 
but the richer friction models can further improve the 
performance. The major difficulty is the friction modeling at 
very low velocities. Several practical problems must be 
addressed, such as the almost undetectable nonlinear 
phenomena, and the unmeasurable internal states of the model, 
etc. In this study, the Coulomb viscous friction model is used 
for the friction compensation since it is most suitable for 
typical system sensing. 

As mentioned earlier, the study has focused on two 
effective friction compensation techniques, dither-based and 
the use of Coulomb viscous friction model. Both techniques are 
combined together to take advantages of each method. 

3.1 Feedforward Dither-based Technique 

Dither is a practical technique to reduce the nonlinear 
effects of friction at low velocities. The mechanism of dither 
introduces extra forces to move the system before the stiction 
level is reached. In 1969, a mechanical vibrator was used to 

reduce the coefficient of kinetic friction in servo system, as 
shown in Figure 3. Electrical dither signals can also be 
superimposed on the command signals generated by the 
controller as shown in Figure 4. The frequency of dither is 
normally much higher than the frequency of the command 
signals. 

3.2 Model Based Friction Compensation 

Several schemes for model-based friction compensation 
have been proposed (Adams & Payandeh, 1996; Ehrich & 
Krishnaprasad, 1991 ). If a servomechanism is operated at low 
velocity or with velocity reversal, then effective friction 
compensation is required to achieve good precision. To obtain 
an effective friction compensation, the velocity has to be 
measured or estimated with good resolution and small time 
delay. The mechanism of model based friction compensation is 
very simple. The friction force is estimated using the 
appropriate friction model, which may be determined offline. 
The estimated signal is then used to compensate the real 
friction by adding to the control signal. This is showed in the 
block diagram in Figure 5. 
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Figure 3. Friction Coefficient in Motor System. (Sinsookh, 
1969) 
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This paper addresses the effects of friction compensation 
to improve a positioning control of a DC motor by dither based 
technique. The effect of the amplitude and frequency of dither 
is investigated. The model based friction compensator is also 
discussed and demonstrated. 

4. SIMULATION

The simulation is used to study the role of the nonlinear 
friction that was strongly related to the steady-state error in a 
motor system. In the simulation, both inherent nonlinear 
characteristics of the motor system and the simulated friction 
found in the experimental equipment, are taken into account. 
The dynamics of the DC motor system is: 

J0 = 'motor - 'f (I) 

where J is the motor's inertia 0.0011 kg.m2• Friction behavior 
can be expressed as follows (Adams & Payandeh, 1996): 



where: 
r.,·tick = k0 r.,lip =sgn(o)[ ka+( 'slip,0 -ka)(1-e-di) ]+bO

l l 

0>0 sgn(o)= 0 �=0 
-I 0<0 

(2) 

In the simulation, friction parameters are given as r,lip,O = 0.8,
a = 0.1, k = 15, a = 0.5, and b = 0.01. The mathematical model of the friction compensator is expressed by Equation 3. The friction model is assumed to be imperfect and the estimated friction does not match the real friction. This is important for realistic simulation. The simulation block diagram is shown in Figure 5. The compensator is modeled by Coulomb and Stribeck's model as follows (Annstrong-Helouv1y & Dupont, 1993): 

where 
l F(v);v;00 F = F,;v=O and IF.l<F, F,sgn(F,);othemise (v=O and iF.l;eF,) 

F(v)=Fc
+(F,-Fc

)e-lv'v,I' +F,v 

(3) 

The simulation is perfonned on Matlab<ll/Simulink™ and used for a comparative study on four types of control techniques, consisting of PD, PD+compensator, PD+dither, and PD+compensator+dither. The proportional and derivative gains are 2 and 0.2 respectively. The dither is a sinusoidal signal with the amplitude equal to the maximum statics friction of 1.5 N.m. The optimum frequency of 100 Hz is detennined from the range between 0.1 to 1000 Hz. The step command of 20 deg is applied to the system 

Figure 5. Block diagram of control system for DC motor. The PD plus friction compensator demonstrates a good rise time (0.06 sec) compared to the only PD control (0.11 sec) while the PD plus dither significantly reduces the steady state error to 0.0004%. However, when both friction compensator and dither are used, the rise time decrease (0.09 sec) but the steady state error also increases (0.148 %). 
Table 1. Errors analysis by simulation. Control Techniques Error(%) Rise-time (sec) PD 0.0490 0.11 PD + Compensator 0.0052 0.06 PD + Dither 0.0004 0.11 PD + Compensator + Dither 0.1480 0.09 

Table summarizes the comparison between four techniques, which used to control the DC motor system. The PD plus dither gives the minimum steady state error while the PD plus friction compensation has the minimum rise time. When both dither and friction compensator are applied, the command input to the motor is much larger than necessity overcome the static friction and thus the steady state error increases. 
5. EXPERIMENT AND RESULTS

5.1 Experimental Setup 

The DC motor system model 767 from Comdyna, Inc. is used for the experimental study. The motor system has a mechanism for adjusting the friction force as shown in Figure 6. This system is designed to emulate a typical rotationalmechanical system. A mass inertia is attached the motor viagear transmission and friction adjusting assembly. Theprecision potentiometer model 6539 from BOURNS Co. iscoupled at the end of the mass.The input and output signals are connected between plant and controller via an analog computer model GP-6 from Comdyna, Inc. The Matlab®/SimulinkTM -xPC Target is used for a real-time control of the system. The PA-ST12 (-H) card from Acqutec Corporation is employed for data acquisition and control. The card communicates with target computer via ISA bus. Two Accton LAN cards are installed on both a host computer and a target computer, and is used for a host and target communication via TCP/IP. 

(a) Experimental Setup.

(b) The DC motor system.
Figure 6. The DC motor system. 

The Matlab®/Simulink™ -xPC allows us to develop a control on the host computer in the Microsoft® Windows 2000 environment. Once the control model is designed, it can be downloaded to the target PC. The target PC runs the control algorithm in real time. The sampling time of the control system is set to 0.00 I sec. 





simulation and experiment are performed and the results are 
shown in Figure 9. In the simulation, the maximum static 
friction of 1.5 N.m. is used while 0.3 N.m. is used in the 
experiment. 

Both simulation and experiment demonstrate that the 
amplitude of dither closed to the static friction ( 1.5 in 
simulation and 0.3 in experiment) can effectively reduce the 
steady state error. 

When the dither frequency is between IO to 120 Hz, dither 
successfully decreases the steady state error. In contrast to the 
real experimentation, the dither of higher frequency (> 120 Hz) 
is effective in the simulation. This discrepancy is due to the fact 
that the frequency exceeds the bandwidth of the servo system. 
The dither frequency less than IO Hz is too low and unable to 
compensate the stiction completely. 

Figure 8. CRS Robotics system. 
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(b) Experimental result on CRS Robotics system
Figure 9. The effects of the frequency and amplitude of dither. 

