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Abstract Precision positioning systems are fundamental components in industrial machines such as machine tools,
measuring machines and semiconductor manufacturing systems. The performance of the machines depends on the
positioning systems. For precise positioning are often used DC motors. The paper deals with experimental method of
DC motor friction identification. The aim of the paper is determining of suitable way of DC motor friction modeling.
At first the basic static friction models are introduced and linear mathematical model of DC motor is established. DC
motor friction identification is by means of experimental method done using Newton™s mechanics. For experiment
PITTMAN 9413 motor with encoder is used. For measuring of friction torque the measuring 1/0 card is used which
cooperates with Matlab / Simulink by Real Time Toolbox. Then the mathematical model is simulated and compared
with real model of DC motor. In the conclusion the effects of particular friction models affecting DC motor are
described and the best way of friction modeling for DC motor is determined.
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1. Introduction

Nowadays there are a lot of tasks in mechatronics
which concern precise positioning in mechanisms. Mostly
a friction phenomenon plays large problem in these tasks
and many times it has to be compensated. The friction can
be compensated be various ways, for example by design
solution, by lubricant or by suitable friction compensation
method. The friction is a phenomenon which is not easily
to describe exactly. For these purposes there were a lot of
friction models and compensating schemes described.

Modeling and identification of mechanical systems
constitute an essential stage in practical control design and
applications. Controllers commanding systems that
operate at varying conditions or require high precision
operation raise the need for a non-linear approach in
modeling and identification. Most mechanical systems
used in industry are composed of masses moving under
the action of position and velocity dependent forces.
These forces exhibit nonlinear behavior in certain regions
of operation [1].

DC motors, as components of electromechanical
systems, are widely used as actuating elements in
industrial applications for their advantages of easy speed
and position control and wide adjustability range.
Consequently, examination of DC motor behavior
constitutes a useful effort for analysis and control of many
practical applications. In modeling a DC motor connected
to a load via a shaft, the general approach is to neglect the
nonlinear effects and build a linear transfer function
representation for the input—output relationship of the DC
motor and the load it drives [2,3,11].

In this study a friction of DC motor is investigated. A
mathematical model of a DC motor is well know and if

we know to describe a friction in motor we can easily
control angular velocity or angular position.

2. Static Friction Models

Friction is the tangential reaction force between two
surfaces which are in the contact. In dry sliding contacts
between flat surfaces friction can be modeled as elastic
and plastic deformation forces of microscopical asperities
in contacts. In dry rolling contact, friction is the result of a
non-symmetric pressure distribution in the contact. Other
physical mechanisms appear when lubricant is added to
the contact. For low velocities, the lubricant acts as a
surface film, where the shear strength determines the
friction. At higher velocities at low pressures a fluid layer
of lubricant is built up in the surface due to hydrodynamic
effects [13,14].

The behavior of friction has been extensively examined
during the 20™ century. The experiments have been
performed under idealized conditions with clean surfaces
and for stationary conditions, e.g. constant velocity.

2.1 Static Friction

Static friction is the friction when the two surfaces are
sticking. The force required to overcome the static friction
and initiate motion is called the breakaway force. The
static friction is usually larger than Coulomb friction force.

2.2 Coulomb Friction

Coulomb friction is independent of velocity and is
always present. This friction component is only dependent
on the direction of motion, in such way that it is in the
direction opposite to the velocity. The magnitude of
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Coulomb friction depends on the properties of the surfaces
in contact and the normal force. Coulomb friction is also
known as kinetic friction [12].

2.3 Viscous Friction

Viscous friction is dependent of the velocity. At zero
velocity the viscous friction is zero and the viscous
component increases with the increase of velocity.

