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Abstract—1In this paper the design and development of a
crawling robot for inspection of live water pipes are addressed.
The mechanical design of the robot is described in detail. The
governing dynamics equations of the robot moving against
water flow as well as gravity in a straight pipe are also
derived. Specifically, the hydrodynamic forces exerted on the
robot when moving in a live pressurized pipe are taken into
account. Two fuzzy-logic based control strategies are adopted.
The first one is to maintain a constant translational speed in
robot’s motion when subjected to flow disturbances that are
numerically modeled using step changes in flow velocity within
a human-in-the-loop real-time simulation environment, and the
second is to steer the real robot inside the pipe while following
a numerically modeled time-varying velocity set point with
no fluid present in the pipe. The controller parameters were
tuned based on data obtained from a human-in-the-loop control
system via an artificial neural network.

I. INTRODUCTION

Well functioning water networks are essential to the
sustainability of a community. Prevention and/or early de-
tection of failures need a comprehensive assessment of
pipe condition. Nondestructive/non-intrusive technologies for
evaluating pipe condition are essential tools for the early de-
tection. However, more research is required to adapt existing
technologies to the unique circumstances of water mains that
cannot be taken off service.

Various locomotion systems developed and cited in literature
for in-pipe operations can be categorized into three main
groups:

1) Pipe Inspection Gauges (PIG) : They are passive
devices widely used for inspection of oil pipes and are
designed so that sealing elements provide a positive
interference with the pipe wall. Short inspection runs
are costly and pipelines must be relatively clean for
precise inspection [1],[2] .

2) Floating systems/robots: They are Underwater Au-
tonomous Vehicles (UAV) and Remotely Operated
Vehicles (ROV) used for data acquisition in sub-sea
and deep-water missions. They have very limited appli-
cability in confined environments such as pipes [3],[4].

3) Mobile robots : They are capable of carrying on-
board sensors and testing devices through different
pipe configurations [5]-[7]. Some popular variants of
mobile robots for pipe inspection are wheeled/tractor
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carriers [8], pipe crawlers [9], helical pipe rovers
[10],[11] and walking robots [12].

In this context, an underwater robotic vehicle was designed
to carry pipe inspection instruments including Nondestructive
Testing (NDT) sensors used for inspection of in-service water
pipes of different materials. The robot can also provide real-
time visual information about the interior surface of the pipe.
The visual information and NDT data are synergistically used
to make a more reliable decision about the condition of the
pipe. The proposed system has the following features:

« It remains operational with pipeline in service.

o It has a very simple structure (i.e., the minimum number
of moving parts/actuators).

« It is stable enough, throughout its motion, to maximize
the performance of the inspection sensors.

Precise control of the robot’s motion plays an important role
in conducting effective assessment of the pipe’s condition.
Nonlinear friction, backlash in mechanical components and
hydrodynamic forces exerted on the robot would require a
nonlinear control design. An Adaptive Neuro-Fuzzy Infer-
ence System (ANFIS) [13] was adopted for this purpose
where the parameters of the ANFIS were optimized based
on experts’ data obtained via a Human-In-The-Loop (HITL)
real-time simulator.

Fuzzy control has achieved increasing attention among con-
trol engineers and in industrial systems specially where (1)
no accurate model of the system under control is available
and (2) one can take advantage of human experts available to
provide linguistic rules for controlling the system. Mamdanis
work [14] introduced this control strategy that Zedeh pio-
neered with his work in fuzzy sets [15]. He designed a fuzzy
controller for control of a steam plant using the observed
human expert efforts over a period of time controlling the
plant.

The performance of fuzzy controllers depends on two signif-
icant issues, namely the soundness of knowledge acquisition
techniques and availability of human experts. These two
severely restrict the application domains of FLCs. ANFIS
bypasses the former through tuning the FLC directly from a
desired input-output data set.

This paper is organized as follows: in section II the details
of the proposed design of the pipe crawler are addressed. In
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section III the dynamics of the pipe crawler are detailed and
its mathematical model is presented. Next in section IV the
design of a PID controller and also a fuzzy logic controller
for the servoing problem are explored and followed by that
in section V where the simulation as well as experimental
results are discussed. The conclusion and recommendations
on further research are listed in section VI.

