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ABSTRACT Improving spontaneity, shifting control, and efficiency are the main goals of actuators for
hydraulic automated transmissions. Friction losses of piston-seals play an essential role in achieving these
goals. Therefore, modeling the complex friction behavior of piston seals leads to a better understanding of
the determinant factors of energy losses and, consequently, the realization of more efficient transmission
actuators. This paper proposes a piston-seal friction model based on the Generalized Maxwell-Slip model.
The proposed model introduces an additional hydraulic-pressure dependency that emulates the influence of
cylinder-pressure on the displacement variable while accounting for various piston-seal structures. AGenetic
Algorithm is also applied to identify and optimize the parameters of the proposed friction model. Simulations
with O-Ring, D-Ring, and Bonded Piston seals were developed to show the validity of the proposed model
in practical scenarios. The results were also compared with the original Generalized Maxwell Slip friction
model to show the superiority of the proposed model in representing the experimental data.

INDEX TERMS Friction modeling, generalized Maxwell model, genetic algorithm optimization, modified
generalized Maxwell model, piston seal, proportional-integral observer.

I. INTRODUCTION
Friction is a mechanical, non-linear resistance force that
opposes the movement of two bodies moving relative to each
other. Friction forces may be desirable in many applications,
such as brakes, tires, or clutches. On the other hand, friction
has to be minimized as much as possible because it causes
wear in mechanical applications and a reduction in efficiency
due to the irreversible dissipation of energy. Friction also
affects systems where accurate positioning is required and
increases the risk of instability. As a result, friction must be
reduced or compensated for [1].

For example, automated transmissions are nowadays the
most commonly used systems for solving control problems
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and improving shifting comfort in the vehicle industry. The
use of hydraulic actuators in automated transmission systems
is a common practice. These actuators include piston seals
that exhibit nonlinear friction behavior. Even though friction
is essential for the correct operation of various applications
that require accurate positioning, it dissipates energy and
deteriorates the efficiency of the system. It also plays a deter-
minant role in the structure of pistons-cylinders and seals.
Therefore, modeling the frictional behavior of piston seals is
a determinant factor for vehicle quality and the development
and control of automated transmission.

The following studies showed that friction has many
other characteristics, such as adhesion, sliding, nonlinearities,
memory, and hysteresis. Richard Stribeck, in 1902, investi-
gated mixed friction, which occurs in the area between adhe-
sion and sliding. This led to the new fundamental Stribeck
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curve, which represents the friction force as a function of
the sliding speed, [2]. The consequent Dahl model, 1968,
was derived from the stress-strain curve characteristics. Dahl
discovered that the friction behavior of ball bearings is similar
to Coulomb dry friction. He observed that objects return to
their original position after small displacements, as in an elas-
tic spring system. In contrast, permanent plastic deformation
can occur with large displacements [3]. The following LuGre
(Lund and Grenoble University) model, 1995, is based on
Dahl’s model [4]. LuGre is based on the relative movement
between the surfaces. Thus, in contrast to Dahl’s model,
the LuGre model has a speed-dependent friction function.
Furthermore, micro- and viscous friction were considered.
However, important effects such as hysteresis were not con-
sidered. Leuven model [5], has a more complicated friction
model, 2000, which includes non-local memory hysteresis.
Themodel added two state equations to describe the nonlinear
aspects of friction and friction forces. The Leuven model
was then subjected to further modification [6], to reflect the
hysteresis effect with a Maxwell sliding model.

Lately, a new model known as the Generalized Maxwell
Slip (GMS) friction model has been introduced, [7]. The
core innovation of GMS is that it replaces the Coulomb-slip
law with a rate-state law. It includes both velocity and dis-
placement in modeling friction behavior [7]. GMS is now
one of the most used models in piston seal design [8], [9],
[10]. Therefore, in this study, the GMS model is used as a
benchmark for validating the proposed method.