2.4 Stribeck Friction

Stribeck friction arises from the usage of fluid
lubrication. At low velocity the friction will decrease with
the increase velocity. Stribeck friction is usually expressed
by following equation [15]:
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where Fc, Fs, vs, Fw are Coulomb friction, static friction,
stribeck velocity and viscous friction, respectively. The Stribeck
friction is in the Figure 1 shown.
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Figure 1. Stribeck friction

3. DC Motor Mathematical Model

A DC motor consists of two sub-processes: electrical
and mechanical. The electrical sub-process consists of
armature inductance, armature resistance and the magnetic
flux of the stator. A second sub-process in the motor is a
mechanical one. It consists of the inertia of the motor and
a load. The difference in motor speed is caused by the
electromagnetic moment generated by the amplifier
current, load and friction of the motor [4].

The main advantages of the DC motors are easy speed
or position control and wide adjustable range to follow a
predetermined speed or position trajectory under load.
These have been extensively used in several industrial
applications [5,6,7,8,9,10].

Commutaior 1

Figure 2. Permanent magnet DC motor

One of the common used actuator in control systems is
a DC motor. The Figure 3 shows simplified electrical
circuit of DC motor and mechanical model of a rotor.
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Figure 3. DC motor

For the armature of DC motor we will use (PITTMAN
9413) the following parameters values are:

R=armature resistance= 5.35 Q

L=armature inductance=3.93 mH

J=moment of inertia=2.75e® kgm?

K=motor torque constant=0.0316 Nm/A

Ke=back emf constant=0.0316 Vrad/s

B=viscous friction (will be identified by experiment)

Tn=motor torque

The mathematical model of DC motor is expressed by
following equations:

dof(t) _
JT+ Bo(t)=T,(t) (@)
L%t)mia (t)=v, ()Y, (1 ®)
v, = K, oo(t) (4)
T (1) = Kii, (1) (5)

By means of Laplace transformation we can obtain
transfer function of DC motor.

Q(s) KK,

V.(s) (Js+B)(Ls+R)+ KK, ©)

The mathematical model can be expressed by block
diagram according the Figure 4.
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Figure 4. Block diagram of DC motor

Accurate model building is a crucial stage in practical
control problems. An adequately developed system model
is essential for reliability of the designed control. When
the plant has uncertainties or time dependencies, or cannot
be parameterized, a model for the system may be hard to
obtain. For such systems, the system parameters should be
determined using system identification techniques [3].

If all the variables of motor are know the experiment
for friction identification can be done.
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4. Experiments and Simulations

Consider the DC motor motion equation in general.

da(t)

5 - T,0)-T, (7
where T; is motor friction in general. When angular
velocity has constant value, the left side of equation equals
zero and motor torque equals to friction torque.

Tm (t) = Tf (8)

Now the motor friction measuring task changes to the
motor torque measuring, of course for constant angular
velocity. Using DC motor without any load with voltage
supply we reach angular velocity, what is by motor
encoder measured.

4.1 Experiment

The experiment is by means of input-output measuring
card MF624 done. MF624 has a several digital
inputs/outputs, analog inputs/outputs and encoders.
Limitation of inputs and outputs signals is +-10 V. The
measuring card cooperate with software Matlab / Simulink
through Real Time Toolbox.

The wiring scheme is in the Figure 5 shown.

MF 624

Figure 5. Wiring scheme

The measuring card can work only with voltage signal
therefore we have to measure voltage change on the
resistor Rs. According to Ohm’s law can be actual current
expressed and by measuring of actual current we can
express actual motor torque which equals to the friction
torque. Photo from experiment in the Figure 6 is shown.

Interface between
Mf624 and encoder

DC motor with encoder

Figure 6. Experiment

At first the static friction of dc motor is determined.
The motor voltage supply increases to the moment when
the motor shaft starts rotate. The maximum value of motor
torque for stationary motor shaft presents static friction
torque. For static friction of motor were done ten

measurements. The example of measurement in the Figure
7 is shown.
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Figure 7. Measurement of the DC motor static friction

As can be in the Figure 7 seen, the motor friction
decreases when the shaft starts rotate what indicates
Stribeck effect.