6. CONCLUSIONS

The dither can drastically decrease the steady state error of 
a system with stick slip friction. The amplitude of the dither 
should be as high as the maximum static friction while the 
frequency must be within the effective range. The friction 
compensator can decrease the error and significantly reduce the 
rise time. Since the friction model is not perfect, the friction 
compensator cannot completely cancel the real friction. The 
dither-based technique can be integrated to the friction 
compensator to improve the effectiveness of the compensator. 
For the integration, the dither amplitude is not as high as the 
maximum static friction. The experiment may be used to 
determine the appropriate amplitude for this case. 
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Abstract: Friction estimation and compensation have been 
extensively studied in recent years. The friction model can 
enhance the control performance by compensation of the actual 
friction. The characteristic of friction is a complex 
phenomenon, especially when the relative velocity between 
contacting surfaces is very low. In general, it is very difficult to 
determine the precise friction model that can capture the real 
friction accurately. The study on CRS robotics system requires 
a more challenging task since the friction characteristic must 
be determined in conjunction with a varying joint inertia. In 
this work, a practical solution is proposed. Since only when 
both friction characteristic and plant inertia are determined 
simultaneously, they are accurately determined. Experimental 
results on CRS robotics system demonstrate the advantages of 
the proposed technique, used as an example. 
Key words: friction model, friction characteristics. 

1. INTRODUCTION

Friction is present in most servo systems and often causes
undesirable effects such as limiting the accuracy of control 
system performance. Friction characteristics have been 
extensively studied in tribology in order to reduce machine 
wear and aging as well as in dynamics and control to enhance 
the control performance. Friction is a very complex phenomena 
(Armstrong-Helouvry & Dupont, 1993; Dupont, 1994), 
especially at low velocity (Armstrong-Helouvry, 1993). The 
friction characteristics include Coulomb and viscous friction, 
stribeck effect, memory effect, presliding displacement, 
hysteresis and varying break-away force (Canudas de Wit al 
et., 1995). Still, it is very difficult to understand behaviors such 
as the role of lubrication, the friction and surface roughness and 
the Mica experiment (Canudas de Wit al et.,1995). In recent 
years, several empirical friction models, such as Dahl, 
Coulomb and LuGre friction models (Amstrong, 1999), have 
been developed to capture significant characteristics of friction. 
When friction is accurately modeled, the friction can be 
predicted and then compensated to improve the control 
performance. The other technique to compensate for friction is 
to apply the dither into the system. (Ipri & Asada, 1995). The 
difficulty of the dither-based technique is the appropriate 
frequency and amplitude of dither selection for the system. 

Determination of an appropriate friction model and its 
parameter for a real mechanical system is a very challenging 
task. A mechanical system normally does not exhibit all 
friction phenomenon, as explained earlier, and none of the 
friction model can capture all friction characteristics. Thus, the 
friction characteristics during a normal process should be 
investigated in order to choose the proper friction model for 
that particular system. 

This paper presents a practical approach to determine 
friction characteristics of a typical mechanical system. The 
system is equipped with position sensor, such as incremental 
encoder, while the system inertia is unknown and varying. In 
this case, both friction characteristics and system inertia must 
be determined simultaneously. This process requires a good 
measurement of velocity and acceleration, which are 
numerically estimated from the system position and time. The 
practical technique to suppress the amplify noise caused by the 
numerical differentiation, is also introduced. Hence, the friction 
can be captured at real time. Both simulation and experiment 
on CRS robotics system are used to demonstrate effectiveness 
of the technique. 

2. FRICTION MODEL

Despite several empirical friction models has been
proposed, the simple Coulomb and viscous friction model is 
used in this study to capture friction characteristics in process. 
This model may not be able to capture most nonlinear effects 
demonstrated at low velocity but is good enough for the 
determination of plant inertia. Once the inertia is estimated, the 
actual characteristic is determined in real time. 

Coulomb and viscous friction model 

The Coulomb friction model is a one of the classical model. 
This model describe the friction is proportional to normal load. 
The theory of hydrodynamics was developed and led to 
expressions for the friction force caused by viscosity of 
lubricants in term of velocity. The model can be expressed as: 

l 
F(v},v,tO 

F= F.;v=O and IF.l<F, 

F
8sg(Fe}, (v =0 and IFel � F:,) 

Where F(v)= Fe+ Frv, 
F, is the force act to object, 
F, is the break A way force, 
F,v is the friction force from viscosity,

(1) 

For this Coulomb and viscous friction model, friction force 
(torque) is a function of velocity; except at the zero velocity 
where the friction force is determined from the equilibrium 
condition as shown in Figure 1. Normally, the numerical 
differentiation is required to estimate the plant velocity and 
acceleration since only position sensor is installed. 



Figure 1. Coulomb and Viscous Friction Model. 

3. NUMERICAL DIFFERENTIATION

Numerical differentiation of the experimental data tends to
amplify errors in the data. The determination of friction 
characteristic and system inertia simultaneously requires plant 
velocity and acceleration, which are estimated by the first and 
second order differentiation respectively. The numerical 
differentiation must be able to suppress the errors in order to 
get a clear picture of acceleration. 

EJ-+8 
Oeriv.atrve2 Acceleration 

�8 
Oerivative1 Velocity 

Figure 2. Simulation Block Diagram. 

The simulation as shown in Figure 2 is used to determine 
the appropriate numerical differentiation technique. Consider 
the sinusoidal position data (I peak to peak, 1 radians/s) 
containing ±0.01 errors (Figure 3). The velocity, the derivative 
of position, is the sinusoidal with the phase lead of 1t/2 radians. 
The Finite-Divided-Difference approximation (Steven,1990) is 
not suitable for this application since it fails to adequately 
suppress the errors as demonstrated in Figure 4. The process 
significantly amplifies errors. Another method, the Richardson 
extrapolation technique (Steven,1990) still does not give a good 
result. The primary technique for determining derivatives of 
imprecise data is the least squares regression, which fits a low 
order polynomial function to the data. The derivative is then 
easily obtained by analytically differentiate this function. 
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Figure 3. Position data containing errors. 

The least square fitting tends to suppress errors, resulting in 
a more accurate and smooth velocity as shown in Figure 5. The 
fitting technique filters the high frequency velocity and gives a 
smooth trajectory. However, the least square fitting gives a 
good result only when the appropriate number of points is used 
in the fit. Figure Sa and Sb demonstrate the effect of the 

number of points used in the fit: the larger the number of 
points, the smoother the trajectory. On the contrary, large 
number of points may distort the derivative as shown in Figure 
Sb. This technique may give a smooth trajectory but report a 
false derivative. 
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Figure 4. Velocity differentiated by Finite-Divided-Difference. 
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Figure 6. Velocity and acceleration by equal position
difference. 

Instead of using the number of points which are controlled 
by time, the derivatives are determined from equal space 
position difference in this case. The space of position is chosen 
to be large enough that the errors can be neglected due to their 
relatively small amplitudes. Thus, this is a practical technique 



to determine the derivative of imprecise data with bounded 
errors. The time required to move the system over the space is 
used to determine the derivative using Finite-Divided
Difference. The curve fitting technique is then used to smooth 
the velocity curve. The velocity and acceleration, estimated by 
the proposed technique, are shown in Figure 6. This technique 
is very suitable for an offiine calculation but causing a 
difficulty in the real time experiment since the time required to 
carry out the calculation is not constant. 

4. EXPERIMENT AL SETUP

In the experiment, the commercial CRS robotics (Figure 7)
is used to demonstrate our technique. The articulated robot has 
five degrees of freedom. The waist, shoulder, and elbow joints 
of the CRS robot are driven by permanent magnet DC motor 
through harmonic drive. The incremental encoder with the 
1000 pulses/revolution resolution is installed to each joint to 
measure the joint position. In this experiment, only the waist 
joint is used. 

Figure 7. The CRS Robotics system and its Controller. 

The robot controller is a personal computer with a six
channel DA card and digital input/output card. The DA card, 
PCL 726 model from advantech corp., is used to send the 
command signal to drive the robot via the power amplifier 
circuit. The personal computer is also able to read all joint 
positions through the ET-PC8255 ISA card. This 24-bit 
resolution and three channels digital input/output card is used 
to read the joint positions. The robot controller interface has 
been designed with the interface box, consisting of the power 
amplifier circuit and the counter circuit. 

