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FEEDFORWARD DITHER-BASED TECHNIQUE
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Abstract: This paper presents a real-time friction compensation
Jor 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 fiiction 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 challenge 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 controller with appropriate gains
normally 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-Hélouvry & 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-Hélouvry & 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; Ipri & 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.

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-Hélouvry, 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
eftects of friction at low velccities. 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 S.
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Figure 3. Friction Coefficient in Motor System. (Sinsookh,
1969)
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Figure 4. System with Dither.

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:

Jé:Tmalor —T M

where J is the motor’s inertia= 0.0011 kg.m? Friction behavior
can be expressed as follows (Adams & Payandeh, 1996):
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In the simulation, friction parameters are given as 7, o =0.8,

a=0.1,k=15,a=0.5and 5=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-Hélouv:y & Dupont, 1993):

F(v)iv=0
F={ Fiv=0 and |F,|<I-} (3)

F, sgn(F, );othenwise [v:O and iF,IaFI)

where
FO)=F+(F - R 4 Fy

The simulation is performed on Matlab®/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 determined from the
range between 0.1 to 1000 Hz. The step command of 20 deg is
applied to the system

Friction
Dither Compensator
+
i + 1
(2> rD T = z 1> outpur
Noise

Motor's
Friction

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 1 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.

S. 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 rotational
mechanical system. A mass inertia is attached the motor via
gear transmission and friction adjusting assembly. The
precision potentiometer model 6539 from BOURNS Co. is
coupled 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®/Simulink™ -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.

[ Analog Computer 38

(a) Experimental Setup.

e-i ' Potentiometer
&Tachometer |

-

(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 0.001 sec.



The dither signal is generated by the signal generator and is
superimposed to the control signal via the summer circuit on
the analog computer. Thus, the frequency of the dither is not
limited to the speed of the real time operating system and can
be as high as the signal generator can generate.

The friction compensator is determined offline and is
implemented on Simulink™ —xPC. The Coulomb viscous is
used for the friction model since it is closed to the friction
characteristics that is detected with the system sensing.

5.2 Experiment Procedure

First, the maximum static friction torque is identified by
slowly applying the torque until the motor begins to rotate.
This torque is the maximum static friction and is found to be
0.6 N.m. for the employed system. This value is used as the
reference for the design of the friction compensator and dither
amplitude.

The reference command step of 20 degrees is used. In the
experiment, four control techniques are used to control the DC
motor system. There are PD, PD+compensator, PD+dither, and
PD+compensator+dither, as in the simulation. The dither is a
sinusoidal signal generated by the signal generator. The
amplitude and frequency of the dither signal are 0.6 N.m. and
100 Hz, respectively. The friction compensator is a velocity-
based model, expressed by Equation 3. The maximum static
friction in the model is 0.3 N.m. The step responses from each
technique are shown in Figure 7.

The experimental results agree with the simulation, i.e., the
PD+dither technique gives a minimum steady state error (0.7 %
error) while the PD+compensator gives the minimum rise-time
(0.04 sec).

Table 2 shows the errors when the various amplitudes of
dither are considered. The dither’s amplitude varies from 0.4
to £0.7 N.m while the frequency is fixed at 100 Hz, In this
experiment, the PD and friction compensation is already
applied. This is to study the effect of amplitude of dither when
the both dither and friction compensation are both applied to
the ' PD controller. The minimum error occurs when the
amplitude is equal to £0.5 N.m, which is less than the static
friction of £0.6 N.m. This is because a part of friction has
already been cancelled by compensator and a smaller amplitude
of dither should be used. The larger amplitude of dither such as
+0.6 and 0.7 N.m. do increases the error.

Both dither based and model based friction compensation
can be integrated. However, the amplitude of dither should be
smaller than the static friction in order to gain the advantages of
both techniques.
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Figure 7. Step responses with the control techniques

Table 2. The effect of dither’s amplitude.

Amplitude of Dither (N.m) Error (%)
+0.4 9.00
0.5 0.15
+0.6 7.05
+0.7 5.90

5.3 Error Boundary Analysis

In the section 5.2, the steady-state errors are found to
depend on the frequency and amplitude of dither. In this
section, the boundary of error of a different mechanical system,
i.e., the waist joint of the CRS Robotics system is investigated.
This robotics system, shown in Figure 8, is equipped with more
accurate positioning sensors than that of the DC motor system
in the earlier experiment. The positioning sensors of the CRS
Robotics system are optical incremental encoders while the
sensor of the DC motor system is a high precision
potentiometer.