On the next figure is shown measured DC motor torque
for constant angular velocity.
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Figure 8. DC motor torque for constant angular velocity

For constant velocity is determined DC motor torque by
computation of torque average value.

Next measurement is for motor in motion. Motor
supply voltage gradually increases with step 0.3 V up to
the value 19 V. The results of measurements in the figure
9 are shown.
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Figure 9. Friction characteristics of DC motor



American Journal of Mechanical Engineering 4

In the Figure 9 can be seen Stribeck friction. From the
static friction the friction decreases up to Stribeck velocity
and then mainly the viscous friction occurs.

Now the mathematical model can be verified with
measured values.

4.2 Simulation with

Experiment

This section discusses with ways of friction modeling.
At first sight the friction characteristics appear like linear
increasing with significantly slope. So, at first we can
model friction like viscous friction. Neglecting the static
friction we get linear equation:

y(x) = 0.0000049804x (9)

and Comparison

Assuming that DC motor stall torque is 0.1102 Nm
(from datasheet) the slope of viscous part of friction is
very small. The curve with very small slope should be
replaced by straight line which presents Coulomb friction
model with value 0.0025 Nm, see Figure 10.
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Figure 10. Coulomb friction in comparison with measured friction

In the Figure 11 the all three frictions are shown.
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Figure 11. Stribeck, viscous and Coulomb friction

After DC motor friction identification can be
verification done in software Matlab / Simulink.
Verification is based on mathematical model with

assuming three different friction courses. The first is
model with Stribeck friction, second is model with viscous
friction and third is model with Coulomb friction. The
models are compared with experiment where as input
variable is DC motor voltage supply (in the simulation

represented by step block) and as output variable is
angular velocity. The results in the figures 12-14 are
shown.
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Figure 12. DC motor angular velocity with different friction models —
voltage supply —2 V

Closest to the measured angular velocity is model with
Coulomb friction. The next is Stribeck friction.
Interestingly, that viscous friction which is very similar to
Stribeck friction, see Figure 11, gives less precise result in
comparison with Coulomb friction.

On the next figure the same measurement is done with
the voltage supply 4 V.
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Figure 13. DC motor angular velocity with different friction models —
voltage supply — 4 V

Now for voltage supply - 4 V, the model with Coulomb
friction is not so close to the measured angular velocity as
in the case with 2 V.

In the next figure the voltage supply is 6 V.

=z B B 3

<= Coulomb friction

= liscous friction

== Stribeck friction

— Measured angular velacity

Angular velocity [rad/s]

008 02 04 02

]
Time [s]

Figure 14. DC motor angular velocity with different friction models -
voltage supply - 6 V
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From the Figure 14 is obvious that Coulomb friction is
almost same as Stribeck friction. From the last three
simulations it can be seen that the higher voltage supply is
the bigger distance appears between measured angular
velocity and angular velocity of model with assuming
Coulomb friction. From this reason it is not suitable
solution to use Coulomb friction model to modeling DC
motor mathematical model.

Nevertheless, that viscous friction model gives better
mathematical model because of its linearity, for more
precisely results it should be used Stribeck friction model,
which is very close to measured angular velocity.

5. Conclusion

The problem of accurate control of electromechanical
systems is very important in many industrial applications such
devices, e.g. motors or essential parts of positioning / tracking
systems. A friction, occurring in moving mechanisms, causes
failures especially during precise position regulation. Friction
was described by several friction models in the past. In the paper
the DC motor (PITTMAN 9413) friction is identified by
experimental method using measuring card MF624 which
cooperate with Matlab / Simulink. The result shows that
Coulomb friction model gives better result in comparison with
viscous friction model but the best result gives mathematical
model of DC motor with considering Stribeck friction. Coulomb
and Stribeck friction model causes non-linearities in model in
comparison with viscous friction model but gives more precisely
result. For tasks, where DC motor is used for precise positioning
should be used more complicated model of friction like Stribeck
friction.
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