The control algorithm is written in Matlab®/Simulink™ -
xPC., which is a solution from The MathWorks, Inc for 
modeling, prototyping and deploying a real-time system using 
standard PC hardware. The user develops the algorithm in the 
host PC in the Microsoft® Windows environment and then 
loads the code to the target PC for a real time control. The host 
PC and the target PC are connected using standard TCP/IP 
protocol. 

The experiment is used to demonstrate the technique to 
determine the stick-slip friction characteristic in conjunction 
with system inertia. Since only the position sensors are 
installed, the velocity and acceleration of the waist joint are 
estimated using the numerical method discussed in section 3. 
The proposed numerical differentiation technique does suppress 
the sensor noise quite well as seen in Figure 8. The velocity 
trajectory is quite smooth and the acceleration is readable. 

The command is a sinusoidal signal. The amplitude and 
frequency of the signal are 0.61 volts and I radian/second, 
respectively. The sampling rate is 0.002 second. Then 
command signal and the joint position arc then read back to 
generate the plot. The command signal is plotted against the 
joint velocity as shown in Figure 9. 

Now, the command effort is divided into two terms, i.e., the 
friction torque and the acceleration torque. Once the friction 
and the acceleration torques are accurately separated, the 
friction torque can be plotted against the joint velocity to show 
the friction characteristics. However, the plant inertia is 
unknown in general, but for this robot, the inertia is varying 
with the shoulder and elbow positions. 

Friction characteristics or the system inertia should not be 
determined separately, especially in the case of highly 
nonlinear friction. The detail of the technique used to 
simultaneous determination is discussed in the next section. 

5. EXPERIMENT AL RES UL TS
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Figure 9. Command effort versus the velocity. 

The equation of motion can be expressed as 

Ti11p11t - T friction = J0 

T friction = T;npul - J0 

where T friction is a friction torque, 

(2) 

T;nput • • 
d 1s a torque mput or comman torque, 

J is system inertia, and 

0 is an acceleration of plant. 

The coulomb viscous friction model is used to model the 
friction characteristics since the model is simple and the 
characteristics at low velocities are not detectable. The 
nonlinear least square error is used to determine the model 
parameter and the system inertia simultaneously. 

The optimization function is expressed as 

minimize I[rji-;c1;011 (Fc,F,,0)+ JO - r J2 

(3)



where r friction ( 0) is the Coulomb viscous friction modeL Fe , F, are the parameters of the friction model, J is the estimated system inertia, and ,: is the command torque. 
The unknown parameters include the system inertia and friction parameters ( Fe, F,) . The velocity and acceleration are estimated by numerical differentiation. The nonlinear least square fitting identifies the parameters as: 

l 0.24+0.00680 ,0 > O r fric1io11 = T;npul . ,� = 0, -0.28+0.00690,0 < 0and J = 0.0015 
The resulting friction characteristic is shown in Figure 10. The characteristic exhibits the Coulomb and viscous friction and is best modeled as Coulomb and viscous friction. Once the friction is taken into account, the inertia is identified more accurately. The command frequency from 0.5 to 5 radian/second is used to simultaneously solve for the system inertia and friction. The inertia identified using the proposed technique ranges between 0.0013 -0.0016. The Coulomb coefficient is between 0.24 - 0.28 and viscous friction coefficient is between 0.0068 -0.0075. 0.610 r--r---r----,----r---,--r--.--.,.....,::,----, 
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0.488 -...l--1--...1--1---l-_ j_ _

;? 0.366 � 0.244 -� 0.122
I I Comlnand $ignal -7--r--r--r-7-

-� __ L_J __ L_J J __ L_J __ I I I I I I FJiction I I 
-,--r-,--r- -r-�--r-,--

] 0 - I __ L I __ I _ __ I_ 1 __ 1 _ I __I I I I I I I I § ·0.1228 ·0.244·0.366
-4--�-4--�- --�-4--�-4--1 I I I I I I I -7--,-7-- --r-7--r-7---...l--l--.,&'>��llll"!!��--1---l--l---l--I I I I I I ·0.488 -7- -7--,-7--,-7-- xto• •0-61 !?i.s .2.0 • 1.5==-.-f-1.oa--+--*o-.,_.01,.s-;.L1.o.-.... ,1,_5--,2'-'.o;c--"'2.5Velocity ( pulse/s) Figure 11 Equivalent friction characteristics when the control is with and without the dither signal. 

Once the system inertia is identified, the acceleration torque could be determined and the friction torque is thus obtained. The friction torque is plotted against the velocity to illustrate the friction characteristics. Actually, the system inertia can be identified offline and is then used to determine the friction in process. 

The online friction identification can be used to compensate for the friction. The proposed technique is also used to study the effects and mechanism of the dither signal. The friction characteristics are illustrated when the dither is and is not included in the control algorithm as shown in Figure 11. The dither transforms the discontinuity of the Coulomb friction into a smooth nonlinear characteristic around zero velocity. 
6. CONCLUSIONS

The practical technique to determine friction characteristic in conjunction with system parameter is proposed and demonstrated. For a typical rotational system with nonlinear friction, the friction characteristics and the system inertia should be determined simultaneously. The results are more accurate compared to the cases in which friction or inertia is identified separately. The proposed technique takes the friction into account to determine the system inertia offline. The resulting inertia is then used to determine the friction online. The numerical differentiation for the imprecise data is also introduced. The equally spaced positions are used to determine the derivative. This space of the position is sufficiently high in order to disregard the noise. However, the time required for the system to move over the space is not constant. Thus, the time to compute the derivative is varying, causing a difficulty for the online applications. 
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Abstract 

The paper presents a technique for robotic end effector 

control using a feedback signal from sensors installed at the end 

effector. The CRS robotics system equipped with LPS and force 

sensors is used for the demonstration. In the proposed technique, 

Jacobian is estimated from the robot motion and sensor's signals 

and then used in conjunction with sensor's signals to control the 

end effector's trajectory. 

Several simulations are used to demonstrate the technique 

including the cases that LPS and force sensors are used to 

adjust the trajectory. The results show that the robot can interact 

with the environment and accuracy is improved. In the 

experimental study, the Fastrak® at the end effector is used to 

compensate the trajectory of the CRS robotics system. 