In fact, friction behavior is nonlinear and is influenced by a
variety of factors, such as temperature, lubricant, and veloc-
ity. Nowadays, the most-known generalized friction model,
GMS, is based only on piston displacement and velocity, [7].
Despite the validity of this model in several situations and
the use of different identification and optimization methods,
it could not exhaustively describe the friction behavior in
various piston-seals designs. In addition, one of the main
functions of the piston seals is to prevent fluid from flowing
out of the cylinder when the piston is moved by the high
hydraulic pressure. The increased pressure results in higher
adhesion between the piston and the seal. Thus, the fric-
tion force between the piston and seal is dependent on the
hydraulic pressure of the cylinder.

Despite the advantages of GMS, it was not sufficient to
provide a highly precise description of the specific fric-
tion behavior of piston-seals. In this work, a Modified
Generalized Maxwell Slip (MGMS) friction model is pro-
posed that takes the friction behavior of various piston-seals
design into consideration. The MGMS friction model adds a
pressure-dependent variable to the original GMS. This action
is reflected in the piston-seal structure by adding a spring-
damper-mass system with a pressure-dependent spring stiff-
ness. The pressure dependence models the effect of piston
displacement obstruction caused by the augmented pressing
of the piston against the seal at high pressure.

To this end, GMS had to follow up with the identification
and optimization of the piston-seal specific parameters. These

steps aim to determine the optimal set of parameters that
most closelymatches themeasured values in order to improve
model accuracy. Several methods were used in the identi-
fication of GMS parameters. Among these are the friction
force prediction models of grey-box and black-box, [11], the
robust adaptive observer developed by [12], and the online
switching-function presented in [13], which combines a least-
square estimator, filtering, and linearization. Numerical opti-
mization techniques used to fit the GMS model parameters
for frequencies between 100 and 7000 Hz are discussed
in [14]. Several optimization methods were also developed
in the mathematics and engineering literature, such as in [15].
These methods were classified as one-dimensional and multi-
dimensional, deterministic and stochastic, linear and nonlin-
ear methods [16]. Such as particle swarm optimization [17],
and the Genetic Algorithm (GA) as represented in [18] are
some of the optimization methods that have been developed.
In particle swarm optimization, particles move in a space
and each particle searches for the best solution in the search
area by changing its velocity. GA is an efficient way to find
the global optimum, inspired by natural evolution. Based
on numerous literatures, such as [19], GA has been shown
to perform better compared to particle swarm optimization
by achieving the highest number of best minimum fitness
and faster time. The disadvantage of GA is that they are
difficult to program and debug, but this can be overcome
using GA software toolboxes. Therefore, GA is used to iden-
tify and optimize the MGMS parameters (MGMS-GA) in
this work.

The objective function of the identification algorithm
MGMS-GA is the mean relative error between the experi-
mental data and computed values. The MGMS-GA is imple-
mented using the MatLab Evolutionary Algorithm Toolbox
(GEATbx, MatLab), [17], [18]. The proposed model can
be integrated into an automated and interactive process to
design, evaluate, and select the hydraulic actuator piston-
seal with the best type and geometry. In fact, the model
can be automated to analyze and determine the effects of
friction pressure dependency in different existing and new
prototypes of hydraulic-actuator piston-seals during a service
period before the seal fails. Thus, the model helps automotive
designers and industrial manufacturers interactively model
the more precise friction response of their real hydraulic
actuators based on experimental measurements.

Furthermore, seal failure is caused by the degradation
of material properties and cyclic loading [19]. Therefore,
friction is needed to calculate the compressive and contact
stresses required in a time-varying reliability model. Further-
more, since the O-ring is replaced on a regular basis, the
cyclic loading is no longer important. Therefore, cyclic load-
ing has a relatively small influence compared to compressive
and contact stresses [19].

The temperature has a remarkable influence on the sealing
performance of rubber O-rings, with temperature changes
leading to an increasing damage process [20]. The imple-
mented model focuses only on the pressure effects, which do
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reflect the influence of load distribution on the seals and thus
the calculation of load cycles.

