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Abstract Industrial applications involving mobile sys-
tems can benefit from the use of wireless technology.
However, wireless communication has not been widely
accepted on the factory floor due to its difficulty in
achieving the timely and reliable transmission of mes-
sages over error-prone wireless channels. This paper
presents an autonomous guided vehicle (AGV) path
tracking wireless control system where an accurate
delay estimation scheme is shown to be the key for
successful operation. The control architecture consists
on an AGYV connected through a wireless network to a
controller. To mitigate the negative effects that varying
time delays in data transfer have in the networked con-
trol loop, the controller performs two tasks at each loop
operation. First, it uses a Kalman filter to produce an
optimal delay estimate considering a simple stochastic
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model of the wireless delay dynamics. Second, each
delay estimate is employed to infer the real AGV posi-
tion which permits to compute the appropriate control
commands. Results show that the proposed technique
provides more efficient and effective operation for path
tracking control compared to similar previously pro-
posed solutions.

Keywords Autonomous guided vehicle - Remote path
tracking - Time delay estimation

1 Introduction

The deployment of wireless technologies in the in-
dustrial environment plays an important role in the
simplification of costly and complex infrastructures and
also in the improvement of flexibility in the factory.
The localization and tracking of components, the coor-
dination of autonomous transport vehicles and mobile
robots, the monitorization and control in hazardous
and difficult-to-access environments, and applications
involving distributed control are all areas in which
wireless technologies could be used in an industrial
environment [1].

Industrial applications involving mobile systems can
benefit from the use of wireless communication tech-
nologies [2]. Usually, mobile systems such as AGVs
and mobile robots contain an on-board control system
that locally performs all control activities (see [3] and
references therein for recent advances on local control
for mobile systems). An alternate architecture involves
remote control [4, 5]. In this new scheme, a remote
controller performs some of the tasks previously per-
formed in the vehicle on-board system. This schema
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opens up a full set of new applications based on re-
mote and decentralized control which is expected to
lead to higher flexible manufacturing systems. Based
on the benefits provided by the remote control, an
adequate architecture for AGV systems may consist on
an external controller sending and receiving the control
commands to the mobile vehicle through a wireless
network.

For control applications requiring closing the loop
over a communication network, i.e., networked control
systems [6], the network must ensure that the qual-
ity of communication is comparable with the quality
provided by the point-to-point connections between
controllers and sensors/actuators. When the communi-
cation infrastructure does not fulfil this demand, the
overall system performance degrades. Hence, new so-
lutions are required that can either focus on design-
ing robust and loss-tolerant applications and control
algorithms [7], on trying to improve the communication
reliability and quality [8, 9], or both [10, 11].

When communication is served by wired fieldbus
systems, the stringent reliability and timeliness require-
ments are met [12], that is, guarantees can be given
on the eventual delivery of packets and delivery times,
respectively. When wireless technologies are applied
instead, the same type of transmission quality of tra-
ditional wired technologies should be achieved. How-
ever, wireless technologies are not as good as wired
ones in achieving the timely and reliable transmission
of messages due to particular characteristics of the
radio channels such as error properties, signal propa-
gation, mobility aspects, etc., as well as possibly non-
deterministic medium access control mechanisms. This
poses new challenges in the design of wireless con-
trol applications [13] and demands solutions where the
characteristics of the radio channels and medium access
control must be taken in consideration and managed
properly.

The lack of timeliness and reliability of the wire-
less communication system produces severe varying
time delays for packet transmissions [1]. This paper
presents a novel approach to remote wireless AGV
path tracking control that accounts for the varying time
delays caused by the wireless network. The AGV path
tracking system consists on the autonomous vehicle
connected to the controller through a wireless network.
Given the position of the vehicle sent by the AGV and
taking into account the set-point, the controller uses a
generalization of the quadratic curve approach [14] for
path tracking control to compute and send the control
commands to the AGV. As outlined in [6] and further
investigated in [4, 5], remote path tracking control
schemes demand accurate delay estimation techniques
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for successful operation of the networked control loops.
Otherwise, severe performance degradation may occur.

Rather than designing specific controllers capable of
dealing with systems with varying time delays, in order
to mitigate the negative effects of the varying time
delays, the presented controller performs two tasks at
each closed loop operation. First, it uses a Kalman filter
[15] to produce an optimal delay estimate considering a
simple stochastic model of the wireless delay dynamics
[16]. Second, each delay estimate is employed to infer
the real AGV position which permits to compute the
appropriated control commands.

A simulation model has been implemented in order
to evaluate the effectiveness of the proposed approach
by measuring the vehicle’s path deviation and the total
traveling time for different paths and network traffic
conditions. Results show that the proposed approach
provides the most efficient and effective operation for
wireless path tracking control compared to similar pre-
viously proposed schemes that rely on delay estimation
techniques such as [17] and [18]. In addition, results
show that the presented approach is robust with respect
to different network load scenarios. This work consoli-
dates and extends previous results [19].