1. mnh

V: utJu<ii' fl\ilR7Vi m11Ji/,1,1tl' uii fi1m11J il \il wa1\il,11 n n11fl,1Jfl" , , " , 
<n7LLV.\4'1 End Effector 1buv.it,1J.J1,11nn111\il<n7LLVi\4-3 End Effector 

d ... • ' " ' ,=t I A I A < 

L l48-3'il7nn7-n \il \ill LL Vi \4,lil fl \il !l!J fl7 fl17lJr-l \ilVi 61\il LLR::fl7Yi717lJ L\il 81 

iJ 8-3-V: UtJU\il1 ULL1JU'ii7l'l 8-li:i fi11>J LL>l UU7 V: UtJU<if ,1::ii fl1fl 17!.J H \il , ' 
Vil'l1\ilLLU17'il::ii Repeatability �'111\illlJ LLl'l::fi7fl17lJH\ilVil'l7\il'il::iifi1 

.J' , ' ,,l,.t V , ' A d , .,: 
i.11niiu 1u "1l4tJl4\ilYI lJ m,1a-11-liiu1\il m iy 1m1fl \ilVi U-l I un11L w" 

fl17i.JL � tJ-3\il"l"-3 l l4n17fl11JfllJl1fl fln77&i \ili-3 fl tlmtU 1\il <n7 LL Vi \\-3 LLl'l::/ , ' 
,:!JI c'.d ... .,.,J • ... I (' 

V,1!) L'lll4L'll818l4 ') 11YI End Effector LLl'l::Yl7n71iJ1Jfl11JfllJVil4tJl4\il 

fa tJ 87fltJ'll 8i.J R'il7nL'lll4L'llfl'lL v,a1itt\il tJ\il1-3 t\il tJ�n71fl7l4� ru J,iv,3,J \il 

,1::1>lifl'187fltJ'lifl� a<ii1LL v,\i-3,i!)qjflLLl'l::LLuu'ii1a 8-3 Kinematics ,i 8-3 

�l4tJU<ii' '1l,1'ii1n1 lltfi7fl11lJ H\ilVil'l1\il 1>Jil'unuil,1itJi,1na11 

1Jl1fl17i.JilU7LRU8L l1flilfln11fl11JfllJV:lLtJl4'1i'1tluuu 1 v,i] �'JJU 

fl11Jfl1JV:uuu<ii',11n'lifli.JRL'lll4L'll81� End ��ector t�um-3 t\ilU&i\ili'1 
, ' 11 

L'lll4L'llfl1 LPS (Local Positioning System) �7Vi11J1\il<n7LLVi\\,l LLa:: 

8tlmmm1,1i'u,--3 (Force Sensor) LLR::'JJ1Jfl11JfllJV:l4tJl4\il1URLU'll 
, \I , , 

iJ!)-3L'llUL'llflft\ilU\il1,l 'll83,jl'l'il7nL'llUL'lf!)1qj7-3 ') ,1::1>lLUU8R'l"::,nnnu 

L nflilfln71fl11J fl i.i,1::87fl u n11fi1u 1 n1tl1::mrufi1,11 tfl LU uuii 8'1 
.. d 

,l ., �ti . � ,l 
V ' ' L'!IUL'llfl'l"'il7nn71L fll'l!)UYI LLa:: .. 11 fl7l41lliLL1-3il1Jl1iJ!)\il!)\il7-3 ') iJ!)-3 

i.JflL\il!lft\il U\il1-3 n1 Ll-\'L Ylflilfln71fl11Jfllltt1>J ifl-387fltJVi711fiL\il81 

iJ8-3V:UtJUG\ LLl'l::L'llUL'll81qj1-3 ') Ll'ltJ '1l-3,1::n1\l-\'V:UtJUG1iifi1fl17i.lLL>JU ' , 
U1L l17111Jfl7fl17i.JLLliUU7iJ8-38tlmru1\il<n1LLVi \\,l Ufln'il1nit an1!lru:: , 
n11mu fl lJ U-lii fl17lJ ii \ilVi tlUR-llJ1n 1\il tJ'il ::a-1lJ11t1 mu fl lJ w111 

, 1 'II , 

iiL\il81'il7nL'llUL'll81qj1,1 ') 1iVi18lJl1\\ 

UYI fl17lJ LLR\il-lr-ll'l n11'ii1a !)-3fl11Jfl lJV: l\tJui CRS Robotics , , 
System 1\ilUl\7'Ji!llJl'l'il7n!ltlmru1\il<n7LLV.¼-3LLl'l::fltlmrn\il11'il1LL1'1lJ7 

\I , , \I 

UflUna1JLvl!)fl11JfllJl17,l\G}UiJ!),l End Effector '1l,lLUUn71fl11JfllJ� ' ' 
ri71\-\'�UtJUiR7lJ71tln7-l7\\�j'.jtl�RlJ�Ul}/l1J�,lLL1\ila1HJ1i Lll'l�fi7 

fl17lJN\ilVi�7\il 1 um1mufl lJ1i.iif unu LL1J1J°ii1 a 8-liJ 8,1V: utJu� , ' 



2. 
"""-...,. ,d_ I 

J1WlulJYl1-11lUJ1 

m·fii'um-1m1JfllJ End Effector 'lJu.JviUUU<il'Ll'ltJ1l7ft!Jn11U1lU ' ' 
rnf1J'lJ1l.JitqJIJ!1ni'il7n�llmrn<il"l'l'ilJ��<ili�� End Effector 1<iltJ<il"l.J 

'il::rh 1 l-1 OT'lfl'llJ fill jj f117lJ LL"U<il"l.J ((.J,j' U\LR::fi7 lJ71Cl fl11J fllJvi U!JU</1 
, \I , , 

1 i ((71J71tli'.ill ni11�uifnu �" LL 1<il ii 1lllM 1 <il [J 1 U!Jfl LilJQlU'lJ 1l.Jviuuu� 
:.J ' ' 

1 utJ 1960s 1ii'.i.J1uii'ufinl!l1n11m1JfllJLL 1.J.tlJNfi'lJ1J.Jviuuu�L vl1l ' ' 
1i�uuu�((11111nri1.J1urli:iu�i11�mfnu�"LL1<i1.i1J111i u1::�'lJ1).J 

.J1uii'um1m1JfllJLL 1.J.tlJNfi'lJ1J.Jl-iuuu�fi11111nfinl!l1 Li'il1n [11 lu ' ' 
tJ 1981 M. H. Raibert LLR:: J. J. Craig [2] lvtLfiU1lii1un71f111JfllJ ' 
LmLL1J1Jl-lfi3.l"l::Vli7.JLL1.J111Jvl7LL'l·lll.J (Hybrid Force/Position Control) 

�.JLLtJ01.J'il1fl'l1JfllJ1l1lnLUU 2 1.J'il1rli.J\\1nnu 1.J'il1Vltt.J'il::l'l11JfllJ ' ' 
LL'l".J Llt'1::on1.J'il'lV1tt.J'il::ffl1JfllJvl7LLVI\\.JVl11Jn71Lf1�1lUri'lJ1J.Jl-\UtJU� ' ' 
1 Un11fl11J fllJLL 1.J'il:: Hiruru1mLL 1.J'il7n 1lUmrnm1'il1LL .,..,,yj�<ili.Jri 

, ., ., " '\I 

End Effector lJ1fl'l1JfllJ 1<iltJ<il1'1 LLl'l::07'il H'v11fl11Jfll.JLL1J1Jiiuiin1a 1u' ' 
n71fl11Jfll.J LL.,-,, il.J Nff n11fl'l1Jfll.JLL 1'11 ua n l!lru::,frfo ni1n1w11u fl l.J ' ' ' 
LL1'1\'l7..l<il1'1 (Explicit Force Control) 

d d d "' 1lnLL'\41Yl7'1VI U'1fl o n71fl11Jfl l.J LL 1'1Yl7'1 !l !l l.J (Implicit Force 

Control) L'liUn71fl11Jfll.Jf117lJVl\\1'1 (Impedance Control) ii''1fill1 ' 
LfiUB1U'17Uii'tJ'lJ1l'1 Neville Hogan 1utJ 1985 Vl11ln11fl11Jfll.Jfl17l.J 

V 
' 

LL ii '1 (Stiffness Control) itii 'il ::f111J fl lJ LL 1'1 l-11 u Yl7 '1 i1 fl 11J fl l.J 

vl7LL'VIU'1 (Position Controller) n71f111J�l.JLL1J1Jd'il::ij 2 1'1'il1f111J�l.J ' . 