The paper is organized as follows: Section II introduces
an overview of the GMS friction model and the proposed
MGMS structure. Section III develops the MGSM with the
pressure dependency added to different seal types. Section IV
presents the MGSM-GA parameter identification algorithm
that accounts for the effect of the seal type. Conclusions are
presented in Section V.

II. MODIFICATION OF THE GENERALIZED MAXWELL
MODEL
Despite GMS, [7] including the effects of the contact friction
forces, it did not take into account the effect of the hydraulic
pressure on the piston-seal interface. Obviously, this effect
is significant and should be considered in the design of the
hydraulic actuators. The hydraulic pressure generates addi-
tional lateral forces that change the friction behavior. Clearly,
this additional adhesion friction force obstructs the piston
displacement in a way that depends on the seal shape and
structure, FIGURE 1. For example, the flat D-ring geometry
prevents the seal from twisting and rolling and therefore
reduces the lateral force compared to the O-Ring seal type,
[21]. The MGMS model proposes a new formulation that
includes these effects to reduce the modeling errors and
enhance the approximation of the measured data.

FIGURE 1. System hydraulic pressure exerted on Bonded Piston Seal
(BPS), D-Ring, and O-Ring seals.

This section reviews the Generalized Maxwell friction
model and the proposed modification that aims to enhance
the modeling accuracy in the piston-seal friction formulation.

A. GENERALIZED MAXWELL MODEL
The Generalized Maxwell Friction Model is a variant of the
Leuven Model in which the hysteresis term in the Leuven
Friction Force Equation is replaced by a superposition of
Maxwell Elements. The basic mechanical structure of GMS,
FIGURE 2, is a one-dimensional structure with N elastic
sliding objects. The objects are placed on rough surfaces with
different friction coefficients and are connected to springs
with constants ki. Hereby, each object is characterized by its
displacement state-variable ξi and subjected to a maximum
friction force Wi and an elastic force Fi, FIGURE 3. All
objects are simultaneously excited with a displacement z.

FIGURE 2. Generalized maxwell sliding model for N maxwell elements [7].

The behavior of the Maxwell element i, Figure 2, can be
described with Eq. 1 and Eq. 2, [7]:

If |z− ξi| <
Wi

ki
then

{
Fi = ki (z− ξi)
ξi = const.

(1)

else

Fi = sgn(z− ξi)Wi

ξi = z− sgn(z− ξi)
Wi

ki

(2)

with

sgn (z− ξi) =


+1, z− ξi > 0
0, z− ξi = 0
−1, z− ξi < 0

(3)

The two sides of the case statement refer to the behavior
during the adhesive phase, Eq. 1, and the sliding phase, Eq. 2.
Small spring forces act on the objects at small displacements
z, preventing them from moving, resulting in an adhesion
state. If the displacement is increased, the spring forces
increase linearly until the first element reaches the friction
maximum force Wi. The first element now enters the sliding
phase, which means theat ξi starts to change and has to be
determined. Continuing to increase the displacement action,
z, more and more elements will successively move into the
sliding phase. As long as only one element has not reached
the maximum forceWi, and thus has not yet started to move,
the total system of N elements remains in place. When all
elements enter the sliding phase, the entire system overcomes
the adhesion phase and starts moving.

FIGURE 3. Characteristic spring-force Fi of a Maxwell element (i)
subjected to a displacement stimulus z and maximum
friction-force Wi [6].

Thus, using the Maxwell setup in FIGURE 2 and
FIGURE 3, the total hysteresis force Fh becomes equal to
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FIGURE 4. Design of the dual-clutch of the 7DCI600 [23].

the sum of all the individual hysteresis forces of all Maxwell
elements, [7]:

Fh =
N∑
i=1

Fi (4)

B. MEASUREMENT DATA
An Improved Proportional Integral (IPI) observer is used [22]
to estimate the friction force acting on the clutch during the
shifting process. The observer was tested on experimental
data obtained with a GETRAG Dual Clutch Transmission
(DCT) in BMWM3 with a petrol engine.