II. THE PROPOSED DESIGN OF THE PIPE CRAWLER
A. Design Factors

The principle objective put into practice in our design
was to build a vehicle to serve as a highly stable platform
capable of conducting precise sensing/scanning actions. The
stability of the platform in terms of having smooth motion
with regulated cruise speed is necessary for accommodating
sensor readings at a high bandwidth. Precise positioning
of the vehicle is particularly important for using precision
probes to inspect and evaluate the condition of the inner
surface of the pipes. The main design requirements of the
robot are as follows:

1) The vehicle should be capable of completing inspec-
tion without decommissioning the pipeline.

2) The vehicle has to be pressure tolerant up to 20
atmospheres.

3) The sensor payload of the vehicle has to be flexible
and user interchangeable.

4) Autonomy of the inspection process.

5) The robot should be designed in a way that it will not
deteriorate the sanitation of the drinkable water when
used in distribution water pipes.

6) The vehicle should be capable of traveling with any
inclined pipe angle.

7) Finally, the vehicle should be able to stop and position
itself at a specific location within the pipe using its
onboard internal sensors, such as optical encoders.

B. The Proposed Vehicle Configuration

In our proposed system, we used low drag cylindri-
cal shape modules as a platform for carrying inspec-
tion/navigation sensors and NDT devices. The symmetric
shape of the robot can maintain a laminar boundary layer
around its outer surface, thus the low-drag property enables
the system to show superior stability against current in the
pipe. Fig. (1) shows the robotic pipe crawler designed and
studied here.

The robot consists of the following modules:

e Nose Module : This module accommodates a viewport
for a digital still or a video camera.

e Rechargable Battery Module : It provides power for
propulsion, system hardware, and sensors during mis-
sion.

e Actuator, Control and Communication Module : Tt
accommodates the vehicle’s actuator along with the
control and communication electronics.

Further details on the design of the proposed robot can be
found in [16].

#

Universal Joint :

Fig. 1. The pipe inspection robot . (a) active and passive wheels. (b) side
view of the robot.

Fig. (2) shows a simplified representation of the robot’s
driving mechanism. One should note that for simplicity we
depicted two active wheels and also neglected the passive
straight back wheels. As can be seen from Figs. (1) and
(2), the driving wheels are positioned at a small angle with
respect to the vertical plane which generates a screw type
motion inside the pipe. The wheels are pushed against the
inside wall of the pipe. The friction between the pipe’s wall
and the straight and unactuated wheels at the back of the
robot prevents it from spinning.

This design provides simplicity and compactness while

z {Direction |
& |

of motion |

i

Friction

Angled
wheel

{1 ]
—

Fig. 2. The drive mechanism of the robot based on the principle of screw.

minimizing blockage of live pipes. Furthermore our proposed
robot can negotiate pipes composed of straight and curved
segments, thanks to the universal joints connecting the DC-
motor to the hub.

III. MOTION ANALYSIS

In this section the kinematics and kinetics of the proposed
robot moving inside a vertical straight pipe are investigated.
For simplicity, the dynamic equations are derived based on
the following assumptions:

1. The angle of the driving wheels cannot change on fly;
2. The wheels apply a fixed amount of normal force to
the pipe’s wall preventing the slippage (i.e., no on-fly
extension in arms is allowed).
The vehicle model and coordinate systems used in this study
are shown in Fig. (3). It is assumed that one DC motor drives
the hub and accordingly the wheels attached to the hull (or
main body), as the prime actuator. From Fig. (3), frames i,
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TABLE I
PHYSICAL PARAMETERS OF THE PIPE CRAWLER SYSTEM

Physical Properties of the System
Symbol Definition Unit
m Wheel Mass Kg
My, Hull Mass Kg
My, Motor Mass Kg
T Wheel Radius m
A Robot’s Effective Cross Sectional Area m?2
Cy Drag Coefficient -
I Fluid Dynamic Viscosity -4
Downward Velocity of the Fluid us
p Fluid Density %
Ky Damping Constant N.m.s
K Toque Constant N.m
Ky Back EMF Constant %
R Motor Resistance Q
L Motor Inductance H
Ip Hull Polar Moment of Inertia Kg.m?
Iwz,Iwx Wheel Moment of Inertia Kg.m?
I, Motor Moment of Inertia Kg.m
g Gravitational Acceleration Sﬂz

B, and W represent the inertial fixed frame, the body frame
attached to the main body of the robot, and the wheel frame
attached to the wheel’s center of rotation, respectively.

