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Abstract: Steady state and dynamic LuGre friction models of an electro-hydraulic system were constructed. Indirect
electro-hydraulic cylinder force control under friction compensated PID and fuzzy controllers were tested and
compared. Feedback force signal was indirectly measured and calculated from pressures to emulate the applications
that direct force measurement is impossible. Estimated friction was compensated to desired force command of the PID
controller. The proposed fuzzy controller contained two modules. The first, as a friction compensator, calculated
modified error according to estimated friction and feedback force error. The second module calculated control action
based on PD control scheme. Friction compensated PID and fuzzy controllers could reduce tracking errors at the
maximum force commands by 80% and 90%, respectively, compared to the PID controller without compensation. The
steady state friction compensation yielded better tracking performances compared to the dynamic friction. Tracking
performance of the fuzzy controller was always better than the PID controller.
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1. Introduction

Electro-hydraulic system (EHS) is the mostly
used transmission system in heavy-duty applications
due to its advantages over other transmission types
such as: high power-to-weight ratio, high stiffness
and robustness to harsh working conditions. The
operation of EHS could be under position, velocity,
or force control. The difficulty in controlling EHS is
caused by the system nonlinear phenomena such as
compressibility, deadband, leakage and friction.
Direct measurements of position and velocity in a
motion control system could be easily done by
various types of sensors. Direct force measurement
with the use of force sensor in EHS is however
conducted in laboratory level or sophisticated
apparatus. It is not practical in all EHS applications
especially ones with harsh working conditions.
Indirect force measurement with the use of pressure
sensor could be usually found in such applications.

The articles [1-2] presented component
enhancement for the improvement of EHS force
control performance. Pressure relief valve was
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controlled in accordance with the flow servo valve in
the PD-Fuzzy force control of a hydraulic vertical
press machine [1]. High volumetric expansion hoses
were proposed to replace rigid pipes in the force
control of a hydraulic cylinder in order to increase the
hydraulic compliance [2]. Model predictive control
(MPC) was applied to the force control of an electro-
hydraulic servo system [3, 4]. The performance of
MPC depends largely on the accuracy of the system
modelling. It was stated in [3] that MPC alone yielded
similar performance to the PI controller, however it
yielded better performance when used in hybrid with
the PI controller. While in [4], MPC was claimed to
be superior to both PID and fractional order PID
controllers. A feedforward force compensation was
designed based on the nonlinear EHS model to
theoretically discard the force tracking error, and
added to the feedback PID force control loop of an
electro-hydraulic servo valve-controlled cylinder
integrated unit [5]. The experimental tracking error of
the PID controller with feedforward compensation
though was not reduced to zero because of modeling
simplification, was significantly less than that of the
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PID controller alone [5]. Neural network was used to
construct an inverse EHS model which gave the
desired valve spool position according to the desired
force [6]. The valve spool position was then
controlled by using feedback PD control plus valve
feedforward action, and yielded better performance
compared to the conventional controllers. Although
the use of neural network did not require accurate
system modeling as needed in [3-5], it required
expertise in the design and training of the network.

The feedback force in [3-6] was directly
measured by force transducer. The influence of
friction would then be insignificant since the
controller perceived the actual force and would try its
best to have the actual force tracking the desired force
command. The influence of friction would be
significant in the case that actual force on load is
concerned, but indirect force measurement such as
pressure-calculated force is only available. The
feedback force signal calculated from cylinder
pressures was used in joint torque PI control of an
excavator [7]. Friction was neglected in the study,
and the pressure-calculated force was assumed to be
the actual force on load [7]. Other than the earth
moving equipment application, press machine is the
other real-world application that utilizes indirect
pressure-calculated force measurement. The topic of
indirect force measurement has also been being
investigated in machine tools applications [8-10].
The article [8] presented the evaluation of grinding
force of a cylindrical grinding machine using various
regression models whose inputs were the spindle
current and other process parameters. The cutting
force of a milling machine was predicted using the
values of spindle current and/or spindle accelerations
depending on the frequency of the cutting process [9].
Spindle current, spindle speed and kinematics
information of each axis were used as inputs for the
training of a long short-term memory neural network
to estimate the process force of a five-axis milling
center [10].