First, the structure of the dual-clutch of the used 7DCI600
DCT is discussed to provide an exact representation of a
real example where friction occurs. FIGURE 4 shows the
sectional view of the wet double clutch, where the clutch
packs C1 and C2 clutches with multi-plate shifting elements,
and their connection to the outer disk carrier are shown.
The inner disk carriers are each positively connected to the
corresponding separate input shafts and therefore rotate at
the speeds of IS1 (input shaft 1) or IS2 (input shaft 2).
The clutch is supplied with pressure oil via channels 5 and
6. The return springs 2 are located in the oil-filled com-
pensating chambers. The two clutch pistons are sealed with
two sealing rings each. In the case of clutch C1, this is
done via BPS seals 1 and 3. The same applies to clutch C2
with 4 and 7.

Two external clutch pressure sensors are installed in the
mechatronics transmission module, as these are not available
in the vehicle CAN BUS. In addition, two signals from the
input shaft speed sensor are taken directly from the vehicle
CAN BUS.

The experimental data were used to estimate the friction
forces of different Freundenberg seals [24] during the shifting
process by closing and opening the hydraulic clutch actuator.
FIGURES 5 and 6 show the real behavior of the friction forces
using an IPI observer for three different piston seal lip designs
(D-Ring, O-Ring, and BPS). The measured data are valid
for a constant operating temperature. In fact, friction occurs

FIGURE 5. Piston displacement with the input pressure of the disengaged
clutch and estimated friction forces.

differently for each piston seal type, so each seal structure
has different behavior in terms of loss of efficiency, stability,
positioning accuracy, and wear.

The main piston dynamic equation of the IPI observer of
the dual-clutch index (i) related either to clutch 1 or clutch
2 is updated to include the MGMS friction model as:

mpiẍpi + kpixpi = ppiApi − Fcf 1i + Fcf 2i − FFriction(i)
−FNi − K0pi (5)

where mp is the clutch piston mass, kp the wire coil return
spring stiffness, pp clutch pressure, and Ap clutch piston area.
Fcf1,Fcf2 are centrifugal forces acting on both sides of the
piston, which are mainly function from input shaft speeds.
The centrifugal forces depend on the design of the dual-
clutch, rotational speed, and pressing area. For clutches, the
return spring force must be greater than the total centrifugal
force acting on the piston. Usually, a hydraulically balanced
piston is used to compensate the centrifugal forces in each
direction and therefore reduce the required force to return the
wire coil spring [25]. K0p is the preload spring force and FN
is the normal clutch force applied to the clutch.

FIGURE 5 (a) and FIGURE 6 (a) show the calculated
piston displacement and the applied measured pressure of the
clutches to be engaged and disengaged for a reference upshift
from first to second gear. A comparison result between the
friction forces for the three existing seals is represented in
FIGURE 5 (b) FIGURE 6 (b).

The friction forces for different seals and different constant
pressures are estimated via the IPI observer and plotted in
FIGURE 7. The figure shows a notable dependence of friction
force on the hydraulic pressure of the dual-clutch system.

C. MODIFIED GENERALIZED MAXWELL SLIP MODEL
The idea comes from the need to understand and model the
effects of the pressure in the cylinder system, as shown by the
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FIGURE 6. Piston displacement with the input pressure of the engaged
clutch and estimated friction forces.

FIGURE 7. Estimated friction force measurements as a function of piston
displacement and measured pressure.

measured data, on the performance of the hydraulic actuators
and to take into account the different piston-seals structures.
In order to include the pressure dependency of friction in
the GMS model, some additional parameters such as inertia,
damping forces, and speed elements should be considered.
The new set of equations should be able to determine the
position ξi of each moving object as a function of the stimulus
z, after the transition from the sticking phase to the slid-
ing phase. Therefore, the Maxwell spring-massless elements
are replaced with spring-damper-mass ones, FIGURE 8.
The masses of a Maxwell sliding model are measured by
their resistance to spring and damping forces. The oppo-
site of mass is massless elements, which have no energy.
Moreover, the damping elements are applied to produce a
counterbalancing force that reduces the oscillation at each
Maxwell element.

