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ABSTRACT In this paper, a new comprehensive dynamic friction model for a collaborative industrial robot
joint that considers the velocity, temperature, and load torque is proposed. The variation of load-dependent
friction among the four-quadrant operation depending on the sign of load-torque and speed is studied.
The new model’s passivity property is analyzed to obtain a physically meaningful and experimentally
identified friction model. A sufficient condition is presented in terms of a simple algebraic inequality
involving the parameters of the model. The model parameter identification procedure and validation of
model effectiveness are demonstrated experimentally on a commercial collaborative robot manipulator.
Moreover, the proposed friction model’s benefits are demonstrated in two different robot applications:
friction compensation and direct teaching (smooth lead-through programming) applications. Significant
tracking performance improvement in the root-mean-square errors up to 76%was achievedwith the proposed
friction model compared to the uncompensated cases in the friction compensation application. In the direct
teaching application, the newmodel, which precisely estimates joint friction, results in a significant decrease
in interaction forces up to 66%. These experimental results validate the performance of the proposed friction
model.

INDEX TERMS Collaborative robot, friction model, human–robot interaction, manipulator dynamics, robot
control.

I. INTRODUCTION
Actuation systems in collaborative robots rely on geared drive
systems to obtain the relatively low-speed but high-torque
mechanical output. Friction is one of the unavoidable
side-effects of using a geared drive actuation system. Fric-
tion can severely deteriorate performance in terms of track-
ing errors, significant settling times, or limit cycles [1]–[5].
Therefore, friction compensation is indispensable to improve
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the performance of collaborative industrial robots. This is not
only for tracking applications, but also for more advanced
applications like estimation of contact forces for sensorless
force control [6]–[8], sensitive collision detection [9], and
force/torque sensorless direct teaching control [10]. Since the
compensation technique is typically model-based, the knowl-
edge of a suitable friction model that predicts the real friction
is required. However, in general, friction model uncertainties
and variations reduce the estimation reliability.

Friction is a complex phenomenon that arises when there
is relative motion between two surfaces in contact. It can
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be influenced by many factors such as geometry and per-
manency of contact between surfaces, the surfaces’ material,
and the lubricants used [11], [12]. To characterize the fric-
tion behavior, numerous static and dynamic friction models
[13]–[17] have been studied and implemented, for example,
in [18]. The LuGre model [16] is the most famous and widely
used dynamic friction model. Nevertheless, the model does
not include significant friction factors such as the effects of
the actual contact surface and temperature variations.

Unlike industrial robots, a collaborative industrial robot
shares its work-space with a human operator; therefore, a col-
laborative industrial robot must have special features such as
collision detection and direct teaching. A fundamental issue is
to build an accurate frictionmodel of the robot joint to execute
such tasks. The varying motions also directly affect the actua-
tor temperature via the heat of the frictional losses, which has
a significant variance. Although existing static or dynamic
friction models have been effectively employed in industrial
practice, there is a need to improve the collaborative robots’
friction model due to the demands mentioned earlier.

The importance and inclusion of temperature, velocity,
and load in static friction models have been addressed in
[19]–[25].

However, these models do not cover the asymmetric
load-dependent friction as a function of power flow. Consider
a chain of power transmission in the axis of a robot (see
Fig. 1). The direction of the power transmission defines the
sign of PA and PB. PLoss,i is related to the friction torque τf
defined in (3). In Fig. 1(a) since the power is transmitted from
the motor to the mechanical axis, PA is the input power, and
PB is the output power.

PB =
PA

1+ µ1
, PA > 0, PB > 0. (1)

where the transmission system yield corresponds to µ = µ1.
On the other hand, Fig. 1(b) depicts the power transmission
from the mechanical axis to the motor. For example, this is
the case when the robot moves along the gravity direction. In
this case, PB is the input power, and PA is the output power.

PA =
PB

1+ µ2
, PA < 0, PB < 0. (2)

where the transmission system yield corresponds to µ = µ2.
In general, µ1 6= µ2, which implies that the transmission

system yield depends on the sense of power transfer leading to
two distinct sets of friction parameters. Therefore, the sliding
friction torque is a linear function of both the dynamic and the
external forces, with asymmetrical behavior depending on the
signs of joint torque and velocity and a variation depending on
the velocity amplitude (see Fig. 2). The measurement results
in Fig. 2(a) depicts that the friction torque is less affected by
the varying gravity load if speed and load torque do not have
the same sign (areas shaded white). In contrast, a significant
load-dependency of friction torque is manifested when the
speed and the load torque have the same sign (areas shaded
gray). In general, load-dependent friction is assumed to vary

FIGURE 1. Power transmission in a chain.

among the four-quadrant operation depending on the sign of
load torque and speed.