Physical parameters of the system in the presented dynamic

o

X, |

Fig. 3. The simplified model of the robot, with one pair of driving wheels,
showing three reference frames.Passive wheels are not shown in this picture.

model of the robot and their definition are given in Table L.

A. Robot Kinematics

The infinitesimal translational displacement of the hull’s
COQG, dz and the angular displacement of the wheel df can
be expressed in terms of the infinitesimal angular displace-
ment of the hull d¢ by:

dz = (b+ r)d¢tan(d) (1)
b+r _ T
0 = <rcos6>d¢)’ 57é§ @

where § is the wheel’s inclination angle and b denotes the
distance between the wheel’s center of rotation and that for
the hull.

B. Robot Dynamics

The dynamic equations of motion of the robotic vehicle
can be derived using the standard Lagrangian approach. First
we defined Lagrangian as:

L=T-V 3)

where T" and V' denote the kinetic energy and the potential
energy due to gravitational forces, respectively. The total
kinetic energy of the robotic vehicle can be represented by:

T =Trrotor + Traun +T'Taw 4

whereT nrotors THuir and T4y denote kinetic energies of
the motor, hull and the angled wheels, respectively, and I'
denotes the number of angled (active) wheels. In Eqn. (4), the
kinetic energy of the passive straight wheels is disregarded.
Trrotors Ty and T4y can be readily calculated as:

_ 1 52
TMotor - §Mmz

Trrun = $Mn2* + 515¢° 5)

2 .

Taw = {(m?"Q + Iwz) (2_%) + (mrz + wa)sg}g
In Eqn. (5), S5 and Cs represent the short form of sin(¢)

and cos(d) , respectively. Considering equations (1) and (5)
the total kinetic energy of the system can be written as:

1 2 ;
T = 2{ ((b+ T)%i) an + Tha, + IB}¢2 (©)

where:

)

{ ant = (My, + My, 4+ T'm + Tl

7’2
Q= (M + I;VQZ)

An infinitesimal change in the potential energy of the robot
due to the gravity when moving in a vertical pipe can be
calculated as:

dV = (M,, + N, + I'm)gdz (8)
After substituting eqn. (1) in (8) one gets:
AV = (My, + Mp, +T'm) (b + r)gd¢ tan(d) )

Considering the angle of rotation of the hull ¢ as the only
generalized coordinate in the Lagrange formulation, one can

write:
afor) _or_,
dt \ 8¢, 0
The generalized force () applied on the robot moving inside

the pipe can be given as:

Q=T,—T;—Tp

(10)

(1)

Where the right hand side of the above equation represents
the non-potential generalized torques such as electromechan-
ical torque generated by the motor, T, the resisting torques
due to the friction between the wheels and their axles T, and
the resisting torque due to hydrodynamic drag force posed on
the system Tp all projected onto the generalized coordinate,
@.

Friction plays a significant role in creating the motion of the
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robot. Insufficient friction at the point-of-contact between
the wheels and the pipe’s wall leads to wheel slippage.
The slippage constraint of a wheel is expressed as (using
Coulomb friction law):

Fr < pFy 12)

where 1 denotes the friction coefficient, and Fy denotes the
normal force applied on the internal surface of the pipe by
the robot’s wheels. Therefore, the resisting torque due to the
internal friction can be obtained from the following equation:

TfZP[LbFN+Kf1¢+Kf29 (13)

One should note that in Eqn. (13) :
1) TubFy models the coulomb friction seen by the hub
acting on the wheels.
2) Ky, ¢ and K,0 model the viscous friction on the hub
and the wheels, respectively.
From Eqn. (2), the angular velocities of the hub and the
wheels, namely ¢ and 6 are related. Therefor one can write;

Ty = TubFy + K6 (14)
where : b
,
K=Ky + —K 15
f nt Oy L (15)

The hydrodynamic drag force induced by the flow on the
robot, projected onto the generalized coordinate ¢, can be
expressed as follows:

pc;dA ((b +7)Ss + y>2

where p, A, v and C, are as listed in Table I. One should
note that in Eqn. (16):

1) The effect of the rotational motion of the robot on
the drag coefficient is not considered, therefore, the
drag coefficient is assumed to remain at constant as
the robot moves.

