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Abstract: This paper presents the experimental dynamic parameters identification of an omni-directional mobile robot
with four wheels. Three methods of parameters identification related to dynamic equations are described, the
parameters are the viscous frictions, the coulomb frictions and the inertia moment of the robot. A simulation
environment, simulation results and real results are presented.

1 INTRODUCTION drawn in section 5.

Dynamic modelling of mobile robots is very impor-

tant to design of controllers, mainly when the ro- 2 THE MOBILE ROBOT MODEL
bots need to travel at higher .veloqity and perform
heavy works. For example, in (Liu et al., 2003) The omni-directional mobile robot model is develo-

and (Watanabe, 1998), control strategies for omni- oy pased on the dynamics, kinematics and DC mo-
directional robots using the dynamic model are dis- tors of the robot '

cussed. However, non-linearities, like motor dynamic
constraints can greatly affect the robot behaviour, es-
pecially when the robot is accelerated and deceler-
ated. This paper presents a robot model identifica-
tion that could find the non-linear saturation elements.
Three methods are described to identification of the
model’s parameters.

We focus attention on a omni-directional mobile
robot with four motors, as shown in Fig.1(a), built
for the 5dpo Robotic Soccer team from the Depart-
ment of Electrical and Computer Engineering at the
University of Porto at Porto, Portugal. For this ap- :
plication (Robotic Soccer) the mobile robot needs to (a) Mobile robot. (b) Geometric parameters
execute trajectories quickly and with a perfect posi- and coordinate frames.
tion to the objective, for example, positioning to the
ball, or to the goal, or to avoid dynamic obstacles. So,
the dynamic characteristics of the motion are essential
to follows the path correctly.

In section 2, the omni-directional mobile robot ~ The World frame( X, Y, 6), the robot's body frame
model is developed. The experimental methods of and the geometric parameters are shown in Fig. 1(b).
identification to model's parameters is presented in The following symbols, in SI unit system, are used to
section 3. In section 4, simulation environment, simu- modelling:
lation and real results of the identified model are pre- ¢ b [m] — distance between the point P(center of chassis)
sented. Finally, the conclusion and future works are  and robot's wheels

Figure 1: Omni-Directional robot.
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M [kg] — robot mass
r [m] — wheel radius
e [ — motor reduction

J [kg.m?] — robot inertia moment

e B,, By, [N/(m/s)] — viscous friction related td/
andV,, velocities

e By [N/(rad/s)] — viscous friction related té) velo-
city

e Cy, Cyn [N] — coulomb friction related td” andV;,
velocities

e C, [N.m] — coulomb friction related téV" velocity

e V,V, [m/s] — linear velocities of the robot

e W [rad/s] — angular velocity of the robot

e 0 [rad] — orientation angle of the robot

e F,, F,, [IN] — traction forces of the robot

e I [N.m] — rotation torque of the robot

e v1,v2,v3,v4 [Mm/s] — wheels linear velocities
e f1, fa, f3, fa [N] — wheels traction forces
o T,T5, T3, Ty [N.m] — wheels rotation torque

2.1 Robot Dynamics

By Newton’s law of motion and the robot's body
frame, in Fig. 1(b), we have

Fo(t) = Md%t) + BV () + Cosgn(V(E)) (1)
Fou(t) = MdV(Z(t) + BunVa(t) + Consgn(Va(t))
)
T = JdVZt(t) + BuW(t) + Cusgn(W(t) (3)
where,
1T, a >0,
sgn(a) = { 0, a=0,
-1, a<0.

The relationships between the robot’s traction
forces and the wheel’s traction forces are,

F,(t) = fat) — fa(2) 4)
Fvn (t) = fl (t) 7 fd (t) (5)
L) = (f1(®) + f2(t) + f3() + fa(2))b(6)

The wheel’s traction forcg) and the wheel’s
torque("), for of each DC motor, is as follow:

()

o= = ™
T(t) 1Ky .ia(t) ®)

wherei, (¢) is the armature current arid; is motor

wt) = Lad’;f)+3aia(t)+mwm(t) ©)
W) = Kiio(t) (10)

whereL, is the armature inductance®,, is the ar-
mature resistancey(t) is the applied armature vol-
tage,w,, (t) is the rotor angular velocity inad/sec,
k, is the emf constant.