Most importantly, the passivity property of such a
comprehensive model has not been reported. Load- and
temperature-dependent friction modeling is typically based
on experimental observation. This process involves choos-
ing a function that fits the experimental data and esti-
mating the parameters of the model. Indeed, a model is
expected to describe a physical process; hence, the approach
of a simple curve fitting method is incongruous. Therefore,
the model must satisfy a fundamental property of defining
input-output passive operator, reflecting power dissipation’s
physical property.

Because of the issues mentioned above and the demand for
improving the task related to a collaborative industrial robot,
developing a more realistic friction model is required. In
this work, a comprehensive friction model for a collaborative
industrial robot joint is developed. The details of the introduc-
tion of load and temperature effects in friction representation
models for the robot joint are presented. The proposed model
includes the direction dependency of friction coefficients
and an advanced load dependency model motivated by the
measurement results shown in Fig. 2.

Furthermore, the proposed model’s passivity property is
analyzed, and a sufficient condition is found in terms of
algebraic inequality involving the model’s parameter. The
constraint is imposed in the identification algorithm, resulting
in a physically meaningful friction model. The benefit of
an improved friction model was shown in both tracking and
direct teaching applications. As experimental results verify,
the new model allows quantifying friction effects in the robot
joint with a high accuracy level.

The remainder of the paper is organized as follows.
Section II presents a problem description. In Section III,
the proposed friction model is detailed, whereas Section IV
presents the passivity analysis of the friction model. Exper-
imental results and conclusions are presented in Sections V
and VI, respectively.

II. PROBLEM DESCRIPTION
Consider a manipulator that can be described by the standard
dynamic equation

M(q)q̈+ C(q, q̇)q̇+G(q)+ τ f = τm, (3)
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FIGURE 2. Load dependence of friction. (a) Recorded friction (dusty
orange) during the back-and-forth motion of a joint at different constant
speeds with considerable gravity load variation (dusty blue). Load
dependency has a different pattern for motoric duty (shaded gray) and
generatoric duty (shaded white). Furthermore, load dependency varies
with speed. (b) Velocity trajectory used for identification of
load-dependent friction.

where q ∈ RNDOF represents the NDOF joint angles, M(q) is
the inertia matrix,C(q, q̇) captures the centrifugal and Corio-
lis effects,G(q) represents the gravitational torque, and τ f is a
friction torque which includes all torque related to dissipated
power at the joint. The drive torque τm applied by the joint
motor controls the system. The drive torque is obtained by
multiplying the motor current measurements by the torque
constant of the motor. Once the motor torque τm, the inertia
termM(q), and the Coriolis term C(q, q̇) are known, friction
torque τ f can be obtained from (3).Moving one joint at a time
at a constant speed makes the coupling effects included in the
Coriolis and the inertia terms negligible. Now, the simplified
form of (3) becomes

τ f = τm − G. (4)

Throughout the paper, it is assumed that the DH- and gravity
parameters (i.e., the center of gravity and mass of each link)
and therefore G are known accurately.

A. EXTENSION OF DYNAMIC FRICTION MODELS
It is argued in [26] that dynamic models are necessary to
describe the friction phenomena better. The friction phe-
nomenon by nature exhibits a nonlinear continuous behav-
ior during velocity zero-crossing, unlike the static friction
models that are discontinuous at velocity reversal. There-
fore, it is better to use a dynamic friction model that
encompassed dynamic phenomena for a smooth transi-
tion and a better description of friction phenomenon. Fol-
lowing this demand, we extended the generic form of a
dynamic friction model τ f that takes into account internal

state z (possibly multi-states), velocity-, load-, quadrant-, and
temperature-dependent effects, i.e.. for each joint

τf ,i = δ(zi)+ ζ (q̇i,Ti, τL,i), i = 1, · · · ,NDOF . (5)

Therein, δ(zi) is a function responsible for the tran-
sient velocity response, ζ (q̇i,Ti, τL,i) is the load-, quadrant-,
and temperature-dependent velocity strengthening function,
Ti represents the joint temperature, and τL,i is the external
joint load comprising gravity and dynamic load. From now
on, we use a plain symbol without subscript i as all consider-
ation is for a single joint unless stated otherwise.

The state equation that describes the dynamics of the inter-
nal state vector z is a first-order differential equation of the
form

dz
dt
= h(z, q̇). (6)

This state captures the transient response with respect to the
velocity. For constant velocities, the function h(z, q̇) = 0 and
equation (5) will converge to a static friction torque

τf ,s = g(q̇)sgn(q̇)+ ζ (q̇,T , τL). (7)

where g(q̇) is a velocity weakening function (Stribeck effect).
sgn(q̇) is the signum function defined as follows:

sgn(q̇) =


−1, if q̇ < 0
0, if q̇ = 0
1, if q̇ > 0

The generic form of the function g(q̇) is given by

g(q̇) = (Fc + (Fs − Fc)e
−
q̇2

v2s ). (8)

where Fc is Coulomb friction, Fs is stiction, and vs is Stribeck
velocity.