'li1Junu 1'1'ilnfu huilu1'1'il'l"f111J fl1.Jvl1 LL VI U'11<il u Hn11iJ oun au'IJ u'1 ' 
ittJ!IJ!7ni'il1n�llmrn1<i1vl1LL'Vl\\'1 L'liU Encoder fi�<ili'1fi1foqio'IJ1J'1�U 

!JU� �'1'il::l11'11Urifl11l.JL�1ff'1 ff1U1'1'il1iuuon'il::LilU1'1'il1fl11JfllJ " . 

4 •' � A ol � LL1'1 'l!'1'il:: .. ,fitJIQ/1 llifl11l.J l-l<i1Vit'11<il'IJ 0'1LL 1.Jl.J1H1U<il1fl11Jf)l.JLL 1'1Llt'I:: 

iJoufi1L i'.Juity IJ!1 ruvl1LL VI U'101'1 ii'11 l-l 111J1'1'il1f111J fl lJ vl1 LL VI U'1 on ii
.i 

VIU'1 

1u'li,.,,iu'IJo'1tl 1980s 1v1LilJi:i.J1u1i'urh� u1ii 0'1111Jn11mu 

fllJ 1<ilum1iJouna1J'il1nityty1tUJUll1Vi V11!l Visual Servo Control 

1<iluii 2 'l"ULL1J1J1un11f111JfllJ LL1J1JLL1nL1uni1 Fix in Space �'1'il:: " ' A :: v , 
1 ,., 

, d .. .i .. • <il<il<il'1nao'1mtJ1l1Vi Uv11LL'VIU'1fl'1Yl LLR::OnLL1J1JVIU'1LWn11 Eye in 

Hand �'1'il::�<ili'1nio'1Hfi End Effector 'IJ!l'1l-lUUU� Vlll'1'il1m!u 1vY ' 
... A... • ,.Lr::1 lJ'11U1'iltJ'il1U'lUlJ1nY1t1nl!l1n11fl11JfllJLL1J1J Visual Servo Control ' 
1<iltJrfffUhff1lJ11t1ftnl!l1Li'il1n [3] n11'lJ1Jfl11JfllJ Visual Servo " ' 
Control 1uLL1J1J'IJ!l'1 Eye in Hand ihi'.Juom1.lLL1J1JV1tt'1ri'il::'ll1Jfl11JfllJ " ' 
End Effector 1<i1ul'Jim1iJouna1J"JJ0'1.truru1ru'il1nollmrn<il11'il1fi�<il 

j._,yj End Effector n11�<ili'1nfio'1fi E�du Effector\111iLL1J1J.i�ao'1 

"ll 1J'11::uuii m1lJ'l!1J'liouif u1 u1.J1n L YI fl¼fl nTrn11JfllJ�'1!l1fttJ 011 ' 
ll1::1.J1rufi1'il11flluuuifu1u"1Jm::ril-iuuu�1fl�ouri LLY1Uri'il::thu1ru ' 
fl1'il11flLU !JU'il1n Kinematics 'lJ!l'1l-\UtJUm LLR::LL1JlJ.i1t'l!l'1'1J!l'1n11 • 

uufinmV'l LLR::\t1fi1'iJ11fllutJuriu1::111 mif ud1uh"lun11f1'l1JfllJ 

n71Lfl�uuri'lJ0'1l-\UtJUqJ 

1utJ 2000s lvtLil.Jii'11uii'urifin1,;,n11f111JfllJLL1J1J Visual ' 
Servo Control LLa:: Force Control Vi1tllJ11U 1<ilu B. J. Nelson LLR:: 

flm:: [4] lvtU1LfiU1l 3 11.lu uuhn11fl11JfllJ ll1 ::n1J1Jv11u Traded " ' 
Control, Hybrid Control LLR:: Shared Control 1<i1ufin11f111JfllJLL1J1J ' 

Traded Control ,r U 'il:: fl 1 lJ fl lJ End Effector i 'l tJ Visual Servo ' 
Control riuu 'il1m!u'il::fill1JLUU Force Control 1rl1J End Effector 

1ii11n.ii'.l1ilJNfi li1V111JnTrn11JfllJLL1J1J Hybrid Control J'u 'il::f111J ' 
fllJLL1JlJ Visual Servo Control LLa:: Force Control Vi11llJ11U luiifl ' 
m.Jfivf.,,u1nnu 1<iltJLL£Jn1'1'il"ifl11JfllJ1l1lnLUU 2 1'1'il"i 1'1'il·rntt'1'il:: ' 
fl'llJfllJLLlJlJ Visual Servo Control LL0::on1.J'il1V1tt'1fl'l1Jfl l.JLL1J1J ' ' 
Force Control LLt'l::B1Vl11J Shared Control ,Xu 'il::f111Jfll.JLL1.Jil.JNfi ' 
ua::iQ1ty7m'il1nJllmV'l1uiit1m'1L�u1nu 

n11fl11Jfl l.J LL 1'1LLa::ity q/1 ru 'il1nJU111ViVi11llJ nu 1 ULLlJ 1J"IJ1l '1 

Hybrid Control LLR:: Shared Control LLff<il.J1l-lL�Un'1fl'l1l.JU<ilVIUU'lJ!l'1 ' 
1fin11fl11Jfll.J ua::V:uuu�fi1l.J1"it1l11.J1U�ihJnilJ�Ulfnu�'1LL1<il 

' ' :.J 

ll1llJLvt1lU1'1L�lJ"iULL1J1J i1oti1.JV1tt.J"JJ1l-ln71fl11Jfll.J End Effector " ' 
1<ilum'1 L'liui'o'1rm1iV:uuu��"'llli'u1<il.irirha'1Lfl�1Juri "1Jm::L�u1 

. ' 
nuni'o'1n71fl'l1Jfll.JLL1'1Rl.JN(( LLR::VIR1JVl�n�.Jn<il"JJ11'1rio1'ili'.i'llli'1u ' 
Vi1!ll.J!1U l-\UtJU�!l1'il�<ili.Jn.io.JlJUrinmVi ollmrnv111'iJ1LL'l".J ua:: ' ' " 
ollmrn1v11::u:: Hri End Effector LLR::ll1iruru1ru'il1nollmrnm1'ilf 

" ., ., " '\I 
• I d  .d d A ,d.., I • f'i <il1'1 '] ma1u l.J1fl'l1Jf)l.Jn11Lfla oUYIV111lLL1.JYl'IJ O<il!l"ll!l'1llUUU<il 1v1 u 

m.J J.,,drf L ii uu Li' ll 1 Lfiuo n11mu fl lJ u ;.J ua:: iru ru1 ru 'il1n 11.lm Vi 
\I 'I ., .. '\I 

Vi1!ll.JnU1ULL1JlJ'lJ!l'1 Hybrid Control 1u [5] LLt'l::Lv1\t1LfiU!ln11fl'llJ 

fllJLLlJlJ Visual Servo Control faui'.iL�OUl'IJn11fl11Jfll.JfirhVIU<il1l-l 

L:1.,,fiilJNffqj!J.Jiifi11iiLnurirhVIUvl1u [6] n11fl'l1Jfl�l-\UtJU�vltJii 

l�OUL'IJ1um1m1Jf13J (Constraint) ifu �Liiuu1v1ll11;u;1fi Gradient ' " 
Projection Method 1vlo1nl!l11iL�1lUL'lJLUU'il1.J<ilR1lvln11fl11JfllJ 

1JYlfl11lJit Lvtl411ffU!ln11f111JfllJ End Effector 1u1llLL1J�qi1.J '] ' " 
ll1::noui'1un11fl11Jfll.J End Effector 'iJ1nirurn1ruvl1LLV1U.Jri1<i1Li' • u"I! 