Indirect force measurement would be conducted
in this study. The motive is to emulate the harsh
working condition application cases that direct force
measurement could not be implemented. The
feedback force signal applied to the force control
system in this study would be calculated by using
cylinder pressures. With the use of indirect force
measurement, effect of friction could not be
overlooked. Friction affects the system performance,
no matter the system is under position, velocity or
force control. The mostly used method to counteract
friction problems was to implement a model-based
friction compensation [10-17] because of its less
complexity compared to friction model-free
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compensation method. Implementing of a steady
state friction compensation is straight forward and
was effectively implemented in various applications
[10-13]. In the neural network training process of the
five-axis milling center process force estimation,
friction on each axis of the machine was estimated by
Stribeck friction model with the use of velocity data
on that axis [10]. Stribeck friction model was used to
estimate the friction at a hydraulic cylinder of an
excavator [11]. The estimated friction and load force
were used as inputs for feedforward compensation to
the displacement command, and the feedforward
outperformed the PID controller in displacement
tracking [11]. The experiments in [11] were done
under a constant known load force, therefore an
accurate load force measurement is needed to
guarantee its successful implementation in real-world
applications. A proposed reaction observer consisted
of a disturbance observer working in combination
with compensations of static friction, backlash and
oil leakage, could effectively estimate reaction force
acting on a hydraulic actuator [12]. Steady state
friction model of a flexible robot joint was
constructed by curve fitting of piecewise continuous
polynomial functions, and robot joint velocity control
performance was improved with the friction
compensation in the Pl controller compared to the
controller without compensation [13].

Unlike static model, dynamic friction model
requires extra efforts in both model identification and
implementation. LuGre dynamic friction model has
gained popularity among scholars recently [14-17].
The article [14] explored the effectiveness of four
different friction models. LuGre friction model was
found to be the most versatile, yet its parameter
identification was the most complicated [14]. A
systematic approach of experimentally evaluating
LuGre friction model parameters was proposed [15].
The dynamic LuGre friction was compensated to the
P1 controller and significantly improved the position
control performance of a CNC machine compared to
the controller without compensation [15].
Implementing an observer based on the LuGre
friction model is an alternative approach to estimate
dynamic friction [16, 17]. Multiple-surface sliding
(MSS) controller in combination with a dynamic
LuGre friction compensation achieved a better
performance in position control of a pneumatic
actuator compared to the MSS controller alone [16].
A double observer for the estimation of LuGre
friction was proposed, and the friction compensation
was added to a robust controller in the position
control of a digital hydraulic cylinder system [17].
Simulation results presented better performance of
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Figure. 2 Experimental test rig

the proposed system compared to the PID controller,
similar to [11] the proposed system required an
accurate measurement of load force in actual
application.

In addition to the selection of friction model,
choice of controller to be used in combination with
friction compensation is also important. Fuzzy
controller imitates human decision making and can
deal with complex problems. The controller which
was proved to be simple to implement yet powerful,
has been effectively implemented in various
applications that dealt with nonlinearities [18-20].
The performance of a fuzzy controller was better than
PID and genetic algorithm controllers on a cruise
control application [18]. Fuzzy control yielded a
better transient performance compared to PID
controller in a 6 DOF robot manipulator joint control
system, though both controllers gave the same
converged steady state response [19]. Fuzzy control,
implemented along with a simple static friction
compensation, could control pneumatic cylinder
position to a sub-micrometers order accuracy [20].
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This paper presents a practical approach to
enhance the force tracking capability of the indirect
force control EHS applications. While indirect
pressure-calculated force would be used as the
feedback force signal, the tracking performance
would be judged with the cylinder actual force
directly measured by a load cell transducer. Steady
state and Dynamic LuGre friction models of EHS
would be investigated and constructed using indirect
force measurements. Two types of controllers would
be studied and compared. A conventional PID
controller was used as the benchmark. The other is
fuzzy controller which was proved its ability in
dealing with system nonlinearity. Both estimated
steady state and dynamic frictions would be
compensated to both PID and fuzzy controllers, and
their effectiveness would be extensively compared.
Performance criteria for comparing controllers were
the tracking error at the maximum force command
and the RMS tracking error. Tracking error
considered in the criteria was the difference between
the force command and directly measured cylinder
force, not the pressure-calculated feedback force.