LuGre model is a special case of generic form dynamic
friction model (5) where the velocity strengthening function
(viscous friction) is expressed as a linear proportional to the
relative velocity. In this model, since the friction between two
surfaces is considered as a contact between bristles, the vari-
able z denotes these bristles’ average deflection. As a result of
this, the function δ(z) represents the friction force generated
by the bristles bending. The expression of this function is
given by

δ(z) = σ0z+ σ1ż (9)

where, σ0 is the bristle stiffness and σ1 is the micro-damping
coefficient. The state equation that describes the dynamics of
the internal state z is given by

dz
dt
= q̇− σ0

|q̇|
g(q̇)

z. (10)

This paper aims to develop the extended-term ζ (q̇,T , τL)
so that the comprehensive friction model describes the robot
joint friction phenomena accurately. In fact, the new model
is expected to satisfy a fundamental property of defining
input-output passive operators. For an input-output model
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that describes a physical process and that gets all its energy
from the input, to be generally accepted, it ought to be passive
since that is how nature works. Intuitively it may be expected
that friction is passive (dissipates energy). The energy con-
sumed by the friction is given by∫

τf dq =
∫
τf q̇dt

Since the friction model given by (5) is dynamic, there may
be aspects where friction stores energy and others where it
gives energy back. It is, therefore, interesting to see if it is
possible to find a nonnegative function V (z(t)) such that∫ t

0
τf q̇dt ≥ V (z(t))− V (z(0)).

This implies that the friction τf is passive (friction dissipates
energy) [27], [28]. We will now take a closer look at some
passivity properties of the friction model in (5).
Property 1: For a passive operator

∑
: L2 −→ L2 :

q̇ −→ τf defined by dynamic system (5), (8), (9), and (10)
with respect to the function V (z(t)) = σ0z2(t)/2 we have

8(0, t) =
∫ t

0
τf q̇dt ≥ V (z(t))− V (z(0)) (11)

for all q̇ ∈ L2 and all t ≥ 0, if
1) the damping coefficients are restricted to 0 ≤ σ1 ≤

4g(q̇)/|q̇|, and
2) the product of ζ (q̇,T , τL) and q̇ is nonnegative.
Proof: See Section IV.

Here, if the passivity property of the friction model is
satisfied, the function V (z(t)) = σ0z2(t)/2 can be used as
one candidate Lyapunov function to analyze the stability of
the overall closed-loop system with friction compensation.
In general, this paper aims to develop a newly introduced
parametric model ζ (q̇,T , τL) that takes into account velocity-
, load-, quadrant-, and temperature-dependent effects subject
to the passivity requirement.

III. PROPOSED FRICTION MODELING
This section presents thorough discussions on the mod-
eling of the newly introduced function ζ (q̇,T , τL) that
captures the nonlinear viscous and load-, quadrant-, and
temperature-dependent effects from both theoretical and
experimental perspective.

A. NONLINEAR VISCOUS FRICTION MODEL
Depending on the system behavior, different expressions that
describe the viscous part of the static friction model exist,
e.g. [13], [29]. The most typical friction contacts in robotic
actuation are the lubricated friction contacts in the main
harmonic drive (HD). The friction in HD was investigated in
[30] and found to have a strongly nonlinear viscous friction
dependency. In fact, joint temperature variation results in a
significant change in the viscous friction for the same joint
speed. Therefore, the parameters of a given nonlinear viscous
friction model should be a function of joint temperature. Con-
sequently, in addition to fitting experimental data, the choice

of the expression for viscous friction requires considering
the model sensitivity for a small deviation on the model
parameters.

During experiments, we observed that the torque-velocity
map is not symmetric for negative and positive velocity.
Generally, such asymmetry happens because the asperity at
the contact point for a moving object might not be the same
during forward and reverse motion.

Afterward, an exponential model is proposed to map the
nonlinear viscous behavior over the velocity range (12).

fv(q̇) =

σ2,p(1− e
−|

q̇
σ3,p
|

) q̇ > 0

σ2,n(1− e
−|

q̇
σ3,n
|
) q̇ < 0

(12)

This model depends on the speed and direction of rotation
(differing coefficients for positive, p and negative, n direc-
tions are used, i.e., σ2,p, σ2,n, σ3,p and σ3,n).