� d��� .I <' � 'il1n LPS LLt'l::'il1nfityty1tUll1'1Yl1<il lvl'il1n�umrn<il11'ilJLl"l.J ua::m1 

fl11JfllJ'il1niruru1rulf�iil!l.JV'lf1l'1!1U 1<iltJLUUU11iilU!ln.J11in11fl11Jfll.J 

�'" !Y1'1B.JLL�1Ju,i1t'I !loll ilo'1'il1n 1u Yl7'1U � lJ�'il::L>ifi1lJ11ClVl111�1J 

.i1RO.J'IJ0'11::uu 1vi u111.JL� m.h�LL>iurh �.J1ilu�Rl.J1'il1nn11�v1i.J 

�llmrn<il11'ilj'ri End Effector n11ifl11l.J'l!1J'li'OU'IJ!l'1LL1Jmhao'1L�l.J 
.f �•I ' � • I ' ' .f d d1 'IJU Lul.J1n LL<il'il::01t1£Jn11u1!:lJ1nifl1<il1.J '] 'l)U,11nm1LflR!lUYl U 

d 
'IJtU::Ylfl'llJfll.J 

.d d ' "l . 
3. n1"ifflU'11-1n1"ill'l,HJWt1'1"ll"VI L" Cates1an Space 

• J d . V ' ' LL1JlJ'il1R!l'1n71LflR1lU'\'l (Equation of motion) "IJ1l.J"lltlvl1l"IJ1l'1llU 

uumiil1l.J1"lmiiuu1i'i.Jit 

r = M(0)0 + V(0, 8)8 + G(0) 

M(0) 

V(0,8) 
G(0) 
'l' 
0 

flu Mass matrix 'lJ1l.Jl-\UtJUm ' 
fl!l Centrifugal ua:: Coriolis vector 

fl 1l Gravity vector 
,:!f A d"" ' ' " 
flil LL1'11J<ilYl'lJ1l<il1l'lJ1l.JllU!JUvl 
,.:I • 0 'V I I "' flil <il1LL'VIU-3"1J1l(ll1l'\�U!JU<il 

(1) 



1un1''H111JfllJ'Yl1..)L�WJJ1l..) End Effector 1u Catesian Space ' 
a1mrnli1h1'1viunTrn11Jf11JnT'iLfl�,m�'lla..i,foqia1Ja..il-iuuu�'Ylnilil 

qia1ialJWU151lU l<ilmrlan�\n4<iln11Lf1�1JU�1u Catesi�n Spac� J.., 
1 'd • • C • ,l • 
UL 11J..)'1J 1J..)vl1LL'l'o u..i fl111JL 11 LL<l::fl111J L ,.., 'Y1L 1<11vl1..) ') ,rn..in11 

Lfl�1JU� 11ff11J11nLL1fo..i,io11'!1ff<ilfuaunau (Inverse Kinematics) 

Lrla,hmnnnn11Lfl�1JU�'lJ1J..)'jj1Jqiaqi1..i ') �<llJWu.inu'limJd 

0
d 

=lnvkin(Xd
) 

e
d = J-1 c0")cx") (2) 

e" = j-1 c0" )ex")+ J-1 c0" )cxd) 

Invkin 

r1 fia fi11-mrru'lJ1J.,),J') lflLULJU 

X
c1
, 0

d 
fl1J fi1vi1LLV1UJ'lJ1J,l End Effector LLo1::,i'aqia 

v111J�1mu 

V1an-;i1n�LL1.lo1-m11Lf1�1Ju�tu Catesian Space liLih Joint 

Space IL\'11 -;i1m!unlt1fi1a1JiiJ'll1JJ"JJ1Jqi1J J.,,vi1LL'l'oU,l fl11lJL11 Lrn:: 

m1miJ ·irn..i,i'aqia 'll.lm1Jfl1Jn11Lfl�aufi,rnJii'aqi11 mnn11m1Jfl1J , ' 
iim111«11u1ru vi1LLVoUJ End Effector n-;i::i'im1Lf1�1Ju�lu Catesian � 

.i V .. u u l .,d 
Space <il111'Yl<il1lJn11 1Jll1fl1UTp.1,i::1J11mmt::<ilJIL«<ilJ UJu'YI 1a 

(a) Conventional Trajectory Controller 

(b) Catesian Based Trajectory Controller 

'iU� 1 n11fl11Jfl11'Yl1..iL�W!J1l..)l-iULJU� 
.. , , 

11.l� 1 b LL«<ilJU..iLLU1fl<ilV1itJlun11f111Jf111n11Lfl�1lU�111lJ End � ' 
Effector lu Catesian Space l<il!'.J<il1J n11fl11Jfl111L1JlJit(fon11 The ' 
inverse Jacobian Cartesian control Scheme [2] 1 <ii LJ i ty ty 1 ru fl 1 

m11Jtlv1vrn1v1-;i::d'.Jum1Lll1uuLfiuuvi1LmliJ'll1JJ End Effector lu

Catesian Space nufi1�qj'1JJn11l<il!'.Jv11J -;i1mfuit1'll.l,hmruLmlu 

Catesian Space r-hum..i Inertia Matrix LL<1::lt1'lllfi1u1ruLL,J�"JJ1J 

qi11i1u Inverse 'll!l..i Jacobian m1mum.11mfnl!lru::d Vl1nL11�<iliJ , 
111lmru1v1vi1LLVIUJVl11JL'l5UL'li1lf LPS � End Effector n-;i::«1111,n ' 
it, iru ru1 ruvi1LL VI \iJ,11n 111.lmci 1vivi1 LL VI li--nniJ aun au fl11Jfl1Jli ., ., , , 
v.1m::1J1Jfl11Jf11Ji'ifl171Jff1J1J1ci n-;i::li1lifi1m11JLUiwm..i'lla..i1::1J1J 

fl11J.fllJ,1ua El 1l�fl1fl111J LL1i�U1'1J 1J..) !JU mci 1 <11vi1 LL VI li..i LLol:: 'lii,lunu ' � ' 
fi1m11Jtl<i1Y.l<l1<il'll1JJLL1J1J.i11111..i Vl11J Kinematics 'lJa..il-iuuu� ' 

..., I <� < 

4. nTi?JUA1UI-UJ End Effector ?JOJVI\W'l-l>lil<il1Vl'.11''1-1>1'1Hl'i ' '
� , .. 

