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Friction Compensation of DC Motors for
Precise Motion Control Using Disturbance
Observer
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ABSTRACT

Friction compensation is often neglected in DC
servo control systems where precision is not a main
concern. However, friction compensation is necessary
to achieve precision of a motion control system. In
this research work frictional components have been
estimated using constant angular velocity motion test
and by the use of the disturbance observer. Distur-
bance observer based friction compensator has been
Modeled and developed model was implemented in
hardware setup and evaluated using simulation and
practical results.
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1. INTRODUCTION

When developing precise motion control devices,
friction plays an important role. Friction is the nat-
ural resistance to the movement of a surface with re-
spect to the surface in contact. In order to achieve
the best performance, friction compensation methods
have been used in many rotary systems. Friction is
dependent on the surface of material, characteristics
of lubrication and the normal contact force charac-
teristics of the motion control systems [1]. However,
it is very hard to obtain exact parametric model for
frictional effects, because it’s dependent on velocity,
system payload, and the system configurations [2].
Therefore several algorithms were developed using
standard PID and Artificial Intelligent mechanisms
[3]. However such algorithms were not capable of
delivering the desired precision under the influence
of friction. Static friction, coulomb friction, viscous
friction and stribeck effect are the available frictional
factors in a rotary system [4] while static friction and
viscous friction are considered to be linear and other
frictional elements are often neglected because either
they are insignificantly small or highly nonlinear.

Fuzzy logic [5]-[7], artificial neural networks [8]-
[11], neuro-fuzzy [12]-[15], PID based models have
been used for friction compensation in most of the
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DC servo systems. Friction compensated torque con-
trollers, position controllers or velocity controllers
have been developed using artificial intelligent based
systems. Researchers haven’t estimated the fixed val-
ues for frictional effects in most of the cases except
in PID based friction compensation systems. It is
very important to estimate fixed friction values for a
motor because it can be used in any model when de-
veloping precise motion control systems. It is not
necessary to compensate frictional effects for large
scale motors where frictional torques are negligible
when compared with the other torques. However
it is necessary to compensate friction, in order to
achieve high precision of a motion control applica-
tions. In this research work authors have proposed
a novel concept to compensate friction using distur-
bance observer (DOB) and reaction torque observer
(RTOB). Derived model has further simplified as for
the practical use. Frictional elements have been es-
timated using constant angular velocity motion test
and disturbance observer.

2. DC MOTOR MODELING

L R L,

Fig.1: Electrical model of a DC' Motor.

DC motors are widely used in numerous control ap-
plications, including robot manipulators, disk drives,
machine tools and servo actuators and high torque
applications etc. DC motor is an essential device in
precise motion control applications. DC motor mod-
elling is much simpler with comparing to other mo-
tors. DC motor’s electrical equivalent model is shown
in fig.1. In the fig.1, R is the armature resistance and
L represents the inductance of the motor [16].
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Supply current is proportional to the motor torque
as shown in equation (4). According to the equa-
tion (6) generated motor torque is equal to the load
torque, motor acceleration, viscous friction and static
friction mainly. When motor is not accelerating ma-
jor fraction of motor torque is consumed by the exter-
nal load. Static friction is the main frictional element
of a motor when comparing to other frictional effects.
Viscous friction is always dependent on the rotor an-
gular velocity.

From the Kirchhoff’s voltage law following differ-
ential equation (1) can be obtained for the DC motor
model.

dl,
Va - LE + RIa + Eb (1)

If Ej is the back emf and K. is the back emf con-
stant.

Ey = K.w(s) (2)

From equation (2), Eqation (1) can be rewrite as fol-
lows in equation (3)

1,
V, = L% + RI, + K.w)(s) (3)

If the total mechanical output given by the motor is
T77L

T
I, = — 4
a kt ( )

Where k; is the torque constant of the motor.
From equation (4), equation (3) can rewrite as in
equation (5).

T/ K T,
V, = LM + R 4 Kow(s) (5)
dt k¢

Motor torque Tm can be written as follows in equa-
tion (6).

dw

T, =
Jdt

+ Bw + Tegr + T (6)

Where
T; : static friction

Teqt : external torque

T,, : motor torque

J  :inertia constant

B : viscous friction coefficient

w :angular velocity of the rotor

In s domain equation (6) and (4) can be represented
as follows in (7) and (8).