2) Drag force on the wheels is negligible.

By substituting Eqns. (14) and (16) in Eqn. (11), the gener-
alized force @ will be computed as:
pCdA

2

Tp = bSs

(16)

2
((b +1)0S; + 1/)
A7
By using Eqn. (17) and substituting 7" and V' from Eqns. (6)
and (9) into Eqn. (10), the following closed form solution
in form of a nonlinear 2"%-order differential equation for the
wheels’ motion (and correspondingly the robot’s motion) can

be obtained: .
_ Tm_f(¢7y) —ay
a2 +a3+Ip

Q =T — TubFx — K¢ — bSs

(18)
where:
) : : 2
F(,v) = K+ 055252 (b +1)9S5 + v )
a1y =TpbFn + (M, + My, +T'm)(b + r)g tan(d)
2

a3 = (M, + My, + T'm + T lix) ((b ) tan(5))
asz = (m + I‘;VTZ)FIF

19)

From Eqn. (18), one can realize that the motion of the
robot can be controlled by changing parameters such as the
wheel’s inclination angle, § the normal force exerted on the
pipe’s wall via the wheels, Fy, and the torque applied to the
wheels’ actuators, 7;,,. The only control input that can vary
on fly in our design is the motor’s torque, namely 7;,,. How to
manipulate this torque in order to maintain a constant speed
of motion when the robot is subjected to flow disturbances
(i.e., variation in the flow speed, v) will be discussed in
section IV.

C. Motor Dynamics
The dynamics of a PMDC motor is represented by :

R,

dig
‘ _fla(t) —

ey 1
dt

7 Zvapp(t) (20)
where T}, = K,,i, is the mechanical torque generated by
the motor and e (t) = Kj¢(t) is the back EMF of the motor.
Here v,y is the input voltage (i.e., the control variable) and
i, denotes the armature current. In Eqn(20) it is assumed
that the DC motor is not geared (i.e., direct drive).

IV. CONTROLLER DESIGN

The primary objective of a controller is to provide appro-

priate inputs to a plant to obtain some desired output. In
this research, the controller strives to reject hydrodynamic
forces exerted on the robot due to flow disturbances while
maintaining a constant speed for the robot. Two sets of
disturbance models in form of step and also sinusoidal
changes in flow velocity were generated randomly in a
simulated environment. The controller tracks the response of
the system to its user defined velocity set-point (Zser) and
sends a correction command in terms of the input voltage
provided to the DC motor actuators.
We compare the behavior of two controllers in this research:
a conventional Proportional plus Derivative plus Integral
(PID) controller and an ANFIS based Fuzzy Logic Controller
(FLC) optimized through an artificial neural network where
the ANFIS is trained based on data obtained from an oper-
ator through real-time HITL virtual reality simulator. More
specifically parameters that define the membership functions
on the inputs to the system and those that define the output
of our system are tuned via ANFIS.

A. Fuzzy Logic Controller Design

ANFIS was the basis for the neuro-fuzzy controller that
we developed. It consists of a multilayer neural network with
each node performing a function such that the entire network
is equivalent to a fuzzy system. ANFIS can learn fuzzy rules
from input/output data, incorporate prior knowledge of fuzzy
rules, fine tune the Membership Functions (MF) and act as a
self-learning fuzzy controller by automatically generating the
fuzzy rules needed. This capability of ANFIS was utilized to
form a FL-based controller based on data obtained via HITL
simulator.
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1) Structure of the FLC: The rule-base of the proposed
FLC contains rules of first order Takagi-Sugeno-Kang (TSK)
type [17].