B. TEMPERATURE AND LOAD DEPENDENT FRICTION
MODEL
1) TEMPERATURE-DEPENDENT FRICTION MODEL
Friction in HD tends to decrease significantly at high tem-
peratures. This observation is assumed to be caused by a
change in the contact point properties and the lubrication
layer thickness. At low temperatures, the expansion of solids
affects the amount of preloading. This consequently affects
the behavior of viscous friction. Besides, a good illustration
of the effect of temperature can be observed from HD manu-
facturers’ efficiency data.

Since the temperature variation mainly influences viscous
friction, the proposed nonlinear viscous model parameters
become a function of joint temperature. Thus, an expression
for viscous friction as a function of joint velocity and joint
temperature, which is called the velocity-temperature model,
is proposed as follows:

fv(q̇,T ) =

fv,p(q̇,T ) = σ2,p(T )(1− e
−|

q̇
σ3,p(T )

|

) q̇ > 0

fv,n(q̇,T ) = σ2,n(T )(1− e
−|

q̇
σ3,n(T )

|
) q̇ < 0

(13)

where σj,p(T ) = σjo,p+σjT ,pT , and σj,n(T ) = σjo,n+σjT ,nT ,
for j = 2, 3., is a temperature-dependent viscous friction
model parameters, and T is the temperature (◦C) of the joint.

2) LOAD-DEPENDENT FRICTION MODEL
In a robot actuation transmission mechanism, the torque is
transmitted through the contacts between solids. The true
contact surface varies according to the applied normal forces
between the two surfaces in contact. This causes the friction
related to the interaction between the contacting surfaces to
vary according to the applied normal force. For joint torques
in a robot with a revolute joint, only the load torque aligned
with the joint rotation axis affects the joint friction. This
load on the robot axis comprises a holding torque caused
by gravitational force, dependent on the robot’s kinematic
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FIGURE 3. Power quadrant operation.

position, and a load torque caused by external forces applied
to the robot.

Friction depends linearly on the absolute value of the
load [31]. In fact, for the same load, joint speed variation
results in different joint friction. Considering such experi-
mental observations and the fact that friction has a linear
relation with the absolute value of the load, the following
first-order polynomial expression is proposed.

η(q̇, τL) = (β(q̇)+ α(q̇)|τL |)sgn(q̇) (14a)

where β(q̇) and α(q̇) are the two function to be identified, and
τL is the external joint load comprising gravity and dynamic
load. With |τL | = τLsgn(τL) and sgn(τL)sgn(q̇) = sgn(τL q̇),
(14a) becomes:

η(q̇, τL) = (β(q̇)+ α(q̇)τL)sgn(τL q̇) (14b)

Load-dependent friction is sensitive to the quadrant oper-
ation, whether power flows from the power source to the
load (opposite load) or from the load to the power source
(aiding load). The expression in (14b) is called the power
sign-dependent friction model. Depending on the sign of the
output power denoted by P = τL q̇, one can define four
quadrants that can be categorized into two-quadrant operation
groups called motor and generator (Fig. 3). In quadrants
1 and 3, P is positive, and the actuator exhibits a motor
behavior. In quadrants 2 and 4, P is negative, and the actuator
exhibits a generator behavior. Consequently, a model struc-
ture in (15) is proposed for load-dependent friction.

η(q̇, τL) =


β1(q̇)+ α1(q̇)τL q̇ > 0, τL > 0
β2(q̇)+ α2(q̇)τL q̇ < 0, τL > 0
β3(q̇)+ α3(q̇)τL q̇ < 0, τL < 0
β4(q̇)+ α4(q̇)τL q̇ > 0, τL < 0

(15)

where

βi(q̇) = γ1,i(1− e−|γ2,iq̇|)+ γ3,i
αi(q̇) = λ1,i + λ2,iq̇ for i = 1, 2, 3, 4.

are load-dependent friction model parameters.
Since these parameters are velocity dependent, Equation

(15) is called the velocity-load model.

C. COMPREHENSIVE FRICTION MODEL
A comprehensive friction model is derived after a care-
ful investigation of the nonlinear viscous, load, quadrant-
operation, and temperature dependencies are made. The
experimental results at constant low speeds indicate that the
stiction is small or even negligible in the systemwithHD [32],
[33]. Consequently, the expression for velocity weakening
function is simplified to

g(q̇) = Fcm(q̇), Fc =

{
Fc,p q̇ > 0
Fc,n q̇ < 0

(16)

Therein, m(q̇) = 2
π
arctan(kq̇) with k being a positive con-

stant.
Remark 1: In the real environment, a static friction torque

needs to be taken into consideration. However, the friction
torque of a robot joint module is generated mostly in a
harmonic drive. Since such a transmission system is usually
sufficiently lubricated, the stiction is negligible. In this case
(8) is simplified to (16). Nevertheless, when there is signifi-
cant stiction in the system we can use (8) to express velocity
weakening function g(q̇).