Tin(s) = [Teat(s) + Ty(s)]
Js+ B

w(s) = (7)

T(s) = kila(s) (8)

As for (7) and (8), DC motor model can be shown
as in fig.2, where 6 is the displacement angle of the
rotor and Tj,; is the interactive torque. For a single
motor servo control system interactive torque can be
considered as zero. Addition of static friction, viscous
friction, load torque, interactive torque is known as
the disturbance torque of a motor [17]-[19].
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Fig.2: DC motor model.

3. MODELING THE DISTURBANCE OB-
SERVER
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Fig.3:  Estimation of Disturbance Torque wusing
DOB.

At the operating conditions load torque motor
torque are two torques applied on the electric motor.
Load torque could be expressed as in (9).
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JO =T, —T, (9)
Tyis = disturbance torque
Tint - Interactive torque
Teqt : external torque
J, : nominal motor inertia
ki, : nominal motor constant
AJ : self inertia variation

4. DOB BASED FRICTION ESTIMATION

0.015

Torque(Nm) vs Velocity(rpm)

Ak; : self motor constant variation
0 : rotor acceleration
Load torque can be shown as follows in (10)

Ty = Ting + Texe + Tf + BY (]-0)
In (11) and (12) parameters are subjected to change.
The total rotor inertia is subjected to change with
subsequent modifications of the rotary system. ki,
motor torque constant may change especially in per-
manent magnet DC motors when magnetic charac-
teristics deteriorate over the time.

J=J,—AJ

Ky = Ky, — AK,

Equation (13) shows the disturbance torque

Tuis = Tint + Tows + Ty + BO — AJO + AKI7¢F (13)

From equation (10) and (13) the disturbance torque
Tyis can be rewritten as,

Tuis = Ty + AJO — AK,I7¢7 (14)
From equation (14) and (9),(4)
Tuis = KIT — J0 + AJO — AK 7SS (15)

By substituting terms in equation (11) and (12) in
equation (15)

Tais = Kend[T — Jn0 (16)

When angular acceleration and motor current are
known parameters, it is possible to calculate the dis-
turbance torque (Ty;s) from the block diagram in
fig.3. Equation(16) could be represented as shown
in fig.3. This implementation is known as the dis-
turbance observer. The low pass filter is included to
remove undesirable high frequency responses due to
the differentiation stages in the DOB.
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Fig.4: Velocity Torque Response of DC motor.

Fig.4 shows the response of constant angular veloc-
ity motion test for both clockwise and anticlockwise
directions. Disturbance observer is used to estimate
the frictional components. When no load is applied,
disturbance observer can be used to estimate the fric-
tional elements as shown in (17). Motor was started
from standstill to measure the static friction. Here
we assume that we have estimated the accurate pa-
rameters of J and K [20]. Therefore, AK; — 0 and
AJ — 0 as explained in (11) and (12). Tj,; is not
presence since the apparatus is a single DOF actua-
tor system. T,,; is considered to be zero at no load
conditions.

Tais = BO + Ty (17)
Initially 0.001A current is commanded to the mo-
tor and subsequently, current is increased by the steps
of 0.001A. When a motion is detected, the torque out-
put of the disturbance observer was recorded. So this
torque is considered to be static frictional torque of
that particular direction.
Above test was conducted for velocities in-between
-500 rpm to +500 rpm. Viscous friction coefficient
could be estimated from the gradient of fig.4.

5. HARDWARE CONFIGURATION

Handle

Motor

Motor
controlling unit
Current sensor
unit

SD Card reader

Encoder
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Microcontroller
unit

Transformer 2

Fig.5: Hardware Configuration.
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Experimental hardware setup is shown in fig.5.
2500ppr incremental encoder is used for position iden-
tification and SD card reader is attached using SPI
protocol for data storage. The handle is fixed to the
DC motor rotor as shown in fig.6 to provide the ex-

ternal torque.

Fig.6: Motor Rotor handle.

6. FRICTION COMPENSATION METH-
ODS

6.1 Using Disturbance
(Method A)

Disturbance torque output from the disturbance
observer can be shown as in equation (18).

Observer Method

Tis= Tintt Towit (J— Jp) 04+ BO+ T+ (K — K ) I7°7(18)
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Fig.7: Estimation of Reaction Torque using RTOB.

Reaction torque observer has been used for the
modeling of friction compensation block diagram too.
Frictional effects and changes due to parameter vari-
ations are removed from the disturbance observer to
compute reaction torque.

Block diagram of the RTOB is shown in fig.7. For
single motor control system 7T;,; can be assumed as
zero [20]. External torque could be measured by using
the RTOB as shown in fig.7.