In our proposed FLC the two inputs to the controller are the
error in linear velocity of the robot e(t) and the rate of the
change of the error é(t) as follows:

e(t) = Zgor — 2(t);

et) = —E();
Here #(t) and Z(t) are the linear velocity and acceleration
of the robot, repectively, and Zger is the velocity set point.
We used three sets of product-of-two-sigmoidal MF’s on each
input. These MF’s are depicted in Fig. (4) and are represented
by :

2n

1 ) 1 1
xr,a;,a1,C,C2) = X

y &1, 61, €1, €2 1+e*a1(93*c1) 1 +€7a2(z762)

(22)

3 T
] ><

07508 0.1 0.12 0.14 0.16 0.18 0.2

Error
. :
! ——

N /

o -0.1 -0.05 o 0.65 0.1 0\.15 0.2

Rate of change of the error

Fig. 4. Membership functions on the two inputs of the system : error and
the rate of change in error before tuning.

2) Human-In-the-Loop Simulator: A real-time virtual re-

ality HITL simulator was designed. Data acquired via this
simulator were employed for training the ANFIS. The op-
erator learns to control the velocity of the pipe crawler
when subjected to flow disturbances via the Human-Machine
Interface (HMI) designed for this purpose. Fig. (5) shows the
closed-loop system modeled in the HITL simulator.
In order to acquire data from the controlled system and
manipulate them in ANFIS for tuning our FLC, we used
a HITL system where a human expert attempts to maintain
the velocity of the robot at the desired set-point value Zset.
In the proposed research we replace the human operator” in
Fig. (5) with a stand-alone FLC whose parameters are tuned
using the data acquired from the human operator as depicted
in Fig. (6). The disturbance on the system is simulated in
form of step and sinusoidal changes in the flow velocity in
the pipe.

3) Acquiring Real-Time Data: A joystick was used as the
haptic device to control the voltage applied to the on-board
DC motor actuator in both simulation environment and the
experiments. The HMI used in this paper is shown in Fig.
(7). In this figure, 2(t) and Zsor are depicted on top with a
solid and a dashed line, respectively. The randomly generated
flow disturbance is shown at the bottom of the figure.

The operator can continuously monitor robot’s motion in

disturbances

d)
Zd(’) Human u(t) Pipe Z(’)
Operator Crawler
é(t)
Fig. 5. Closed-loop system of the HITL simulator.
disturbances
d)
Zu() FLC Pi Z(1)
¢ =

é(t)

Fig. 6. FLC-based closed-loop system.

real-time to correct its course of motion by varying the
voltage provided to the motor. The objective is to make Z(t)
closely follow Zset .

Following the above procedure, we asked our trainee to
accomplish the control task in the presence of step flow
disturbance as shown in Fig. (7). The trainees go through
a few trials prior to real test. We chose the data-acquisition
time to be 40s, so that between each of the four jumps in the
flow velocity is enough time for the human subject to bring
the system back to its set-point. The MF’s of the FLC after
tuning them with ANFIS based on human data are shown in
Fig. (8).

z ; :
e s {\ ]
2 e
E o v -
§ -0.5F —— Hull Velocity
E ) I L i i i ---Velocity Set-point
T (o] S 10 1 o 280 25 30 35 40
time(sec)
T o : -
z n L
>
g 0 |_|
K]
2 o |
E3
o I L L L y ;
'y 0 5 10 15 .20 25 30 35 40
time(sec)

Fig. 7. A snapshot of the HMI used in this paper.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

MATLAB VR2008a together with SIMULINK, the Fuzzy
Logic Toolbox and WinCon V5.0 from Quanser [18] were
used for real-time simulation of our proposed system. The
control objective was to maintain a pre-set constant linear
speed Zser while moving the robot inside a vertical pipe in
the presence of hydrodynamic forces due to flow.

1) External Disturbance Models: Two flow disturbance
models were used in the simulation environment : (1) step
changes and (2) sinusoidal changes in flow velocity as
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1

0.14 0.16
Error

L i
0.18 0.2

o -0.1 -0.05 [} 0.05 0.1
Rate of change of the error

Fig. 8. Membership functions on the two inputs of the system : error and
the rate of change in error after tuning.

depicted in Fig. (9) : A variety of simulations were conducted
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Fig. 9. Flow disturbance models used in simulation

based on the classical PID and also the stand-alone intelligent
controller (FLC based on ANFIS), both of which were
tested in a closed-loop system in the presence of the two
aforementioned disturbance models and Z,.; = 0.15%