To determine the position variable ξi in the sliding fric-
tion phase, Eq. 2 must be changed to take into account the
spring-damper-mass dynamics. The free-body diagram of the
proposed model elements leads to the well-known dynamics

FIGURE 8. Spring-damper-mass system.

characterized by, Eq.6 and Eq.7.∑
Fi = 0 = −miξ̈i + kiξi − kiz+ diξ̇i − diż (6)

⇔ ξ̈i =
ki
mi
ξi +

di
mi
ξ̇i −

ki
mi
z−

di
mi
ż (7)

To adapt the GMS friction principles to the Spring-Damper-
Mass (SDM) sliding friction phase Eq. 2must be modified as
in Eq. 8with the Fi,STRIBECK given in Eq. 9. This formulation
allows us to take into account the reduction of the friction
force during sliding with increasing displacement.

If z≥
Wi

ki
then

Fi = FSTRIBECK

ξi = −
m
ki
ξ̈i −

di
ki
ξ̇i + z+

di
ki
ż

(8)

Fi,STRIBECK = cξ̇i+

[
Fi,C+(Wi−Fi,C )exp

(
−

(
ξ̇i

ξ̇iStr

)δ)]
× sgn

(
ξ̇i
)

(9)

FIGURE 9 shows that the friction force of a single SDM
during adhesion increases linearly according toFi = ki·z until
the maximum displacement zi,max and thus the maximum
force Wi is reached (t ≤ 23ms). Then, the element starts to
slide and therefore, the friction reduces to the Coulomb force
Fi,C after reaching the Stribeck velocity. It is clear that the
Stribeck equation depends on the speed of the mass ξ̇i and
therefore the breakaway force; i.e. the force after which the
adhesion is lost, can be represented by the maximum stick
phase forceWi.

III. APPLICATION OF MGMS TO PISTON-SEALS
In this section, the work is further developed to model a
piston-seal real-friction measurement, considering the effects
of hydraulic pressure dependence and seal type.

A. MODELING REAL PISTON-SEAL FRICTION
MEASUREMENTS
In this section, the MGMS structure is used to model real
piston-seal frictionmeasurements. FIGURE 10(a) shows fric-
tion force measurement (IPI observer results) of a D-ring seal
at 5-bar with a linear z stimulus to illustrate the modeling
procedure without losing generality. This plot shows the ini-
tial phase of a linear friction force increase followed by a
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FIGURE 9. Friction force Fi of the spring-damper-mass element at p =

5-bar.

second linear friction force increase phase with a different
slope. This change indicates an increase in friction force, after
reaching the Stribeck velocity, caused by the low influence
of the lubricating film in the sliding friction phase. After
reaching the maximum value, i.e., the breakpoint, the friction
shows a Stribeck-like exponentially decreasing behavior that
ends in a constant Coulomb friction value.

A comparison of this behavior with that of a single SMD
at the same z-stimulus and pressure value, leads to the belief
that a single SMD is inappropriate to model the piston-seal
friction forces. As shown in FIGURE 9, in the single SMD
characteristic, the Stribeck velocity is reached after a very
short time and the exponential decrease of the Stribeck curve
to the position of the minimum friction, at Stribeck veloc-
ity, occurs instantaneously. Hence, the characteristic of the
Stribeck curve can’t be observed. Instead, a sharp drop from
the limited forceWi = ki ·zi,max = 21 N to the Coulomb force
Fi,C = 5.46 N is observed.
Nevertheless, the introduction of additional degrees of