Fig .8 shows the modelled block diagram for fric-
tion compensation using DOB and RTOB. Estimated
values for static friction and viscous friction coeffi-
cients from constant angular velocity test can be used

Lot Tt Tr+BO

Current
feedback

1 e
K\ﬂ B

Fig.8: Friction Compensator Block Diagram using
DOB and RTOB (method A).

in the control block diagram. Changes due to the pa-
rameter variation were assumed as zero in practical
operating conditions. Block diagram in fig.8 can be
shown as in fig.9.
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Fig.9: Simplified version of DOB and RTOB Fric-
tion Compensator.

6.2 Simplified and most Effective Block for
Friction Compensation (Method B)

Above block diagram illustrate that, actual input
from both DOB and RTOB can be shown as follows
in fig.10.

Text+ Tint+ Tf+Bg
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+
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Fig.10: Simplified Friction Compensator Block Di-
agram using DOB and RTOB Methods.
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DOB output can be shown as follows in equation (19)
and RTOB output as in equation (20)

2 Grec A
DOBou U :(ITEfK 0 Jn rece) - _Jn rece 19
tput=\1gq "HintJIng St gre Grect(19)

RTOBoutput - [(I;efKth + Jngrecé) - (Bg + Tf+

AJH - AKtlgef>] (Sj’?) - Jngrecé (20)

Assuming Ak, = 0 and AJ = 0 equation (20) can be
modified as equation (21)

RTOBoutput = [(IgefKtn"'Jngrecé)

— (BO+Ty)] (g”c> — Jngrecd (21)

S gT'EC
Using DOB and RTOB equations

DOBoutput — RTOBoutput = (Ba'+Tf) (i) (22)

9r

Equation (22) can be demonstrated as shown in

fig.12.
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Fig.11: Simplified Version of Friction Compensator
Block Diagram (method B).

When comparing block diagrams in fig.8 and
fig.11, fig.11 contains lesser no of parameters. Method
A is bit complicated than method B, therefore algo-
rithm cycle time is much greater in method A. As
far as the practical scenario is concerned, method B
is the most suitable model for friction compensation
purposes.

7. STABILITY ANALYSIS

Stability analysis was done for both method A and
Method B. Disturbance torque input was considered
as the input and angular velocity was considered as
the output for analysis. A Matlab algorithm was used
for stability analysis. For both models, transfer func-
tion was the same as in (23). According to the trans-
fer function, only one pole is at the 1.396 x 1072!,

If transfer function is G(s)

—1.099

Gl8) = 71396 x 10-28

(23)

Pole is at the left side of the imaginary axis and on the
real axis. Therefore both models are stable. DC mo-
tor Parameters used for the above analysis are shown
in tablel.PID gain values of the model was selected
using a trial and error method for a PID based cur-
rent controller. Root locus plot for the both models
are shown in fig.12. Fig.13 illustrates the behavior of
the system with different inertia values.
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Fig.12: Root Locus Plot for the Control Block Dia-
gram.
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Fig.13: Frequency response of the system with dif-
ferent motor inertia values.

8. SIMULATION RESULTS

Models in method A and B were implemented in
Matlab Simulink. Theoretically, for external torque
pulse inputs, if friction is compensated by the derived
models, rotor should accelerate for the time interval
of the external torque and then it should continuously
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Table 1: Parameters of the used DC motor.

Symbol Value Units
Parameters
Nominal Motor inertia Jn 0.000091 kgm?
Motor inertia J 0.000091 kgm?
Nominal Torque
coefficient Kin 0.134 Nm/A
Torque coeflicient K 0.134 Nm/A
Proportional constant Kp 0.001 rad/s
Integral constant K; 0.0001 rad/s
Derivative constant Kq 0.00001 rad/s
Cut-off frequency of low
pass filter Gree 200.0 Hz
Viscous friction
coofficient B 0.0000021 |Nm/rpm
Static friction Ty 0.001119 Nm

rotate at the final velocity. Fig.14 shows the external
torque input pulse on the rotor of the Simulink model.
Fig.15 shows the output response of the rotor for this
external torque pulse input.
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Fig.14: External torque variation 1(A Pulse).

Fig.15 shows the output response without friction
compensator. Output response of the motor with the
friction compensation is shown in fig.16. Both mod-
els show the same output responses in the simulation
models.

0

02
04
Rotor 06
Velocity
(tpm) 08
K] .
12}
14 i i i H H i i i i
0 1 2 3 4 5 6 7 8 9 10

Time offset 0

Time (ms)

Fig.15:
tion).