2.2 Robot Kinematics

By geometric parameters of the robot and the robot's
body frame, in Fig. 1(b), it is possible to derive the
motion equations,

dz(t) _

V(t)cos(6(t)) — Vn(t)sen(6(t))

dgggt) ; V(t)sen(6(t)) + Vn(t)cos(0(t))  (11)
G = W)

The relationships between wheel’s linear velocities
(v1, v2, v3 andw,) and robot velocities\(,Vn and
W) are,

Va(t) + bW (1)

vi(t) =

va(t) = —V(t) + bW (t

) = U (12)
va(t) = V(t) + bW (1)

Wherez(t) andy(t) is the localization of the point
P, andd(t) the orientation angle of the robot.

3 MODELS PARAMETERS
IDENTIFICATION

The parameters related to dynamic equations of the
mobile robot were experimentally identified. The
parameters are the viscous friction8,( By, Bw),

the coulomb frictions @, C,.., C,,) and the inertia
moment(/) of the mobile robot. The robot mass was
balanced{/ = 35kg). Three methods were used
to identify the parameters, which are detailed in the
next subsections. The coulomb and viscous frictions
were identified with the methods 1 and 2. The inertia
moment was identified by two ways: combining the
method 1 with the method 2, and with the method 3.
Thus, we used two methods for identify the frictions(1
and 2) and two methods(1+2 and 3) for identify the
inertia moment.

3.1 Method 1 - Robot on Steady
State Velocity

torque constant. The dynamics of each DC motor can This method was used to identify the viscous

be described using the following equations,
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(Cy, Cyn, Cy) of the mobile robot. This method
consists of apply velocitie¥’, V,, and W in robot,
and measure the traction forcéy( F,,) and the
torque("), with the robot on steady state velocity. Due
to steady state velocity (null derivatives) and for posi-
tive velocities, we can simplify the equations 1, 2 and
3:

F,(t) = BV(t)+C, (13)
T(t) = BuW(t)+Cy (15)

Three experiments had been made, fqrV,, and
W separately. The experiment consists in apply four
velocities and measure the traction forces and the
torque. The table 1 shows the applied velocities and
the resulting forces and torque. The forces and torque
were calculated based in the motor’s currents, using
the set of equations 4...8. The velocities and cur-
rents of the first, second and third experiments for
V = 1(m/s), V,, = 1(m/s) andW = 1(rad/s),
are shown in Figs. 2, 3 and 4.

\
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(B) ia2, iad (A)

@V =1 (m/s)

Figure 2: Velocity and currents - first experiment.

T N
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Figure 3: Velocity and currents - second experiment.

@ W= i‘(rad/s) (b) ial, a2, za3, iad (A)

Figure 4: Velocity and currents - third experiment.

Since we have the values for velocities and forces,
we can estimate the viscous and coulomb frictions.

Table 1: Applied velocities and resulting forces and torque.

v F, Vi Fun w r
(m/s) | (N) || (m/s) | (N) || (rad/s) | (N.m)
0.6 | 30.585| 0.6 | 30.285 0.6 5.556
08 | 31459| 08 | 30.814 0.8 5.730
1 31.874 1 31.174 1 5.842
12 | 32765| 12 | 32.106 12 6.009

The least-squares line method was used to approxi-
mate the set of data to a linear mode# ax+b). The

Fig. 5 shows the applied velocities, resulting forces

and the best fitting line. The resulting equations and

the frictions are presented in the table 2.

Table 2: Resulting equations and frictions - method 1.

Equations B By AC, .Con
Bu Cu
% F,(t) = 3.45V (t) + 28.55 3.45 28.55
Vi || Fon(t) = 2.90V, (t) + 28.46 2.90 28.46
W T(t) = 0.73W(¢) + 5.12 0.73 5.12
@ Fo = f(V) (0) Fon=f(Va) (T =f(W)

Figure 5: Forces and torque vs. velocities.