freedom using a set of SDM elements to model the measured
friction behavior, as in the Maxwell model, could be plausi-
ble. The set of required SDM’s and relative friction responses
should be determined and combined. In FIGURE 10 (a),
a system of 10 SDM elements with equal Coulomb friction
force and different stick-slip transition points is used tomodel
the measured friction force of the D-ring seal. Hereby, each
element has the behavior illustrated in FIGURE 10 (b) and
contributes 1/10 of the total Coulomb force. For simulation
purposes, the characteristic parameters of Eq. 8 and Eq. 9
were considered to be:
â Mass of the SDM element mD−RING = 0.1 kg
â Damping coefficient of the SDM element

dD−RING = 15 Ns/m
â Viscous coefficient of friction cD−RING = 1 Ns/m
â Stribeck speed ξ̇Str,D−RING = 0.001 m/s
â Stribeck exponent Delta δD−RING = 2
Thus, using the Maxwell setup, the total hysteresis force Fh
becomes equal to the sum of all the individual hysteresis-
forces (see FIGURE 10 (b)) of all Maxwell elements as in
Eq. 4.

FIGURE 10. (a) Friction force behavior of a D-ring seal at p = 5 bar (b)
Characteristics of the friction forces Fi of the ten spring-damper-mass
elements used to model the D-ring seal friction force at 5 bar.

B. MODELING THE FRICTION DEPENDENCY ON
HYDRAULIC PRESSURE
Up to this point, the actuator-cylinder pressure was assumed
to be constant, and the dependence of friction on pressure
was ignored. However, the friction forces, FIGURE 7, show
that there is a notable dependency of the friction force
on hydraulic pressure. The pressure-dependent behavior of
the piston-seal friction can be explained mechanically as a
preload, which presses the piston more and more strongly
against the seal as pressure levels rise (FIGURE 1). There-
fore, the friction force increases and augments the obstruction
of the piston displacement.

Since the stick-slip transition point and the position and
shape of the breakaway force depend on the spring stiffness,
the proposed model integrates the effect of pressure (p) in the
SDM element ki as in Eq. 10 and Eq. 11.

ki = ki,Ringk̄i (10)

ki,Ring = ki,mp+ki,b (11)

Here the variable ki,Ring, is a pressure-dependent line, ki,m,
and ki,b denote the line parameters and are identical for all
elements i of a defined sealing type. The factor k̄i character-
izes the stiffness factor of a specific SDM element.

Moreover, the Coulomb friction force, FCi,Ring, of each
SDM element i, is considered to be pressure-dependent as
in Eq. 13. Accordingly, the point of transition, of each SDM
friction force, to the Coulomb level depends also on pressure.

FCi,Ring = (FCi,mp+FCi,b)/i (12)

whereFCi,m andFCi,b represent the Coulomb forces pressure
dependency parameters, these parameters are assumed to be
identical for all the SDM elements of a defined seal type.

C. SEAL-TYPE FRICTION MODEL IDENTIFICATION
In the previous subsection, the variables ki,Ring, FCi,Ring were
assumed to be seal-type specific. i.e., the characterization of
the pressure effect on the friction forces was assumed to be
based on the type of the piston-seal. Therefore, identifica-
tion and optimization methods must be used to determine
the parameters of Eq. 10 - Eq. 12 that best achieve the

VOLUME 10, 2022 126521



R. Mustafa et al.: Piston-Seals Friction Modeling Using a Modified Maxwell Slip Formation and Genetic Identification Algorithm

FIGURE 11. Effect of the number of SDM elements, n, on the modeling
accuracy of the friction-force measurements of a Bonded Piston Seal
(BPS), for n = 5, 10, and 20 at p = 25bar.

FIGURE 12. Friction behavior of the BPS for various pressures with 10
structure elements for the modified and reference model.

friction behavior defined by each seal type measurement,
FIGURE 5. In this study, a Genetic Algorithm based on the
fitness function defined in [26] and [27], and the GEATbx
(Genetic Evolutionary Algorithm Toolbox) were used to
identify themodel parameters. The fitness function considers,
as an objective function, the mean relative error between
the experimental measurements and simulation values. The
pressure-dependent parameters were assumed to be equal for
all the SDM elements of a defined seal type.