Motor Response 1(Rotating Speed Varia-

Velocily v Time
T T

Rotor  92f : 1
Velocity gl \ .00 : : e b R
08F -\ : PO S : : EERUR SRR
Ak
a2k 4
14+ 4
16 L i i i L 1 i i i
0 1 2 3 4 5 1 7 8 9 10
Time offset: 0
Time (ms)
Fig.16: Motor Response 1(Rotating Speed Varia-
tion).

Then two way external pulses were applied on the
rotor as shown in fig.17. Fig.18 shows the output
response of the rotor.
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Fig.17:
Pulses).

External Torque wvariation 2 (Two way

For the first torque pulse in fig.17, rotor acceler-
ates for the time of the pulse and continues the rota-
tion from the final velocity obtained. For the second
torque pulse, which is equal to the magnitude and
opposite in direction, rotor should stop the rotation
theoretically as shown in fig.18. This process should
repeatedly occur until input torque pulse stops. So
both models are theoretically working ideally in the
simulation.

9. PRACTICAL RESULTS

Models in method A and B was implemented in
practical hardware setup and continued the testing
procedure. Data was stored in the SD card while do-
ing the testing. Following figures were drawn using
Gnuplot. Velocity of the motor should decay in the
absence of friction compensation. Fig.19 shows the
behavior of the selected DC motor before compen-
sating the friction. External torque pulse was applied
by hand and velocity is hardly retained even for two



80 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.9, NO.1 May 2015
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Fig.18: Motor Response 2(Rotating Speed Varia-
tion).

seconds. It rotates two revolutions without friction
compensation.

Velocity vs Time

120 T T
Vvelocity

100 [~ f

:
B[k
T
. +
E eof %
c :
g afoos
2 N
30 foeens
o |-

» . L . L .

[] 2 4 ] & n 12 14 16 18 20
Time (s)
Fig.19: Rotor Characteristics without friction

Compensator- Single External Torque Pulse.

First, method A was implemented and both static
friction and viscous frictions were compensated. Out-
put velocity response for an external torque pulse is
shown in fig.20. Velocity retains around 8 seconds
but it decays. When the velocity reduces up to cer-
tain extent, thereafter velocity decreasing rate goes

up.

Velocity vs Time
250 T T T T T

T
Velocity +

200 |-

150

Velocity (rpm)

100 [~

50 -

AR nu s NS SETRTRRI

Fig.20: Motor Characteristics with method A
friction Compensator-Single External Torque Pulse
(Both F and B8 have been compensated).

Only static friction was compensated using
method B model and output response is shown be-
low in fig.21. Velocity decays more rapidly and it is
retained around for 10 second.
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Fig.21: Motor Characteristics with friction
Compensator-Single External Torque Pulse (Only F
has been compensated).

Then viscous friction is introduced to the com-
pensator. It was rotate almost continuously even for
small external torque pulses as shown in fig.22. Even
when the speed is as much less as 90 rpm, the system
works considerably. The System works for various ex-
ternal torque pulse ranges including very low values.
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Fig.22:

When the initial velocity is higher, velocity is sus-
tained for a longer period as shown in fig.22. Later
parts of the decays seem to be identical in shape as
in fig.22. This implies that the simple friction model
assumed as T + B# is not fully valid throughout the
response. Thus nonlinear effects and/or rotor wide
frictional values should be considered for better fric-
tion compensation.

Next, continuous external torque pulses were ap-
plied for both clockwise and anticlockwise directions.
Fig.23 shows the velocity output response of a DC
motor without friction compensation. The velocity
decays rapidly. When friction compensation is intro-
duced to the system, speed retained much longer until
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Fig.23: Rotor Velocity Characteristics without
Friction Compensator-Two way continuous external
torque pulse series.

the next torque pulse in the counter direction. There-
after next counter pulse changes the rotational direc-
tion. This process repeatedly occurring until pulse
input removes. This result is shown in fig.24.
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Fig.24: Rotor Velocity Characteristics with Friction
Compensator-Two way continuous external torque
pulse series.

10. CONCLUSIONS AND FUTURE WORK

In this research work two models have been pro-
posed for friction compensation. Both methods have
been implemented and evaluated using solid simu-
lation and practical results. Both methods produce
perfect results in simulations. However as far as prac-
tical scenario is concern friction compensation model
in method B is more effective. Moreover derived
model could be used to verify the static friction value
and the viscous friction values which were estimated
from the constant angular velocity motion test.
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