4.1 n11VUA,UAmnm'll''l-l>L'll'O"itl End Effector ' 
LLU1'Yl1..)Vlii..i1unwuum1J�IJl<il!'.Jn11U1JUnaui1uityqJ1U41l1n 

L'l5m'l5af� End Effector fian111li'u1::LULJ1J1fi Optimization IL1J1J 

Gradient based Searching Lvloh'1.unT'ifl11Jfl111::1J1Jl11..in11 L<il!'.J ' 
11uo1::LOLJ<il«1lJ11Uflnl!l1l<il'1tt [7] ll1nLLUlfl<ilm..ina11 ,rnn11m1J�IJ 

,i::LiiuuMm..id 

(3) 

fia 'llU1<il him11..lfo�11muJ,i'aqia 

fia 'lltt1<iln111�u 1 un111..lfovi1Lmu..i,i'aqia 

F fl El f\1 fl17 IJ ti <ii Vi 117 <il'll El ff ty l1J1 ru ll1 n \ 'l5UL 'l51lf 

Lrlait11im1m..inri111J1l,i'lum1m1Jfl1Jl-iuuu�n-;i::iianl!lru::� , ' 
1::1J1J fl11J fllJll::Yi LJ1!'.J11J l.lfo,i' 1l qi !JIL ,mn 11 L;; 11 l i fl111J tl<il Yil11<ili'i f\7 , 

A .. t ., . u .-d 
ol<ill1..) fl11IJH<ill"lt11<illl::111V1 U<il UJu"JJ1l..)fl1«tyty7 llill1nL'l5UL'l51l1l1 

End Effector �..)1l11lLUU1JUn1ffivl11,J'lLL1..) nd'a..iuwnnml"l Vl11J , � 
,.... ,di ._. c' I V .... A 

L'l5UL'l51J11<il1::LJ:: Vl11lfftJ!tJ!1llill1nL'l5UL'l51J1<il1..) ') Yi11JIJ ') nu L'YlflUfl 

n 111.li'u ,r 1l qi a 111 flu n111l 1:: 111 ru VI 1,11 Lfl LU u UH ff lJ (Hybrid 

1 
d d d T ,. .J' (vd A 

Jacobian) u11ru::l1LL'llUn<1Lfll11lU'YI ll1LflLlJtJUHfflJUll:: 'JILYi1lVo1'Yll'l 

m..i 1 um11lfo,i'11qi11 L<ilLJ�Lrl al.lfoii'aqj11v11lJit1Ld'1 fl111J N<ill"lt11<il 

m1-;i::iifi111v111..i 

4.2 m1tl1::i.11ru.1-h.i1fo1urm1",im::ri1-i1" 

Lrl11lV11in11f111JfllJLi'.luiia1::-;i1n«lJn11 Kinematics 1J1JJ1-iu 

uu�LL<1::L'llttL'llafqi1J 'J �i�l'li'tuJ1u%ud�.,,1l1::1J1rufiTil7LflLU�u 
J' p,. .... .... ' I .d d I , .... 

,iu-;i1nn11w-;i11ru1f111lJfflJWU1i1::Vl11Jn11Lflo11JU'Yl'lJ1J..)V\ULJU<ilnlJ 
u <' • T ' T ,. d. I � v.J' ,. «tyty1llill7nL'l5UL'l51l1vl1,l ') L<il!'.Jfl11l1 LflLlJLJU'YI u1::111ru LvlUll::L,Un 

11,11 LflLULJUH«lJL i111J,nmi'.lu Matrix �LL«<ilJfl111.1fflJWU151::V111J 

m1Lll�uuvi1LLV\UJ"JJ1Jqi1)fllJn11LU�LJUf\1'll1JJffqJty1llill1nL'l5UL'l51lf 

qiWJ!\4vlW71l11 ') flU (( Un1ffi�<ltyty1llill1nL'l5Ul'l51lfLUU<ltyty7lliLL1J 

alJrr«iJVllJ<il ,1::L1un-;i11miiuud11-;i11miiuuLL1,l (Force Jacobian) 

1Lt1::lumm�iruru1ruLUU"JJ1JlJl11l1mllmw ,i::L1Un111l1 LflLULJU1U 
., ., "' \I \I 

mw (Image Jacobian)) 

lum11l1::lJ1rufi1-;i11f1Liiuu1Jru::li1J1mtu 'Yin 'J 11J1J'll1JJn11 ' 
.., • a ' ..., .J 
1<il fl7 (Sampling) 1::lJ lJ fl11J � lJ -;i::Ln lJ fl7 ff ty ty7 ru 'YI ll ::fl11J � I.I 

fvj(0c) LL<1::fi1vi1LLV1UJ"JJ1Jqi1J ej L<il!'.J� j fiavi1LLVIU"'1<17 -;i1mtui'i 
• • • ,.. • I u u ' T d df, j 

,i::f11U1llifl7n11Luol!'.JULLut1..)'lJ1),lffty ty1ruv1�no111 Lvl!'.J'YI v =

fJ-f/ 1 
LL<I:: d0cj = eJ-0/ 1 

LLl1::lt1fi1ma1it1J11l1::lJ1ruV11fi1 

-;i11miiuu-;i1n«1Jm1 

l
d0i-n+I 

cl 

DQ= ... 

dej-11+1 
C/1 

J =DF-DQ- 1 

d0/i
] l

dffn+I 

... , DF= ... 

d0j df"j-n+I 
,11 Yvm 

dffi
] 

dJ:.t, 

(4) 





















Fixtureless Robotic Manufacturing System 
A V I fl 1 I V 61 V • I t{<u .,, 

��uu nT',H·.J�mm'Hl'ViUtium t(PHJ ilJm e:h'.I t�elu n�rn,�u um 
q q 

Ratchatin Chanchareon, Jaruboot Kananai, Supavut Chantranuwathana 
Department of Mechanical Engineering, Faculty of Engineering, 

Chulalongkom University, Bangkok 10330 
E-mail: Ratchatin.C@eng.chula.ac.th

Abstract: 

The use of dedicated fixture to hold and align 
workpieces in the manufacturing process is costly, 
time consuming and inflexible. Therefore, the 
demonstration of Fixtureless Robotic 
Manufacturing System is presented. The 
manufacturing cell consists of an articulated robot, 
an XY robot, and a positioning sensor (Fastrak®). 
The system uses Fastrak® to determine the 
workpiece position and orientation in real time. 
This information is then sent to the robotic control 
unit. The trajectory of the robotic end-effector is 
then adapted based on the real time workpiece 
position/orientation, and thus a priori knowledge 
of workpiece position/orientation is not required. 
The control units of the commercial CRS robotic 
system and the Roland XY plotter are modified so 

that low level control technique can be 
implemented. Thus, all the machines in the cell 
system can be fully controlled. The experiment 
also demonstrates a fully integrated manufacturing 

cell that manufacturing capability is improved 
through this integrity. 

Keywords: Robot, Control, Manufacturing. 
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1. Introduction

Robotic operation usually requires dedicated 
fixtures to precisely secure workpieces in their 
right position. The fixtures are part specific, and 
therefore must be redesigned when parts changes. 
The custom-made fixtures are costly and time
consuming to build and install. To overcome this, 

we propose a fixtureless robotic manufacturing 
system. The concept of fixtureless robotic system 
uses positioning sensor to sense the position and 
orientation of workpiece frame and programs the 
robot based on this movable workpiece frame. 
Thus, the workpiece can be in any position within 
the workspace of the robot. 

Since the robot motion is programmed based on 
the workpiece frame, a precise mathematic is used 
to map the robot motion into joint space in real 

time. A real time controller is then used this 
mapped motion in joint space to simultaneously 
control all the robot's joints. This is a challenging 
task, requiring a much more difficult control 
technique compared to the conventional PID 
controller. 

In this project, we developed a fully integrated 
robotic manufacturing cell. The controller of the 
CRS articulated robot is modified such that joint 
level control technique can be implemented. The 
Roland XY plotter is also modified such that its 
motion can be programmed. The TCP network is 
used to communicate between machines in the 

cell. 

The preliminary results demonstrate that the robot 

can perform its task in floating workpiece frame. 
The manufacturing workcell is more flexible. 

The paper is organized into seven sections. The 
first section is introduction. The second and third 
sections are about the robot used in the study and 
the mathematic used to map the position defined in 
workpiece frame into robot's joint space. The 
fourth section mentions the manufacturing 
workcell architecture. The fifth section 
demonstrates the results. The sixth is the 
conclusion and the last section is the future work. 