Obviously, the number of SDM elements, n, affects the
modeling accuracy and the number of parameters to be iden-
tified, Nident, which is given by Nident = 2n+4. For example,
the total number of identification parameters for 10 SDM ele-
ments is 24, i.e. 10 characteristic SDM stiffness parameters,
k̄i, 10maximum spring travels zi,max that define themaximum
forceWi,max = k̄izi,max and stick-slip transition point, and the
pressure-dependency parameters FC,b,FC,m, ki,m, and ki,b.
The simulation plots, FIGURE 11, show the effect of the

FIGURE 13. Friction behavior of the O-Ring various pressures with 10
structure elements for the modified and reference model.

FIGURE 14. Friction behavior of the D-Ring various pressures with 10
structure elements for the modified and reference model.

number of SDM elements on the modeling accuracy of a
Bonded Piston seal (BPS) for n= 5, 10, and 20, respectively.
These plots show that the modeling accuracy increases with,
n. On the other hand, the use of the high value of, n, is not
advisable since it increases the Nident and computation cost.
FIGURE 11 also show that the measurement data of the BPS
is modeled with very good accuracy using n = 10. In fact,
higher values of, n, lead to small accuracy improvements.
In each case, the value of R2 is calculated for the fitting.

The number of Maxwell elements depends on the type of
application and the time scale of the system in which the seals
are applied. In this paper, the seals are applied in an automated
vehicle transmission where shift comfort and spontaneity are
important.With a number of 10Maxwell elements, very good
accuracy can be obtained (R2 > 0.99).

IV. COMPARISON WITH GMS
FIGURES 12, 13, and 14 show the friction behavior for dif-
ferent pressures and different types of seals. With the help of
the MGMS, it is possible to adjust the friction process during
the maximum effective friction forces and thus during the
breakaway phase with only 10 elements. Furthermore, the rel-
ative error between the experimental data and the calculated
values should be minimal from the beginning to the end of
the transient phase (t< 0.2 s) and the same during the steady
state (t > 0.5 s). Thus, the increasing behavior of the friction
force at the beginning of the adhesion phase was satisfied
by summing the effects of the individual hysteresis forces
of the 10 Maxwell elements as in Eq. 1 and 4. Moreover,
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increasing the Maxwell elements can enhance the model’s
accuracy.

In addition, the modified friction model can deal with all
seal shapes, such as those presented in FIGURE 1, in which
the friction behavior under the effects of pressure is not the
same. Here, the most influential behaviors to be considered in
hydraulic cylinders are seal stretching, squeezing, and rolling.
The fluctuations of the sealing O-Ring in FIGURE 13 during
the sliding phase, which can be observed due to the rolling
movements, cannot be measured since the force sensor mea-
sures the Coulomb force during the sliding phase. Increasing
the hydraulic pressure leads to a higher adhesion between
the piston and the seal and thus a higher friction force. The
flat D-ring geometry, for example, prevents the seal from
twisting and rolling and therefore reduces the frictional forces
compared to O-ring seals.

As shown in the figures, the results of the proposed method
(MGMS) are very close to themeasurement data. On the other
hand, the standard GMS model cannot give good results with
increasing pressure.

V. CONCLUSION
This paper reviewed the most commonly used friction models
in the literature. A modified friction model with additional
pressure dependence based on the GMS is also presented.
The frictionmodel parameters involved in each seal lip design
were determined using the GA identification technique. The
friction behavior for each seal slip design was compared with
the measurement data for different seal lip designs and shows
that the novel model can predict all friction properties for all
seal types. Moreover, this study concludes that a very good
approximation of real friction processes is possible even with
a small number of Maxwell elements. Finally, the modified
friction model can describe friction dynamic characteristics
with high nonlinearity and many parameters depending on
the used seal types and therefore can be used in many design
and control purposes in many industrial applications, such as
automated transmissions.

In order to improve the implemented model, the temper-
ature stress will be considered in the follow-up work by
performing different temperature tests.
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