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Model and test of a modular inspection robotic system
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1. Introduction

Inspection robotics is one of the most important
branches in the robotics field due to its many applications
into pipe, mining and petroleum sites inspection industry.
Mobile inspection robots can inspect places which are haz-
ardous and/or inaccessible to humans [1-3]. These robots
are modular systems and they have several interchangeable
(active and passive) modules and they are using different
locomotion methods. The control of the robotic systems is
done from a distance. The main advantages of these modu-
lar systems are versatility, simplicity, robustness and low
cost of fabrication.

2. Proposed active and passive robotic module

The active module of the robotic system consists
of the actuator, transmission system (from the actuator to
the wheels) and six independent sliding mechanisms, posi-
tioned two by two at 120° angles around the longitudinal
axis of the module. The wheels of the active module are
pressed against the inner surface of the inspected pipe us-
ing two compression springs placed one on each side of the
module’s central axle.

The 3D detailed model of the suggested robotic
system is presented in Fig. 1.

Fig. 1 The 3D model of the active inspection module

The passive module has the task of transporting
the electronic equipment and the batteries that power the
actuators. It has a cylindrical shape and six wheels, three at
each end of the module, placed at 120° angles around the
longitudinal axis.

The axle of each individual wheel is mounted in a
fork-like clamping system which is placed on a rod with a
compression spring that allows the wheel to slide along an
axis that is perpendicular on the longitudinal axis of the
module. In this way the module can cross sections of pipes
with different diameters. The 3D model of the passive
module is presented in Fig. 2.

Fig. 2 The 3D model of the passive inspection module

3. Active robotic module

The actuator is positioned in the centre of the ac-
tive module and the transmission is done trough a worm-
gear mechanism. The transmission system is composed of
the following elements: /7 —single-enveloping worm
(zy =1, module m = 0.75 mm, angle of the worm spiral
6 = 4°); 2, 3, 4—gears with angled teeth (teeth angle is
p = 4°; zp = 42, z3 = 38, z; = 38 — number of teeth
(Fig. 3).

Fig. 3 Movement transmission from the actuator to the
active wheel

For the development of the mathematical model,
the following annotation were made: F, as the friction

force between the wheel and the pipe wall, F, = uFy,
where Fj is the reaction force between the wheel and the
pipe wall; M 4 as the rolling friction torque M, =s, Fp
where s, is the rolling friction coefficient; x as the slip

friction coefficient; @), as the angular speed of the wheel;

d as the diameter of the wheel axle; & as the active mod-
ule’s springs constant; R as the active and passive wheel’s
radius; v as the robot’s speed v=w;R; G as the weight

force of the active module; m; as the actual mass of the
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active module; M/ ., represents the resistant reduced
torque of the actuator’s axle; M, represents the friction

torque in the wheel bearing and has the expression
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The considered mass of the active module is m; =
=0630g, the elements have the lengths /A =95 mm,
hy, =58 mm, h; =53 mm, the radius of the wheels R =

=25 mm. The mechanism in one plane projection of thee
active module is presented in Fig. 4.

Fig. 4 Mechanism of the active module

The angle o that appears between the horizontal
axle O,F, and h,/2= E\B; for the left arm and 4,/2= B4,
for the right arm; it has a determined variation that ranges
between 25 and 50°. From the 3D model we can determine
the maximum and minimum height of the robot, based on
the movement of the mechanisms and on the variation of
angle a. Eq. (2) represents the variation of one arm; the
distance between O; and O, was noted a

H/2=R+a+hsina 2)

Eq. (2) doesn’t take into consideration the pres-
ence of the springs, but only the positions of the elements
in respect with the variation of a angle. Fig. 5 presents the
variation of the height of the active module in respect with
o angle.
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Fig. 5 Height of the active module as a function of the an-
glea

If we take the spring into consideration and we
want to determine the dependence between the spring force
and the reaction force, based on the mechanism from
Fig. 2, the following equations are used for each of the two
active arms in the active module

Fp = kAx tga 3)
Fp, =kAx, tga “)
For determining the resistant torque reduced in

the actuator axle, the vertical movement position of the
robotic system inside a pipe was taken into consideration.
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Fig. 6 Force and momentum distribution in the modular
system



Fig. 6 presents the force distribution scheme and
the parameters of the whole robotic system in case of ver-
tical movement inside a pipe.

M’ . = !

Based on the scheme in Fig. 6, the equation of the
reduced torque in the actuator’s axle will be

d d 1 d
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The calculated value for the reduced torque at the
axle of the actuator is 3.5 10™ Nm.

4. Model of the driving system

The actuator used for the active module is posi-
tioned in the centre of the system; it is a geared DC motor
with a transmission ratio of i =19 . In order to select a

reducer
proper actuator that will fit the required dimensions, power
consumption and torque, the Matlab/Simulink model of the
DC motor will be developed.