The organization of the rest of the paper is as
follows. Section 2 provides the information of the
experimental test setup used in this study.
Construction of LuGre friction model of the EHS
cylinder system is explained in section 3. Details of
the controllers used in this study are described in
section 4. Experimental results are discussed in
section 5, and the conclusions are drawn in section 6.

2. Electro-hydraulic control system

Fig. 1 shows the diagram of the EHS setup used
in this study. Hydraulic oil flow was supplied by a
gear pump. The cylinder used in this study was a
double-rod type. The piston areas of both ends of the
cylinder are equal, A1 = A, = A. The data that were
measured and sent to the control computer via A/D
ports included piston-rod displacement, cylinder
force, oil pressures at both ends of the cylinder, pump
pressure and oil temperature. The control action was
calculated on the computer, and output via D/A port
to the proportional directional control valve. To
minimize the influence of oil viscosity on the friction,
oil temperature was kept between 40-50 LIC during

conducting all the tests. A compression spring with a
spring constant changing between 180 to 220 kN/m
according to the compressed length was used to
emulate the external load for the cylinder. The
feedback cylinder force signal used in this study was
calculated according to oil pressures measured at
both ends, and is equal to (Pi-P2)-A. The cylinder
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Table 1. The specifications of EHS components

Hydraulic gear pump
Manufacturer: Honor 2GG1U11R
Volumetric displacement: 11 cclrev
Directional control valve
Manufacturer: Tokimec COM-3-2C-AN-11
Type: 4/3 proportional, closed center
Double-rod cylinder
Bore / Rod: 0.04 m/0.028 m
Stroke: 0.50 m
Encoder
Manufacturer: Omron E6B2-CW6C
Resolution: 1,000 pulses/rev
Pressure transducer
Manufacturer: Wika A-10
Type: piezo-electric type, 0-400 bar
Load cell
Manufacturer: Zega Keed
Type: S-type, 500 kg
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Figure. 4 Characteristics of steady state friction

force sensed by the load cell transducer was only used
for verification. The specifications of the major
components of the experimental setup are shown in
Table 1. Fig. 2 shows the picture of the EHS
experimental test rig used in this study.

3. Modeling of hydraulic cylinder friction
3.1 LuGre friction model

For a concise manuscript, the description of
LuGre frinction model would be briefly explained as
follows. The explanation of the model in great details
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could be found in [21]. The friction between two
surfaces is mimicked by the spring-damper
characteristics of bristle deflection as shown in Fig. 3.
The average deflection of bristles is denoted by z. The
time derivative of the average bristle deflection could
be explained by the Eq. (1) where v is the relative
velocity of the two surfaces, and ao is the bristle
stiffness. The Stribeck function, g(v), is expressed by
Eq. (2). The value of g(v) depends on the material
property, surface lubrication and temperature. F is
the Coulomb friction, Fs is the stiction friction, and vs
is the Stribeck velocity.

% =v—a, %Z @
9(v) = Fo + (Fs — Fo)e ) @

Friction is large at the beginning of the motion,
and its value decreases as the motion proceeds.
Friction according to the bristle model could be
calculated by EQ. (3), where a1 is the damping
coefficient of the bristle. Adding the influence of the
viscosity of the surface contact, LuGre friction model
is finally obtained. LuGre friction could be calculated
by Eg. (4), where ay is the viscous damping
coefficient of the surface contact.

dz
Ffriction,Bristle =apz+aq at (3)
dz
Ffriction,Lugre =agz + ay at + av (4)

Considering the model at the steady state, the
time derivative of z is zero, and the bristle steady state
deflection (zs) is shown by Eq. (5). Substituting zg
into Eq. (4), steady state friction (Fs) which depends
only the velocity could then be expressed as Eq. (6).
The characteristics of steady state friction could be
graphically depicted as Fig. 4.