3.2 Method 2 - Robot with Null
Traction Forces

In this method, the velocity variation with null
traction forces was used to estimate the viscous
frictions(B,, andB,,,,), the coulomb frictions,, and
Cyy) and the inertia moment of the robot. Firstly,
a constant velocity was applied on the robot, and then
the robot motors were turned off, which resulted in
null currents and null forces, consequently, provoking
a velocity decrease until the robot stopped.

From the equations 1, 2 and 3 with null forces and
null torque, we have the following equations for posi-
tive velocities:

PO~ Doy e

dVn(t) _ —%V () — Cun 17)
dt M " M
dW(t) B, Cu

R LU A S )
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Three experiments had been made, ¥orV,, and 3.3 Method 3 - Inertia Moment

W separately, see Fig. 6. The acceleratiéjtis( Identification

4% and 447 were calculated from the velocitids(

V, andW), using the Euler's method(Franklin et al., A practical method for estimating the moment of iner-
1997)). We used the range of data, where the forcestia J of the robot, to compare with the estimation
and torque were null to estimate the parameters, as inof the methods 1+2, is presented. The robot was
Fig.7. hanged from the ceiling by wire, see figure 8, to eli-
minate frictions between the robot and the floor. The
massfn,) was hanged at the disc attached to the ro-
bot, by a wire.

Wi

Figure 8: Schematic of the experience.

By applying a known torquél((¢)) to robot body,
and measuring the resultant angular positi¢t)), by
a external odometry system based on vision, we can
compute the moment of inertia of the robot. Based
in rotational equation of motion, see equation 3, and
considering null friction valuesi,, e B...,), we get:

AW ()
= (19)

The torquel’(¢) and the applied forcé,, (¢) are

Figure 7: Velocities and accelerations.

In order to estimate the viscous and the coulomb L) =J
frictions, the massiM and the inertia moment/
values are necessary. As there is no inertia mo-
ment J value, an estimation off was firstly ob-

tained. We used the equation 18, the velocity curve L(t) = fi(t)rm (20)
W (t) and the acceleration cur\?féff;f—t) shown in Fig. fn(t) = mog (21)

7(c). The viscoud8,,) and the coulomM,,) fric-
tions, estimated with method 1, were used on equa-
tion 18. The estimated robot inertia moment was
J = 1.358[kg.m?).

Since we have the values of robot mass, velo-
city and acceleration, we can apply on equations 16
and 17, to obtain viscous friction8(, and B,,,,) and
coulomb frictions ¢, andC,,,,). The table 3 shows
the equations obtained through least-squares metho
and the friction values.

where g is the acceleration of gravity &(
9.8[m/s?]), m, is the mass and,, is the radius
disc(0.25[n)).

Four experiments had been made to identify the
value of J. The experiments 1, 2 and 3 were per-
formed with an object with mass equal 0.58@, and
the experiment 4 with a object with mass equa{ §.
OIOur objective was to verify the repeatability of the ex-
periments.

The figure 9(a) shows the angular positiagt{t{)
curve for the first experiment. The angular velocities
Table 3: Resulting equations and frictions - method 2. (W (t)) were calculated using the derivative of the an-

Equations B,. | C.. gular position. The figure 9(b) shows the angular ve-
Bun | Con locity and the best fitting line to the angular velocity,
v WV — _0.11V (1) — 0.86 | 4.01 | 30.35 calculated by least-squares line method, that give us
V, || 220 = _0.10V,.(t) — 0.87 | 3.77 | 30.76 the value of the angular accelerations.

The table 4 shows the torque valuegs( angu-

lar accelerationsfl%) and inertia momentd() ob-
tained by experiments. The inertia moments were
similarly in all experiments.
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Table 4: Estimated inertia moments.

Table 6: Estimated inertia moments.