Combining (13) and (15), the expression of a function
ζ (q̇,T , τL) is given by:

ζ (q̇,T , τL) = fv(q̇,T )+ η(q̇, τL) (17)

Consequently, a comprehensive friction model structure
becomes:

τf (q̇,T , τL) = σ0z+ σ1ż+ fv(q̇,T )+ η(q̇, τL) (18)

Remark 2: The z(t) evolution may be obtained by either
integrating the nonlinear differential equation numerically
(10) or applying a proper discretization. The former proce-
dure is presently adopted.

IV. PASSIVITY ANALYSIS OF FRICTION MODEL
In this section, the passivity property of a nonlinear friction
model is studied. The passivity property of friction is essential
to stabilize the closed-loop control system during the design
of the friction compensator. The major advantage of defining
the passivity property for a friction model is that it enables
a control law to be developed separately from the friction
compensator design, provided that each part satisfies some
passivity properties. In other words, a feedback/feed-forward
friction compensation to a passive closed-loop system pre-
serves passivity, which results in an asymptotically stable
closed-loop system together with a feedback friction compen-
sation [15], [34].

Considering the proposed friction model (18), proof for
Property 1 is presented as follows.

Proof: Now, we will evaluate (11) splitting it into
two terms 8 = 81 +82 with

81(0, t) ≡
∫ t

0
(σ0z+ σ1ż)q̇dt
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and

82(0, t) ≡
∫ t

0
ζ (q̇,T , τL)q̇dt

Rearranging and replacing q̇ from (10) in 81 we get

81(0, t) =
∫ t

0
(σ0z+ σ1ż)(ż+ σ0

|q̇|
g(q̇)

z)dt

=

∫ t

0
(σ0zż+ σ1(ż2 + σ0

|q̇|
g(q̇)

zż)+ σ 2
0
|q̇|
g(q̇)

z2)dt

=

∫ t

0
(σ0zż+ σ1(ż+ σ0

|q̇|
2g(q̇)

z)2

+σ 2
0
|q̇|
g(q̇)

z2 − σ1(σ0
|q̇|

2g(q̇)
z)2)dt

≥

∫ t

0
(σ0zż+ σ 2

0
|q̇|
g(q̇)

(1− σ1
|q̇|

4g(q̇)
)z2)dt

≥
1
2
σ0z2(t)−

1
2
σ0z2(0)

if the damping coefficient σ1 ≤ 4g(q̇)/|q̇|.
For the other term, we replace ζ (q̇,T , τL) from (17) and

use (13) and (15)

82(0, t) =
∫ t

0
(fv(q̇,T )+ η(q̇, τL))q̇dt

=

∫ t

0
(fv(q̇,T )q̇+ η(q̇, τL)q̇)dt

≥ 0

if
• the viscous coefficients are restricted to σ2,p(T ) > 0 and
σ2,n(T ) < 0, and

• the load-dependent friction parameters are restricted to
α1(q̇), α3(q̇) > 0, and α2(q̇), α4(q̇) > 0.

It is evident that when velocity increases from the first con-
dition, at some velocity value damping coefficient becomes
larger. If we use a fixed damping coefficient, this condi-
tion does not hold anymore. If the damping coefficient σ1
decreases for increasing velocity,e.g.,

σ1(q̇) = σ1e
−|

q̇
vd
|

a passive model can be obtained, which is physically moti-
vated by the change of the damping characteristics as velocity
increases. vd = 0.001, which determines the velocity interval
around zerowhere there is damping, is chosen in order to have
high damping for zero velocity (see [35]).

V. EXPERIMENTAL RESULTS
In this study, experiments were conducted using a commer-
cial 6-DOF collaborative robot manipulator (called Indy7
[36]). Robot joints are actuated using six brush-less DC
motors with HD. A 16-bit multiturn absolute encoder mea-
sures each angular position. An electric current detection
module designed based on the shunt current sensing method
is used to measure motor current. The joint torque is deter-
mined by multiplying the measured motor current by the

FIGURE 4. The dependency of friction on velocity and temperature for
joint 2. (a) static friction: experimental data (markers) and model fit (solid
lines) corresponding to (20) for different individual joint temperature
values. (b) and (c) depicts the variation of model parameters as a function
of joint temperature for negative and positive velocity, respectively. The
model parameters change with respect to the joint temperature are
indicated with markers, and model fit corresponding to the equation of
parameters described in (13) are indicated with solid lines.

torque constant of the motor. The robot has an integrated
joint containing a direct drive frameless motor, strain wave
gear set, a high-resolution encoder, brake, and integrated
motor control electronics, including a temperature sensor
as a single joint module. This temperature sensor is used
for temperature-dependent friction modeling. The reference
trajectories and data acquisition of each joint were updated at
a sampling frequency of 4 kHz.