2) PID Controller: The tests were carried out with a
classical PID controller of the form :

t
u(t) = Kpe(t) + Kd% + KI/ e(T)dr + ug (23)
0

The standard PID controller was designed in accordance
with the Ziegler-Nichols tuning criteria [19]. The best value
of gains were found to be K, = 204, K; = 250 and
K, = 0.1285 for proportional, integral and derivative gains,
respectively. It is noteworthy that the term wug in Eqn. 23 is
needed to compensate for the gravitational force applied to
the robot (vertical pipe).
The response of the closed-loop system using a classical PID
controller is shown in Fig. (10) and Fig. (11) .

3) Fuzzy Logic Controller: The FLC was further opti-
mized using ANFIS based on the following procedure:

e Training: A human expert was trained to accomplish
the control task within a Human-In-The-Loop real-
time simulator in the presence of the flow disturbances
explained above.

One should note that for training purpose we used step
changes in flow disturbance and Zset = 0.15% as
operating conditions. We will show through simulation
that the FLC tuned based on ANFIS is capable of

Q
s,
>
5 s /\ i)
g \
H ‘ ‘ \V
L0 5 10 15 20 25 30
time(sec)
E 10
9 8
j=J
2 5 N\ A
>
5 - A—
H | J \ J \
g o 5 10 15 20 25 30
time(sec)
@ 0.2
£
g /\
3 O.ISP
s \
=
T 0 5 10 15 20 25 30
time(sec)
Fig. 10. Response of the closed-loop system with sinusoidal flow
disturbance for Zger = 0.15% using PID.
T o =
=
2
g0 1
: i
o
s
2 -2
K] ; :
L o 5 10 15 20 25 30 35 40
time(sec)
g8
3
g
£
> 4
] M M l
o 2r 1 i /
&0 5 10 15 20 25 30 35 40
time(sec)
@ 0.25F ;
£
> 02 \
g oas A A A L
2 o 1
3 0.05 |
5 10 15 20 25 30 35 40
time(sec)
Fig. 11.  Response of the closed-loop system with step flow disturbance

for Zser = 0.15% using PID.

completing the servoing task under various operating
conditions. Furthermore we will show that the FLC
tuned based on ANFIS using human data acquired for
this case (step flow disturbance) is capable of rejecting
other forms of disturbance as well (e.g. sinusoidal).

e Tuning FLC using ANFIS : Next we used the above
acquired data to tune the parameters of the FLC in
ANFIS. The error tolerance in ANFIS was set at 10~
and was reached after 97 epochs on average. The trend
in the epochs and also the pertaining control surface is
also depicted in Figs. (12) and (13) respectively.

The response of the closed-loop system using optimized
FLC via ANFIS is depicted in Figs. (14) and (15). The
above simulation results show that not only was the FLC
capable of accomplishing the proposed servoing task, but it
also posed the following three advantages over conventional
PID controllers:
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Error Value

I i
c0 10 20 30 40 50 60 70 80 90 100

Epoch Number

Fig. 12. Epoch evolution using ANFIS for sigmoidal membership function.

Control Signal (volt)

0.4

0.05

[

Bid -0.0s ERROR (m/s)

ERROR DERIVATIVE (m/s?)

Fig. 13.  Control Surface of the FLC using three sigmoidal MF’s.

1) Response Time : the (5 — 95)% rise time, t, of the
closed-loop system was decreased by 283% (from
0.180s for PID to 0.047s for FLC).

2) Energy Expenditure : The control signal u(t) used over
the course of simulation was also decreased by using
the proposed FLC. Table II summarizes the diffener-
ence in energy expenditure when the robot is subjected
to different flow disturbances (Zset = 0.1572).

TABLE II
COMPARISON OF ENERGY EXPENDITURE (volt.s) BETWEEN FLC AND
PID IN THE PRESENCE OF FLOW DISTURBANCE.

Flow Disturbance > FLC PID Improvement
Sinusoidal 100.64 | 111.88 11.17%
Step 107.07 | 144.51 34.97%

3) Actuator Saturation : The control signal stays well
below the saturation limit, i.e. [—12,+12]volts when
implementing the FLC in the closed-loop system.
While in the PID controller, we reach the saturation
limit at high amplitude external disturbances.