The maximum static friction of the waist joint in this CRS
robotics system is determined as 0.3 N.m. In this study, both
dither amplitude and frequency are varied to see the effects of
both parameters. The frequency of dither is varied from 0.1 to
1000 Hz and the amplitude from 0.1 to 0.5 N.m. Both



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 10 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 10 Hz is too low and unable to
compensate the stiction completely.
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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
Jriction. 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
Sriction 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-Hélouvry & Dupont, 1993; Dupont, 1994),
especially at low velocity (Armstrong-Hélouvry, 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
ofthe 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:

F(v),v;tO
F={ F;v=0 and |F|<F, '6))
E‘.sg(F;},(v =0 and ]Fe}zFx)

Where F(v)=F,+Fv,
F, is the force act to object,
55 is the break Away force,
Fv s the friction force from viscosity,

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.
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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.

P {dwadt
PostionData Position Derivative2 Acceleration
Uncertainty Naise P duldt >
Derivativet 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 (1 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 n/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.
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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 5a 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
5b. 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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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 offline calculation but causing a
difficulty in the real time experiment since the time required to
carry out the calculation is not constant.

4. EXPERIMENTAL 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.

Target PC

| The CRS robotics

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,
PCL726 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™ —
XxPC., 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 1 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. EXPERIMENTAL RESULTS
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Figure 9. Command effort versus the velocity.
The equation of motion can be expressed as
Tinpur = ¥ friction = Jo @)

-Jé

Tfriction = Tinput

where Tricion 1S @ friction torque,
7; . ]
tnput is a torque input or command torque,
J is system inertia, and
a 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

s . = 2
nnmnnzeZ[rﬁ.ic,,-m, (Fc, F,,H) +JO - 1] 3)



where 7 gicion (0) is the Coulomb viscous friction model.

F.F, are the parameters of the friction model,
J is the estimated system inertia, and
T is the command torque.

The unknown parameters include the system inertia and
friction parameters (FC,F,) . The velocity and acceleration are

estimated by numerical differentiation. The nonlinear least
square fitting identifies the parameters as:

0.24+0.00686 ,6 > 0
Tinpul R ’9. . 0 ’
—0.28+0.00696,0 < 0

and J =0.0015

T friction =

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.
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Figure 10. Friction characteristics modeled by Coulomb
viscous friction Model.
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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 f{riction 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.
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Abstract

In a typical robotic manufacturing, significant manufacturing cost is on design and production of
jigs and fixtures required to hold workpieces in accurate positions relative to the robots. This paper
describes a new robotic manufacturing technique that can be used to cut the fixture cost. The main
component of this technique is the Laser Positioning System (LPS) that can be used to measure position of
the workpiece and to measure the robot’s end-effecter directly in real-time. In this paper, the development
of a Laser Positioning System (LPS) prototype is presented. Its designs, components, controller designs,
and preliminary experimental results are given, especially on the ability to track a moving target in real-

time.
Keywords: Position measuring device, Laser, Manufacturing, Robotics
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Fixtureless Robotic Manufacturing System
szuunsHAanswendlas laideslgalnsalduda
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Department of Mechanical Engineering, Faculty of Engineering,
Chulalongkorn 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 1.isa 5
Degrees of freedom articulated robot. The DH
parameters of the robot are as followings:

Table 1 DH parameter of the CRS robotic system

i ol ai-1 di 0i
1 0 0 10” 01
2 -90° 0 0 0:
3 0 10” 0 03
4 0 10” 0 04
5 -90° 0 2” Os

b) Kinematics diagram
Figure 1 The CRS Robotic System

The forward kinematics can be expressed as {1]

6ty —6sy S, Lo+ Lycey)
5y —8Sy —6  §(Le +Lyey)
S Cy 0 Lsy + Lysy,
0 0 0 1

=

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

6, =atan2(Y,X)oratan2(Y, X))+«

6, = atan2(s,,c,)

XAV ezZr oL}
2LL,

where ¢

5= i\ll -¢

and 0, = atan 2(s,,c,)
ool +L;c,)X—(Lzs,\/X: +77)
: X +v*42Z?

e =L +Le WX +Y —Ls,Z

2 X +Y*+Z*

where

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 ®Prorc and the orientation of
frame {W} wrt frame {B} can be described by
rotation matrix "wR. The general mapping can be
expressed as follows [2];

B BpW B
P=WR P+ Byorc

where PP is the position vector described in {B}
WP is the position vector described in {W}
BwR is the rotation of {W} wrt {B}
BPworg is the origin of {W} wrt {B}

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

BP o ;R B‘PWORG WP
1] Jooo 1 J1

Pw TP

or

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

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 rezl
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 reference frame
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Figure 4 The tip trajectory in part frame
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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 trajectory in joint space

KISt ATS S

Figure 6 The robot position in joint spéce

"The actual tip trajectory in fixed
reference frame
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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 plaited
on moving pallete
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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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