A. FRICTION PARAMETER IDENTIFICATION
1) FIRST IDENTIFICATION STEP
During the identification of model parameters, an intensive
experimental study was performed to obtain insights and
separate dependencies in the velocity, temperature, and load.
First, the joint under investigation is rotated back and forth
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at different constant speeds. However, the other joints of the
manipulator are placed in a configuration that results in the
joint under investigation remained not subjected to gravita-
tional load, i.e., a joint whose motion axis is perpendicular
to the ground. Subsequently, (4) can be simplified, and the
friction torque for a single joint can be obtained as

τm = τf (19)

i.e., the measured torque is equal to the friction torque.
The velocity-temperature model (13) parameters are iden-

tified under this experimental procedure. Experimental data
is collected bymanipulating different constant velocity points
covering the considered velocity range over different con-
stant temperatures and observing the average of the resultant
torques. The temperature deviation during every individual
experiment is maintained at ≤ 1 ◦C, which is assumed as
an acceptable uncertainty. The Levenberg-Marquardt algo-
rithm in the optimization toolbox of MATLAB is employed
in the identification process of velocity-temperature model
parameters.

The collected data is used to identify different temperature-
independent friction curves (20)

fv(q̇)+ g(q̇) =

Fc,p + σ2,p(1− e
−|

q̇
σ3,p
|

) q̇ > 0

Fc,n + σ2,n(1− e
−|

q̇
σ3,n
|
) q̇ < 0

(20)

to gain insights into the parameter changes for the joint tem-
perature variation (see Fig. 4(b,c)). The markers indicate the
parameters of the temperature-independent models that have
been identified at single temperature values. A linear equa-
tion was discovered to sufficiently represent the parameter
variation in the temperature (depicted with solid lines). Since
all the other joints of the robot exhibit similar trends, only
the result for joint 2 is presented in Fig. 4. The temperature
range during this identification experiment was limited from
20◦C to 60◦C because of the limitations of the experimental
environment. From the experimental results, we observed that
the variation in the Coulomb friction with the temperature
change is negligible. This shows that the significant influence
of temperature variation is on viscous friction, which supports
the proposed velocity-temperature model (13).

The overall output of the proposed velocity-temperature
model (13) is illustrated in Fig. 4(a).

2) SECOND IDENTIFICATION STEP
In the second experiment, the joint under investigation is
rotated back and forth between the limiting position range
± 90◦ at different constant speeds. The motion is designed to
maximize the variation of gravity load on the joint of interest,
see Fig. 5. From (4), the friction torque for a single joint can
be indirectly obtained as

τf = τm − τg (21)

where τg is joint gravity torque.
The load-dependent friction is obtained by subtracting the

friction in (20) from the total friction expressed in (21).

FIGURE 5. Indy-7 collaborative industrial robot: Measurement scheme to
identify the load-dependent friction parameters for joint 2, and
experimental conditions used to verify the teaching method.

TABLE 1. Quality evaluation for different friction models.

Twenty-two different data points are collected at different
constant velocity points encompassing the considered veloc-
ity range with full payload variation. The friction change
with a load variation is shown in Fig. 1. It is noticeable that
the friction torque is affected less by varying gravity load if
speed and load toque do not have the same sign (areas shaded
white), while a significant load-dependency of friction torque
is visible if speed and load torque have the same sign (areas
shaded gray). In addition to that, Fig. 1 shows that load
dependency can also vary with speed.

The measured data are grouped into four quadrants based
on the sign of the gravity load and the motion direction.
A first-order polynomial is found to be sufficient to repre-
sent the load-dependent friction change with load variation
at each quadrant. Load-dependent parameters βi and αi for
i = 1, 2, 3, and 4, which represent the four quadrants, is iden-
tified at each constant velocity. This facilitated identifying the
behavior of the individual parameters for the velocity change
shown in Fig. 6(a,b). The Levenberg-Marquardt algorithm
in the optimization toolbox of MATLAB is employed to
identify the velocity-load model parameters. To evaluate the
quality of the friction model, the proposed comprehensive
friction model (18) is compared with the standard LuGre
model. Neglecting the effect of the load and the temperature,
friction model (5 ) can be reduced to a standard LuGre
model

τf = σ0z+ σ1ż+ σ4q̇ (22)

where σ4 is viscous coefficient. Both models are param-
eterized to fit the same identification data. Fig. 7 depicts
the model fit and model error for the two different models.
The proposed comprehensive friction model outperforms the
standard model because a significant load dependency is
evident. Furthermore, to quantify the model quality, the RMS
of the model error, ed,RMS, is computed and compared
between the two models, as shown in Table 1. Table 1
indicates that the model quality is improved significantly
up to 69% by considering the load effect during friction
modeling.