2. The CRS Robotic System

The CRS robotic system, shown in Fig Lis a 5
Degrees of freedom articulated robot. The DH
parameters of the robot are as followings:

T bl a e 1 DH parameter o t e ro otlc f h CRS b . system 
i CX.i 3i-l di 0i 

1 0 0 10" 01 

2 -90° 0 0 02 

3 0 10" 0 03 

4 0 10" 0 04 

5 -90° 0 2" 0s 

a) The CRS robot

b) Kinematics diagram
Figure 1 The CRS Robotic System 

The forward kinematics can be expressed as [1] 

The inverse kinematics of the CRS robotics 
system is found to be 

01 =atan2(Y,X)oratan2(Y,X)+1r 

where 

and 

where 

0, = a tan 2(s,,c,) 

X' + Y' + Z' - L,' - L/ 
C 

-

3 2L.,L, 

s, =±✓1-c,'

0, = a tan 2(s,,c,) 

_ (L, +L,c,)X-(L,s,�) s,-
X'+Y'+Z' 

(L, + L.c,)� - L,s,Z 
C = - -
' 

x' +Y'+z' 

3. The Mapping

In general, position vector described with respect
to (wrt) some frame, {W} can be mapped or
described wrt another frame, {B}. In order to
transform its description, the position (origin) and
orientation of frame {W} wrt frame {B} is
required. The origin of frame {W} wrt frame {B}
is usually called 8PPoRG and the orientation of
frame {W} wrt frame {B} can be described by
rotation matrix 8wR. The general mapping can be
expressed as follows [2];

Bp= ,:!R
W

P+ Bp
WORG 

where 8P is the position vector described in {B} 
wp is the position vector described in {W}
8wR is the rotation of {W} wrt {B} 
8PwoRG is the origin of {W} wrt {B} 

This mapping expression can be written in a 
compact form as follows; 

or 

The 4x4 matrix operator, 8wT, in this equation is 
called homogeneous transform. 

{WJ 

Figure 2 Transformation 



In the project, the position and orientation of 
workpiece frame {W} wrt robot base frame {B} is 
sensed by Fastrak® positioning sensor in real time. 
Thus, the homogeneous transform at each servo 
time can be determined and the trajectory 
described in frame {W} can be transformed into 
its description in frame {B}. The robot's inverse 
kinematics is then used to mapped the trajectory 
described in robot frame {B} into robot's joint 
space. 

4. Manufacturing Cell Architecture

The Fixtureless Manufacturing Cell, shown in Fig
3., consists of the CRS robotics system, Roland
plotter, Fastrak® positioning sensor, the movable
palette and three computers. The CRS robotics
and the Roland plotter controllers are modified
such that the joint level control technique can be
implemented. The Matlab-xPC is used for re:11
time control of both systems. Using the xPC, the
robot control is written in Matlab-simulink in host
computer and is then uploaded to the target xPC
where control cards are installed and is being used
for real time control. All the robot joints are
simultaneously controlled at 0.1 msec speed.

Figure 3 System Architecture 

Fastrak® is used to sense the position of the 
movable palette and then sending the position and 
orientation of the palette to the target xPC via the 
host PC. This host PC feeds the position 
information to the target xPC through 10 Mbps 
TCP/UDP protocol. The xPC then, maps the 
reference trajectory, which is defined in movable 
workpiece frame into the fixed reference frame, 
then performs the inversed kinematics calculation. 
The trajectory is now mapped into robot's joint 
space. The xPC, again, simultaneously controls all 
joints to follow the joint trajectory. The roughly 
designed PD controller is used to control these 
joints. In the experiment, the axes of the robot 
fixed reference frame and the transmitter of 
Fastrak® are aligned but the relative position is 
unknown. 

The target xPC sends the results including joint 
position, the joint position command, and the 
reference position of the workpiece, back to the 
host PC through TCP/UDP protocal. The host PC 
then displays the graphic interpretation of the 
results without degrade the speed of the real time 
control. 

5. Experimental Results

In the experiment, the robot is programmed to
draw an ellipse (50, 30) on a movable palette. The
palette is able to translate in XY horizontal plane.
The PD controller is roughly tuned and the robot
is not perfectly following an ellipse trajectory as
shown in Fig 4. It is also noted that the relative
position between Fastrak®'s transmitter and the
robot fixed frame is unknown.

The tip trajectory as mapped into 
floating part referen,'.e fwme 

Y, (MOli 

um--.....----,------. 

•HK>,_ _ _._ _ ___,.__ _ _._ _ __, 

-100 -so 0 f/J JOO 

X.lmm) 

Figure 4 The tip trajectory in part frame 

Y, (lt\tn) 
The tr<1jectory of the plllette 
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L ... . !.-... 
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i
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�5u .___......_ ______ ......._ __ .....__� 
::mo ;.!II) 

Figure 5 The position of the movable palette 

After the robot drew an ellipse for a couple times, 
we translate the palette in both X and Y directions 
as shown in Fig 5. The robot is able to adapt its 
tip trajectory to follow the ellipse as shown in Fig 
4. The robot trajectory, measured by joint's



encoders, in joint space is shown in Fig 6. The 
joint trajectory is then mapped into robot's 
Cartesian space using robot forward kinematics 

and the calculated tip trajectory in robot fixed 
reference frame is shown in Fig 7. It is obviously 
seen that the tip trajectory, either in joint space or 
in Cartesian space, has a response to Fastrak® 

receiver's position. 

The lmjectory in joint space 

Figure 6 The robot position in joint space 

The actual tip trajectory in fixed 
refonmce frnme 

•I(> L--.....1..--...L..----'----' 
-,15 -JO 

X. 1mm) 

Figure 7 The tip position in Cartesian space 

The Fastrak®'s receiver position, which is the 
position of workpiece reference frame, is used to 
compensate the tip trajectory in real time, the 
result is shown in Fig 4. It is demonstrated that 

the robot is able to draw an ellipse on the movable 
palette as desired. The actual tip trace on the 

palette is shown in Fig 8. 

We are now able to demonstrate that the robot can 
perform its task on a movable palette. Since the 
PD joint controller is not perfect, it is also seen 

that we are able to map the trajectory into joint's 
position command quite well. The robot draws the 
same trace while the palette translates. 

The trajectory as actually plotted 
on moving p,11lete 

C• l----+--1-----,-----j 

-HKt'----'---..,,_ ___ ____ 

-lOO r, 

X. lrnm:, 

Figure 8 The tip trace on the movable palette 

In fact, we need to know the position of 
Fastrak®'s transmitter relative to the robot fixed 
frame in order to demonstrate the performance of 
our technique when rotation of the palette is 
involved. The result is not shown in the paper. 

6. Conclusion

In this project, the robot is able to perform its 
task on movable workpiece. The proposed 

technique used positioning sensor to sense 
workpiece position in real time and also perform 
mapping and inverse kinematics calculation in real 
time to map the motion defined in workpiece 
frame to the robot joint space. The manufacturing 
cell is then more flexible and can handle more 
comprehensive manufacturing tasks. 

7. Future Works

We are now developing a Laser Positioning 
System (LPS) [3) to sense the robot's tip and 
workpiece directly in real time. This device could 
sense the position faster and more accurate and 
thus enhance the overall performance. The 
adaptive control will be designed for the robot 
along with control library to support a complicated 
control technique. We aim to develop a new 
control strategy to directly control the motion of 
the robot's tip relative to the workpiece by using 
our developed LPS to sense both the tip and the 

workpiece. 
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