755 = 2L g () ©)

v

2
Fgs = F¢ + (Fs — Fc)e_("_s) +av (6)
3.2 Evaluation of friction model parameters

Friction in the EHS cylinder could be directly
calculated from force balance on the cylinder piston
as expressed by Eq. (7), where Fiction is friction force,
P. and P, are the oil pressure at the oil-incoming
cylinder end, A is piston area, m is piston mass and a
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Table 2. The Parameters of LuGre friction model.

Parameter | Positive velocity | Negative velocity
Fe (N) 163.152 -194.730
Fs (N) 456.037 -372.657
Vs (m/s) 0.00756 -0.00966
ao (Ns/m) 2,000,000 600,000
o1 (Ns/m) 1,000 1,000
02 (Ns/m) 175.202 145.923

is piston acceleration. Note that the friction calculated
by Eg. (7) was obtained without the direct
measurement of cylinder force. The LuGre model
parameters were experimentally evaluated based on
the guideline described in the article [15]. First,
steady state parameters were evaluated. Cylinder piston
was controlled to follow various constant velocity
commands ranging between -0.10 and 0.10 m/s. The
actual frictions occurred during the tests were
calculated by Eq. (7). Nonlinear generalization
reduced gradient fitting technique was used to
determine the values of the parameters, F¢, Fs and a:
of the steady state friction model (Eq. (6)). The values
of the steady state parameters are shown in Table 2.
Fig. 5 shows the plots of frictions at various velocities
obtained from the calculation of steady state friction
model versus the values obtained from the tests.

Ffriction = (P —P;)A—ma (7

To evaluate the values of the dynamic LuGre
model parameters, the hydraulic cylinder was
controlled to move at various constant accelerations
ranging from 0.001 to 0.1 m/s? for positive motion,
and -0.1 to -0.001 m/s? for negative motion. The
dynamic model was integrated with the values of the
parameters oo and o1 picked by trial and error. The
values of calculated frictions were compared to ones
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Figure. 6 Calculation of dynamic friction of 0.03 m/s?
acceleration positive motion case: (a) Calculated dynamic
friction, (b) Pressures at both cylinder ends and (c)
Cylinder piston velocity

obtained from the tests. The values of the parameters
of the dynamic model are also shown in Table 2. Note
that the values of the parameters of both steady state
and dynamic models were obtained differently for the
cases of positive and negative motions.

To show the accuracy of the dynamic model, the
frictions obtained from the calculation versus the
measured frictions from the tests are selectively
shown in Fig. 6 and 7. Fig. 6 shows the result from a
positive motion case with the acceleration of 0.03
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m/s2, while Fig. 7 shows the result from a negative
motion case with the deceleration of -0.05 m/s?. Due
to stiction friction, the cylinder did not move until the
time around 0.25 second for the positive motion case
(Fig. 6 (c)). The calculated friction which depends
solely on the velocity (Egs. (1)-(4)) therefore
remained zero during the first 0.25 second (Fig. 6(a)).
This stiction caused the compression of hydraulic oil.
The oil pressure at the oil-incoming cylinder end Py,
came to its first peak at the time 0.25 second and its
value dropped after the time 0.25 second since the oil
expanded once the piston started to move (Fig. 6(b)).
The maximum value of estimated friction was about
15% higher than the measured one, and its peak was
delayed by roughly 0.25 second. Same trend could be
observed for the cylinder negative motion case as
seen in Fig. 7, except that the negative motion started
at the time slightly before 0.5 second, and P is the oil
pressure at the oil-incoming cylinder end.