71216 VOLUME 9, 2021



M. A. Tadese et al.: Passivity Guaranteed Dynamic Friction Model With Temperature and Load Correction

FIGURE 6. Load-dependent parameters at different constant velocity points for each quadrant operation of joint 2. The parameter change (with
blue markers) is modeled (with red solid line) to map the velocity dependency as in equation (15) (a,b).

FIGURE 7. Model quality comparison of Joint 2. Measured friction
torque (red) is compared with those of different friction models. The
standard model (22) does not capture the significant load dependency
(dark green). The plot against the right y-axis shows that the model error
for the load-dependent model (blue) is significantly reduced compared to
the standard model error (dark green). The load-dependent model (18)
captures load dependency with a better model accuracy (blue).

3) DYNAMIC MODEL IDENTIFICATION
The dynamic behavior of the proposed friction model is
thoroughly characterized, using σ0 and σ1, which correspond
to the fictitious bristle stiffness and damping, respectively. An
open-loop experiment is performed with a sinusoidal torque
input (the input torque is smaller than the Coulomb friction
torque and varies slowly). A more detailed information can
be found in [37]. The Nelder-Mead generalized pattern search
algorithm inMATLAB optimization toolbox has been used to
determine the dynamic parameters, σ0 and σ1, of the proposed
comprehensive friction model (18).

Table 2 reports the estimated values of the dynamic friction
parameters for the six joints of the Indy-7 robot.

TABLE 2. Estimated parameters of the dynamic friction model.

B. APPLICATIONS BASED ON THE FRICTION MODEL
1) FRICTION COMPENSATION
The proposed friction model’s effectiveness is demon-
strated by applying a feedback model based on friction

compensation, which benefits from accurate friction estima-
tions (see Fig. 8). The desired joint trajectory is generated,
as shown in Fig. 9. To prove the necessities of considering
load and temperature effects on friction, experiments are
carried out at high joint temperature (a minimum of 45 ◦C for
joint 1 and amaximum of 55◦C for joint 5), with an additional
payload of 6.66 kg added to the robot.

The control scheme described in [38], originally proposed
to achieve high motion control performances and robustness
even in the presence of disturbances and model uncertainties,
is used in this study for friction compensation. Amodel-based
H∞ PID controller is applied as follows:

τm = M̂ (q)q̈r + Ĉ(q, q̇)q̇r + ĝ(q)+ τref , (23)

where M̂ , Ĉ and ĝ denote the nominal model parameters,
q̇r = q̇+ Kpe+ KI

∫
edt represents the reference trajectory,

e = qd − q is the position error, qd represents the desired
trajectory, and τref is the optimal control input given as

τref = −(K +
1
γ 2 )ėr (24)

= −(K +
1
γ 2 )(ė+ Kpe+ KI

∫
edt) (25)

where γ > 0 and K ,KI ,Kp > 0 are diagonal gain matrices
satisfying K 2

p > 2KI (for details, see [38]).
During the experiment, the actual joint position is mea-

sured, and the controller’s tracking performance with differ-
ent frictionmodels is compared. The experiment is performed
for three cases; first without friction compensation, then with
friction compensation according to (22), and finally with
friction compensation according to (18). The same control
parameters, which are optimally tuned, were used during all
three cases. All experimental procedures are performed in
the current control mode. Fig. 10 shows error distribution
comparison for the three cases. The tracking error distribution
shows the maximum, median (black line inside of each box),
minimum, and the box, representing where the 50% of the
error falls. Experimental results show that neglecting the
temperature and load dependency during friction modeling
results in a root-mean-square error of up to 70% from the
commanded position. Thanks to the improved friction model,
joint position tracking performance increased up to 76% on
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FIGURE 8. Trajectory tracking control scheme with H∞ PID controller and
a model-based feedback friction compensator. The ‘‘real friction’’ block
illustrates the effect of real friction on the joint actuator. ‘‘Plant’’ is the
robot joint actuator. A feedback compensator estimates the friction based
on the joint velocity, q̇, joint temperate, T , and joint gravity torque, τL,
depending on the current robot configuration, and cancels out the effect
of friction.

FIGURE 9. Joint space desired trajectory for friction compensation
experiment.

FIGURE 10. Friction compensation performance comparison. Tracking
error distribution for each joint with maximum, median (black line inside
of each box), minimum, and interquartile range.

the root-mean-square errors comparing to the uncompensated
control.