The DC motor model was obtained using the
transfer function starting from the following electrical and
mechanical equations
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where u, represents the input voltage, R, is the electric
resistance, iy is the armature current, e is the counter-
electromotive force, L is the electric inductance, K,, motor
torque constant, K, (K,, = K,) electromotive force constant,
K, (K; = b) damping torque given by the loss of mag-
netic field and viscous friction in the motor’s bearings, M,
is the motor’s torque, M", is the resistant torque reduced in
the axle of the motor, I is the moment of inertia of the ro-

Ip

tor and itotal: ireduceritransmission-

Applying the Laplace transformation on Egs. (6),
(7) and considering the resistant torque M " = 0, the trans-
fer function is obtained

—Qm(s): K, (8)
U,(s) I's+K,)(L,s+R,)+K K,

The equivalent scheme of the DC motor, based on
Eq. (8) and the Matlab Simulink model is presented in
Fig. 7.
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Fig. 7 Actuator model

The transmission model takes into consideration the

relation ¢ :ﬁ.wm, between the angular speed at the
4

entrance of the transmission and the output angular speed.

The reduced torque from the wheel in the motor axle is

multiplied with 1iyansmission (Fig. 8), wWhere i,ungmission=38

represent the transmission ratio
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Fig. 8 Transmission model

The final model of the driving system is presented
in Fig. 9.

DC Motor Transmission
wour[rad/s] winfrad/s]
Mrax[Nmj|<€ Mrtr[Nm] 4—‘
Mrw[Nm] ow/radls]

Active wheel

Fig. 9 Matlab/Simulink model of the driving system

In conditions of pure rolling, the motor output
power P, is presented as a function of traction force

Fyactions Wheels speed vV, = @; - R and motor efficiency 7 .

m ~ © traction

Py = Fpion ©)
Z

The traction force for the active module is

— Mm total 77

traction

(10)
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After the simulation, the best results were ob-
tained by the IG 22 series motor, which had the following
output data: b =2.6 10° Nm/rad/s; K, =5.7-10° Nm/A;
R,=3Q;L=6mHand 7 =1=1510° kgm’. At a volt-
age supply of 6 V, the torque in the axle of the motor was
M =1.768:10° Nm. For the active wheel the number of
revolutions was # = 11.219 rpm, and the torque of the ac-



tive wheel was M = 1.277 Nm. The condition that requires
the torque of the motor to be higher than the reduced
torque at the axle of the motor is done.

5. The developed prototype of the inspection robotic
system

A prototype of the suggested system was devel-
oped and tested. Fig. 10 presents the 3D design and the
developed prototype picture.

Fig. 10 3D design (a) and the developed prototype (b)

The prototype is able to inspect pipes with the in-
terior diameter ranged between 130 and 170 mm. It
weights 1980 g and has a length of 856 mm. The force
exerted on the inner pipe walls for all prototypes is gener-
ated with the help of a compression spring. The springs
placed on the central axis assure the repositioning of the
structure in the event of pipe diameter variation. The joint
element placed between the modules is a universal joint
and it helps the modules to orientate easily in the environ-
ment. The inspection robotic system that was developed
was tested into horizontal pipes. The cable influence on the
movement inside the pipe was not taken in consideration
because the robotic system has the capability to be
autonomous energetically. The system’s speed inside the
pipe was of 150 mm/s at 6 V supply voltage. A wireless
mini-camera was mounted on the front end of the robotic
system for inspection purposes.
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A. Alutei, M.O. Tatar, C. Cirebea

PAIESKOS MODULINES ROBOTIZUOTOS
SISTEMOS MODELIS IR JO TYRIMAS

Reziumé

Sio straipsnio tikslas pristatyti autoriy sukurtos
aktyvios paieskos robotizuotos sistemos matematini modelj
ir jo imitacija. Naudojantis imitavimo rezultatais buvo nu-
statyta didziausia erdvé, kurioje robotas gali veikti, pavary,
kurios gali bti panaudotos tipai, ir valdymo sistema, turin-
ti itakos roboto projektavimui.

A. Alutei, M.O. Tatar, C. Cirebea

THE MODEL AND SIMULATION OF AN
INSPECTION ROBOTIC SYSTEM

Summary

The aim of the paper is to present the mathemati-
cal model and the simulation for an active robotic inspec-
tion system developed by the authors. Based on the results
of the simulation, important data was acquired regarding
the maximum space in which the robot can operate the
type of actuators that should be used and the design of the
control system, which influenced the development of the
robot.

A. Anytau, M.O. Tarap, 11. [{upebea

MOJEJIb 1 UCCJIENOBAHUE MOI[VJH)HOPI
POBOTHU3NPOBAHHOU TIOUCKOBOU CUCTEMBI

Pes3wome

Lenb craThy — MpeACTaBICHUE CO3JIAaHHOM aBTO-
pamMu MaTeMaTHYECKOW MOJICITH aKTHBHON pOOOTH3NPOBAH-
HOW CHCTEMBI W ee WMHTanus. [Ipu HCIoIh30BaHUU pe-
3yJITATOB HMMHTAIMU OIPEACICHO MaKCHMAllbHOE Ipo-
CTPAHCTBO pabOThl POOOTA, THITHI UCTIOIB3YEMbBIX MEXaHHU3-
MOB M CHCTEMbI YIPaBJICHHs, KOTOpasi BIHUSIET Ha IIPOLIECC
MPOEKTUPOBaHMsI poboTa.
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