3.3 Influence of friction on an EHS force control
system

Fig. 8 shows the block diagram of the PID force
control system used in a preliminary test to show the
influence of friction on the EHS force control. As
mentioned earlier, the feedback force signal was
calculated using cylinder pressures. Both steady state
and dynamic LuGre friction models were used to
estimate the friction in the cylinder. Fig. 9 (a) shows
both the pressure-calculated force response as well as
the actual force response sensed by the load cell
transducer. Fig. 9 (b) shows estimated frictions from
both steady state and dynamic models as well as
measured friction calculated by Egqg. (7). The
calculated feedback force followed the desired force
command well. However, when considering the
actual force measured by load cell, a 500.71 N
tracking error could be observed at the maximum
force command. This is due to the friction that the
feedback pressure-calculated force signal did not
perceive.

During the minimum and maximum force
holdings, the piston velocity was roughly zero, the
values estimated steady state frictions swayed
between its maximum positive and negative values.
The noise of the differentiated velocity signal around
the zero velocity was the cause for the estimation of
swaying frictions. The dynamic LUGRE friction
model, with the need of integration, gave a much
cleaner estimation of friction compared to the static
model. Using pressure-calculated force as a feedback
signal, the linear PID controller did not cope well
with friction in a hydraulic cylinder. Large tracking
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error at the maximum force command could not be
avoided. Stiction friction also caused large delay in
actual force at the beginning of direction-changing
motion.

4. Controller designs

The performances of two different controllers,
PID and fuzzy controllers, were compared in this
study. Friction compensation would be applied to
both controllers. The conventional PID was used as
the benchmark. Fuzzy controller, with its ability of
dealing with nonlinear phenomena, would be utilized
as an alternative controller with the hope that it could
ease the friction problem.
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4.1 Friction compensated PID controller

A standard linear PID controller with friction
compensation was used in this study (Fig. 10).
Friction compensation is done by adding the LuGre
estimated friction to the desired force command. The
effectiveness of both estimated steady state and
dynamic frictions on the PID controller would be
tested and compared. The PID control action, upip, is
calculated by Eq. (8), where K,, Ki, Kp are the gain
for the proportional, integral and derivative terms,
respectively.

As mentioned earlier, the feedback tracking error,
e(t), is the difference between compensated desired
force command and pressure-calculated force. The
gains Kp K; Kp were experimentally tuned by the
Ziegler—Nichols method. The performance of the PID
controller depends largely on the accuracy of the
friction estimation. The fact that feedback pressure-
calculated force could track the compensated desired
force well does not guarantee the good tracking of
actual force unless the friction estimation is accurate
(Fig. 9 (a)). Given that the friction models were
constructed without using the direct cylinder force
measurement, the PID controller used as the
benchmark was completely implemented under
indirect force measurement.

de(t)
il ©)

uPID = er(t) + KI f e(t)dt + KD
4.2 Friction compensated fuzzy controller

The proposed fuzzy control system used in this
study were designed as two fuzzy control modules
connected in series (Fig. 11). The first fuzzy control
module took care of the friction compensation. The
input to the first fuzzy module were estimated friction
and feedback tracking error, and its output was
modified error. This first fuzzy control module acted
in a similar way to the friction compensation of the
desired force command utilized in the PID controller.
It was experimentally tuned so that its modified error
output was larger than its feedback tracking error in
some certain events especially at the beginning of the
direction-changing motion. This gave an extra
compensation for the inaccuracy of the friction
estimation that the PID controller lacked. For the PID
controller, only PID gains were to be experimentally
tuned.

The task of the second fuzzy control module was
to calculate the control action to the EHS. Its input
included modified error received from the first fuzzy
module and feedback force error difference. This
second fuzzy control module replicated the conventional
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Figure. 15 Tracking performance of friction compensated
PID controller on sinusoidal force command: (a) force
tracking and (b) control action

modules. The output of each rule was analyzed by the
Mamdani min-max inference method. Various
defuzzification methods were tested and compared
[19]. It was found that the centroid of area method
gave the least steady state error [19]. The centroid of
area methods was then used in the defuzzification
stages of both fuzzy modules. Although the rules of
both fuzzy modules are not shown, their surface plots
representing input-output relationships are shown in
Fig. 14. Both fuzzy modules were tuned with the use
of direct measured cylinder force, therefore better
tracking performance of the fuzzy controller
compared to the PID controller could be anticipated.
Once tuning was done, the fuzzy controller was
implemented with indirect pressure-calculated
feedback force signal.