B. Experimental Results

1) Experimental Set Up: The real robotic pipe crawler
was placed in a transparent PVC pipe of 6 inches in diameter
for the experimentation. The controller’s objective was to
track the reference input in form of a time-varying linear
velocity set-point. The trainee (using a joystick) attempts to

@
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£
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g /\
3 \
8 \V
L o 5 1 15 20 25 30
time(sec)
E 4
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£ & N /
S !
2y
o
)
2,
g o 5 1 15 20 25 30
time(sec)
2 o2
E
> 0.18
3
3 0.16 I .
s |
S 0.14 i
e
0 5 1 15 20 25 30
time(sec)
Fig. 14. Response of the closed-loop system with sinusoidal flow
disturbance for Zger = 0.15% using FLC.
) =
E
>
g o 1
o
S i
-2
3 :
L 9 5 10 15 20 25 30 35 40

time(sec)

|

Applied Voltage (volt)
N
d
]

i
20 25 30 35 40
time(sec)

o
w
S
&

2
£ 0.18 8
£ 0.16
8 i
o
3 o4l ¥ =
2012 i i
kg 5 10 15 20 25 30 35 20

time(sec)

Fig. 15. Response of the closed-loop system with step flow disturbance
for Zser = 0.15% using FLC.

maneuver the real robot so that it follows the velocity set-
point visually represented in real time. Generally speaking,
the same approach was followed as in simulation to tune the
FLC parameters.

2) Data Acquisition for the Real System: The position

and essentially the velocity of the robot inside the pipe were
captured through the optical encoder mounted on the motor.
These data, in turn, were fed into the processing unit (PC)
through a Q4 DAQ board from Quanser [18].
Using a joystick as the haptic interface, the trainee, contin-
uously receiving visual feedback on robot’s motion on the
monitor screen, applies a suitable voltage to the real system
so that the linear velocity of the robot z(t) follows the desired
trajectory of Zset.

3) Tuning FLC: The data of the final trial (after a few
times of training) were fed into ANFIS to tune the FLC.
One should note that the FLC utilized in the experimental set
up holds the same structure (i.e. type and number of MF’s)
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used in simulation. After tuning the FLC through ANFIS,
two experiments were conducted with a different Zset for
each, where the objective was to steer the robot along the
pipe while Z(t) follows the set point Z et closely. The results
are shown in Figs. (16) and (17) along with the control
signal deployed. The human-analogous controller succeeded
in carrying out the servoing task.
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Fig. 16. Experimental results with sinusoidal reference trajectory of the

velocity set point, Zse¢ using FLC.
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Fig. 17. Experimental results with step reference trajectory of the velocity
set point, Zse¢ using FLC.

VI. CONCLUSIONS AND FUTURE WORKS
A. Conclusions

We addressed the design and development of a pipe
crawler for inspection of water pipes along with the detailed
derivation and analysis of its governing dynamic equations.
Some beneficial aspects of the proposed design are autonomy
in the inspection process, capability of doing the inspection
without decommissioning the pipe line, and capability of
traveling inside an inclined pipe. Also we implemented a
new method for tuning the parameters of the FLC for pipe
crawler’s velocity regulation. The controller was designed
based on TSK model and tuned using ANFIS based on data
obtained from an operator via a real-time HITL virtual reality
simulator. The controller was implemented in both simulation
and experiment and it was shown that the proposed FLC
outperforms a conventional PID controller.

B. Future Works

Future work has two folds: (1) developing a Hardware-
In-the-Loop (HIL) simulation system to control the motion

of the robot when located in an empty pipe (or duct) in a
dry lab. A motorized flow simulator will be employed to
simulate the effect of hydrodynamic forces exerted on the
robot as it were moving inside a live pipe. The flow simulator
and the robot will be connected via force sensors, (2) using
a force/vision haptic interface for HITL control. The haptic
device used in data acquisition was a regular joystick popular
in video games. It’s output limitation (in simulink) affects the
precision of human action over the course of control task.
With a specialized force/vision feedback control interface,
the operator will be doing a more accurate job in controlling
the robot’s motion, and consequently the optimized human
analogous FLC would yield better results.
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