Exp.1 | Exp.2 | Exp.3 | Exp. 4 [ [[ Inertia Moments |
T(N.m) 1.2495 | 1.2495 | 1.2495 | 2.4500 Methods 1+2 1.358
) (rad/s?) || 0.9126 | 0.8942 | 0.8947 | 1.7512 Method 3 (mean) 1.390
J(kg.mz) 1.3691 | 1.3974 | 1.3965 | 1.3990 l Mean H 1374 l
: simulation results are very similar to the real ones, in
T z the transitory and the steady state too.
= In Figs. 10(b), 10(c), 11(b) and 11(c) we can see
some non-linearities of the robot, due to PWM satu-
RN | | ration, shown in Figs. 10(d), 10(e), 11(d) and 11(e).
netsec] el The simulated currents had a good approximation to
(@) 0(¢)(rad) (b) W(t)(rad/s) the real ones, because the model could find even some

non-linearities of the system.

Figure 9: First experiment.

In third simulation(see Fig.12), the motors do not
saturate easily, because there are 4 motors simultane-

ously applying force. In this way, the transitory state
3.4 Comparing Methods become much more fast.

The identified parameters are presented in tables 5
and 6. We can see a acceptable difference between
the estimated values, take into account that the exper-
iments had been made in hard conditions. For exam-

ple, the measured values of currents and velocities
have a considerable noise and any irregularity in the

floor can cause alterations in robot parameters. In the
model robot was used the mean of estimated parame-
ters.

Table 5: Estimated frictions.
Frictions Viscous Coulomb
B, | Bun | BIF[" C. die W CP
Method 1 3.45 290 | 0.73 | 2855 | 28.46 | 5.12
Method 2 4.01 3.77 - 30.35 | 30.76 -

Mean [ 373 [ 3.34 | 0.73 | 29.45 [ 29.61 [ 5.2 |

4 SIMULATION AND REAL
RESULTS

In this section the model simulation with the es-

timated parameters is presented.  The simula-
tion environment was the Matlab/Simulink soft-

ware(Mathworks, 2000). Three simulations had been
made (see Figs.10, 11 and 12), using the following
reference velocities:

2[A]

Duty cycle[0..255]

I
!
Duty cyce[0.255]
E
7

Vimis]

© Time[sec]

(a) Real and simulated (m/s).

ia[A)

...... seql | : T Timefsec

(b) Currenti2(A) (c) Currenti4(A)

Timelseql B Timelsec]

(d) PWM motor 2 (e) PWM motor 4

Figure 10: Velocityy” = 1, simulation 1.

1. V:l[m/s],vn:O[m/s],WZO[Tad/S}; 5 CONCLUSION

2. V=0[m/s], Vi, = 1[m/s], W = 0[rad/s];

3. V.= 0[m/s], Va = 0lm/s], W = 1[rad/s]. In this paper an experimental identification of the dy-
The Figs. 10(a), 11(a) and 12(a) show the results of namic parameters of an omni-directional mobile robot
the simulation and the real velocities of the robot. The has been developed. Three methods of the parameters
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Vin[mis]

Timefsec]

(a) Real and simulated, (m/s).

[
3[A)

° Timefsec]

(c) Currenti3(A)

Timesec]

(b) Currenti1(A)

PWM motor 1 PWM motor 3

Duty cycle[0..255]

Time{sec]

(e) PWM motor 3

Timelsec]

(d) PWM motor 1

Figure 11: VelocityV,, = 1, simulation 2.

identification that even can be used in dynamic mo-
delling were described. A robot model that could find
the non-linear elements is very important to design
of controllers and trajectories, mainly in application
where critical trajectories must be executed at higher
velocity, for example in robotic soccer. In the near fu-
ture, we will use the robot model to design controllers.
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(a) Real and simulated Wad/s).

i3[A)

Timefsec]

(b) Current;1(A)

Timefsec]

(c) Currenti3(A)
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Timefsec]

(d) Currenti2(A)

PWM motor 1

Timefsec]

(e) Currenti4(A)
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() PWM motor 1

PWM motor 2

Timefsec]

(g9) PWM motor 3
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Time{seg]

(h) PWM motor 2

Timefsec]

(i) PWM motor 4

Figure 12: VelocitylW = 1, simulation 3.