5. Experimental results

Tracking performances of friction compensated
PID and fuzzy control systems were verified with the
use of sinusoidal and square wave force commands.
Both commands had periods of 6 seconds with the
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Figure. 16 Tracking performance of friction compensated
PID controller on square wave force command: (a) force
tracking and (b) control action

lowest and highest forces of 300 and 3000, respectively.
Compensations of frictions estimated by steady state
and dynamic LuGre models were added to both
controllers.

5.1 Friction compensated PID control systems.

Fig. 15 shows sinusoidal force tracking
performances of both estimated steady state and
dynamic frictions compensated PID controllers.
Although pressure-calculated force was used as the
force feedback signal, it is not shown on the plot.
Only actual force measured by load cell is shown in
the result figure. Delay could be observed at the
beginning of the motion of both PID control systems
(Fig. 15 (@)). Steady state friction model could
estimate stiction friction immediately at small
velocity closed to zero, while dynamic friction model
had to be integrated from zero initial condition to
obtain the friction value. This caused the larger delay
in the control action of the dynamic friction
compensated system (Fig.15 (b)), and in tracking
response (Fig. 15 (a)). The tracking errors at the
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maximum force command of steady state friction and
dynamic friction compensated controllers were 132.25
N and 230.41 N, respectively; and their RMS tracking
errors were 208.41 N and 363.00 N, respectively. The
static friction compensated controller gave a better
tracking performance in terms of error. The control
action of the dynamic friction compensated controller
was smoother, and resulted in a smoother tracking.

Fig. 16 shows the square wave force tracking
performances of both PID control systems. Steady
state friction compensated system accomplished the
tracking error at maximum compression of 119.50 N,
and its RMS error was 574.87 N. As seen in the
sinusoidal force tracking, larger delay at the
beginning of motion could be observed on the
dynamic friction compensated system. This resulted
in a larger RMS error of 707.64 N, while its tracking
error at maximum compression was 129.94 N.
Control action of the dynamic friction compensated
system was slightly delayed compared to one of the

steady state friction compensated system (Fig. 16 (b)).

The PID controller already performed at its best. Had
the PID gains been tuned to be more aggressive, the
fluctuation in tracking would occur. The performance

International Journal of Intelligent Engineering and Systems, Vol.15, No.5, 2022

661

of the friction compensated PID control system was
limited by the accuracy of the friction estimation. The
tracking error was due to the inaccuracy of the
friction estimation.

5.2 Friction compensated fuzzy control systems

Fig. 17 shows sinusoidal force tracking
performances of steady state friction and dynamic
friction compensated fuzzy controllers. Similar
performances could be observed for both controllers.
As seen in the tests of PID cases, the control action
(Fig. 17 (b)) and force tracking (Fig. 17 (a)) of the
dynamic friction compensated system is slightly
delayed when compared to the steady state friction
compensated system. The tracking errors at the
maximum force command of the steady state friction
and dynamic friction compensated fuzzy controllers
were 27.24 N and 41.87 N, respectively; and their
RMS errors were 66.79 and 169.01, respectively. Fuzzy
controllers whether with compensation of steady
state friction or dynamic friction yielded superior
tracking performance to the PID controller. The first
fuzzy control module was tuned in experiments so
that it gave modified error output larger than its
feedback tracking error input at the beginning of
direction-changing motion. This resulted in more
aggressive control actions at the beginning of
direction-changing motion of the fuzzy controllers
(Fig. 17 (b)) compared to ones of the PID controllers
(Fig. 15 (b)). Had the estimated friction be
compensated by adding to the desired force command
and the fuzzy controller was tuned without using
direct cylinder force measurement, the same way as
done in the PID controller, fuzzy controllers would
yield similar tracking performances to the PID
controllers.