2) DIRECT TEACHING WITH FRICTION AND GRAVITY
COMPENSATION
Most collaborative robots can be programmed by the teach-
and-playback method, in which the user can literally take the
robot by hand and guide it to the desired goal point of its tool

center point. The most simple direct teaching scheme can be
achieved by compensating the gravity- and friction-induced
torques. To improve responsiveness, friction can partially be
compensated by

τm = τg + αfricτf , 0 ≤ αfric ≤ 1, (26)

where αfric is a friction compensation factor.
A direct teaching scheme in (26) is a completely open loop,

and thus if the estimated desired torque is larger than the
required torque, the manipulator can accelerate and become
unstable. Therefore, the friction factor αfric has to be tuned
to a reasonable value in order not to overcompensate friction
in the general case. Since friction changes substantially over
a long robot operation due to a temperature rise, typically,
αfric tuned to a relatively small value, such as αfric ≈ 0.35.
Thanks to the improved friction model (18), the compen-
sation factor can be increased up to αfric ≈ 0.85 without
any overcompensation. This allows us to decrease interac-
tion forces substantially and almost have the manipulator
free-floating.

Experiments are carried out to investigate the magnitude
of the interaction force required to guide the manipulator to
a desired joint position. A force/torque sensor installed at the
end of the manipulator is used to measure the magnitude of
external force applied by the operator to guide the manip-
ulator to the desired point (see Fig. 5). The experiment is
performed two times; first with friction compensation accord-
ing to (22), and finally with friction compensation according
to (18). During this experiment, the joint temperature was at
27◦C; hence, a more substantial external force is required as a
result of an increase in friction due to low joint temperature.
Taking the friction compensation in high joint temperature
case into account, αfric is tuned and set to 0.35 when a
LuGre friction model (22) used. Likewise, αfric is tuned
for the new friction model (18). Since model (18) allows
quantifying friction effects in the joint with a high level of
accuracy, the value of αfric was increased to 0.85 without any
overcompensation.

Without loss of generality, only joint 2, which covers
considerable load variation, is manually moved while the
other joints are locked, see Fig 5. The manipulator is guided
(the handle attached to the force/torque sensor as shown
in Fig. 5 is used) at velocity about 34 deg/s for all cases.
The interaction force needed to manually move joint 2 of
the manipulator from -90◦ to 90◦ is compared to show how
the new model precisely estimates friction and significantly
decreases interaction force, see Fig. 11. Using the standard
friction model (22) resulted in a larger interaction force up to
48 N, see Fig. 11(a). For the same experiment, except where
the joint velocity was approximately kept about 34 deg/s in
both cases, the proposed friction model(18) allowed to reduce
interaction force up to 66%, which enable the operator to
guide the robot fast with less effort, see Fig. 11(b).
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FIGURE 11. External force guiding joint 2 from position −90◦ to 90◦ at
27◦C joint temperature. (a) With friction compensation according to (22);
joint position (red) and velocity (blue), magnitude of interaction
force (middle) and load variation. (b) With friction compensation
according to (18); joint position (red) and velocity (blue), magnitude of
interaction force (middle) and load variation.

VI. CONCLUSION
Amodified empirically motivated friction model for a robotic
joint has been presented. A velocity-dependent generalized
empirical friction model is introduced to capture the non-
linear thermal dependency, external load dependency, and
quadrant of operation dependency of the friction model. An
extensive experimental study has been conducted to identify
the parameters of the model to capture all friction-affecting
features. In the first identification step, the velocity and
temperature effects under a no-load condition are examined
to identify velocity- and temperature-dependent parameters.
The second identification step considers the load effect at a
constant temperature and velocity to identify load-dependent

parameters. From the conducted experiments, the following
observations are made:

• the quadratic character of the friction dependence on
load

• the non-linear friction dependence on the velocity at
some constant operating temperature

• the variation in load-dependent friction with velocity
change

The dissipative property of the proposed friction model is
analyzed, and the model parameters are constrained to guar-
antee the passivity of the model. The proposed friction model
is evaluated in two robotic applications. In the first applica-
tion, considering temperature and load dependency of friction
resulted in a significant improvement in the root-mean-square
errors up to 76% and 70% compared to uncompensated and
compensated with standard friction model (22), respectively.
In the second robotic application, the friction compensation
factor, which depends on the friction model used, is increased
from αfric ≈ 0.35 to αfric ≈ 0.85 since the friction model
included the load and temperature effects. This resulted in
a significant decrease in the interaction force up to 66%
and ensured that the teaching force did not change with the
variation in the robot’s configuration and temperature. This
paper’s proposed friction model and estimation technique
are valid for serial link collaborative industrial robots with
serial kinematic structure and a modular joint containing
strain-wave transmission.

In future studies, an online model parameter estimation
algorithm will be developed to overcome time-consuming
offline identifications. Furthermore, applications that benefit
from the proposed model will be investigated.
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