Tracking performances to the square wave force
command of the steady state friction and dynamic
friction compensated fuzzy controllers are shown in
Fig. 18. Steady state friction compensated system
yielded the tracking error the maximum compression
of 29.42 N and the RMS error of 439.26 N. Like all
the tests previously explained, dynamic friction
compensated system gave a slightly delayed tracking.
Its tracking error at the maximum compression and
RMS error were 3418 N and of 486.43 N,
respectively. The control actions of both fuzzy
controllers were hold at their maximum values in
time intervals longer than the PID controllers. The
friction compensated fuzzy controller outperform the
friction compensated PID controller in all conducted
tests. Unlike the PID controller that its performance
depends on the accuracy of friction estimation, the
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Table 3. Summary of the tracking performances achieved
by friction compensated PID and Fuzzy controllers

Control | Desired | Friction RMS Fmax

system force model Error (N) | Error (N)

sine steady st. 208.41 132.25

PID sine dynamic 363.00 230.41

square | steady st. 574.87 119.50

square | dynamic 707.64 129.94

sine steady st. 66.79 27.24

Fuzzy sine dynamic 169.01 41.87

square | steady st. 439.26 29.42

square | dynamic 486.43 34.18

fuzzy controller could be experimentally tuned to
cope with the inaccuracy of friction estimation. Table
3 shows the summary of the force tracking
performance achieved by both friction compensated
PID and fuzzy controllers.

6. Conclusions

This study presented the tracking performance
comparison of the friction compensated PID and
fuzzy electro-hydraulic control systems. Instead of
using the actual cylinder force, both control systems
used pressure-calculated force as the feedback force
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signal. Steady state and dynamic LuGre friction
models of the EHS cylinder system were
experimentally constructed with only the indirect
pressure-calculated cylinder force. Sinusoidal and
square wave forces with the values varying between
500-3,000 N were used as desired commands in the
performance tests. The conclusions of the study are
as follows.

1. The friction estimated with the steady state
LuGre model was noisy compared to the dynamic
model especially when estimating around the zero
velocity, hence its control action was always noisier.
Longer delay in control action and tracking was
observed from the dynamic friction compensated
control system.

2. Friction compensation is essential for a precise
force control system. Without friction compensation,
the sinusoidal force tracking error at the 3,000 N
maximum force command of the PID controller was
500.71 N. With friction compensation, the tracking
errors at the maximum command of the completely
indirect PID force controllers were reduced to lowest
values of 132.25 N. The tracking errors at the
maximum command were reduced to lowest values
of 27.24 N for the fuzzy controllers.

3. Compensation of the steady state friction is
easier to implement in real world applications than
the dynamic friction because it implements like a
table lookup and does not require integration. The
steady state friction compensation also accomplished
better tracking performances in all conducted tests no
matter what type of controller was.

4. Friction compensated fuzzy controllers were
superior in tracking performance than the friction
compensated PID controllers in all test cases due to
its flexibility in friction compensation and its
performance tuning with the direct measured cylinder
force. The tracking performance of the friction
compensated PID controllers were limited by the
accuracy of friction estimation.
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Notations

z The average deflection of bristles

v The relative velocity of the two surface

oo The bristle stiffness

Fe The Coulomb friction

Fs The stiction friction

Vs The Stribeck velocity

o The damping coefficient of the bristle

o The viscous damping coefficient of the
surface contact

Zss The bristle steady state deflection

Fss The steady state friction

Feriction ~ Friction force

P1 The oil pressure at the oil-incoming cylinder
end

P, The oil pressure at the oil-incoming cylinder
end

A Piston area

m Piston mass

a Piston acceleration

Urip The PID control action

Kp The gain for the proportional

Ki The gain for the integral

Kb The gain for the derivative
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