The paper contributions can be summarized as fol-
lows: The first contribution is to present a novel wire-
less path tracking control algorithm that incorporates
an optimal delay estimator that permits to infer, at the
remote controller side, the correct AGV position for
computing each control signal. The second contribution
is to show that the accuracy of the delay estimator em-
bedded in the control algorithm outperforms previous
techniques used for network delay estimation.

The rest of the paper is organized as follows:
Section 2 describes the wireless network model as well
as the AGV model. Section 3 presents the remote
path tracking approach and the Kalman filter delay
estimator. Section 4 describes the simulation setup, and
Section 5 summarizes the key results. Finally, Section 6
concludes the paper.

2 Preliminaries

The networked control system consists on an AGV
connected to the controller through a wireless network.
This section establishes the network delay and the
AGYV models.

2.1 Network delay metric and model

Commercially available and widespread wireless net-
works include Bluetooth (IEEE 802.15.1) [20], ZigBee
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(IEEE 802.15.4) [21], and IEEE 802.11 Wireless Local
Area Network technology [22-24], the later commonly
known as WiFi. Since Bluetooth and ZigBee are short
range solutions, the study carried out in this paper
focuses on WiFi. WiFi was originally conceived as the
wireless extension of Ethernet and now has become
one of the most mature wireless communication sys-
tems [25]. The WiFi standard IEEE 802.11 includes
several specifications, namely 802.11 a/b/g and e, with
differences at the physical layer but with a common
medium access control protocol based on the carrier
sense multiple access (CSMA) mechanism. The basic
access requires nodes to sense the channel idle for a
specific time interval before attempting any packet.
In case the channel is sensed busy, nodes defer their
transmission attempts to a later time, on the basis of a
backoff mechanism. Finally, packet transmission have
to be acknowledged by the received to the transmitter.

High-quality data transfer is difficult to meet in WiFi
networks because of the adverse properties of the radio
channels and its medium access control. Error prone
radio channels demand different sorts of forward er-
ror correction techniques as well as automatic repeat
request protocols. The CSMA mechanism introduces
random and long access delays when there is a heavy
traffic load. Both end up producing long varying time
delays for packet transmissions.

An important metric for assessing the quality of
wireless communication link is the network delay [1].
One of the most common metrics in networks modeling
is the round trip time delay, RTT [26, 27]. Typically, the
RTT delay is the time elapsed from sending a message
to the receiver plus the time required for the receiver
to generate and send back an answer, up to the time it
gets back to the sender.

For the remote path tracking scheme presented in
this paper, the RTT delay is the time spent from the
AGYV sending the current position to the controller
up to the time when the AGV receives the control
command, i.e., delay from sampling to actuation. Con-
sidering the transmission time at both sides (AGV and
controller) constant, the control command computa-
tion time constant, and the varying propagation delays
(varying due to the mobility of the AGV) contributing
with a bias, the major contribution to the RTT delay is
given by the link delay.

Due to the high bandwidth fluctuation of WiFi links,
for a dynamic system modeling point of view, a single
RTT sample is useless in the sense that it does not
provide much information about what RTT will experi-
ence the next transmission. Instead of considering the
instantaneous RTT, a mean value would be a better
approach. In addition, in an industrial setting with a

known and fixed number of AGVs sending and receiv-
ing control data over a private WiFi, communication
delays, in average, can be considered constant. There-
fore, we regard the RTT delay as a smooth signal and
the high frequency component of it as a noise distur-
bance. Hence, we can model the signal as a standard
example of noisy observations of a constant [28]

Tk+1) = Ty + Wik (1)
Yk = Ty + Viky 2

where 7 represents the RTT delay, wy, is a zero
mean, Gaussian white process noise with covariance Q
that models the bias introduced by propagation delays,
and v, is a zero mean, Gaussian white measurement
noise with covariance R that models the noisy link
characteristics of the RTT.

2.2 AGYV description and model

The AGV we consider consists in a differential drive
mobile robot with two driving wheels and one caster
wheel. As shown in Fig. 1, the AGV current position is
given by x¢, yc and the current azimuth angle is 6¢.

In the AGV kinematic model, the vehicle states can
be calculated from the rotational velocities of the right
and left wheels, defined by w, and wy,

o)=L L] ®

where v is translational velocity, w is the rotational
velocity, r is the wheel radius, and W represents the

n
»

Driving
Wheels

Fig. 1 Schematic of the AGV
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distance between the two wheels of the vehicle. The
AGYV next position and attitude, after a Af time interval
has elapsed, is obtained from the translational and
rotational velocities.

At
XClert) = Xcgy + vALCos(Ocu + @) 4)
. At
YCk+1) = YCky + vAtsin(Ocy) + w;) 5)
Ock+1) = Oci + wAt (6)

where At represents the sampling time interval.

2.3 Path tracking control algorithm

The goal of the path tracking control is to drive the
vehicle to a desired location or reference point by con-
trolling the speed of the vehicle’s right and left wheels
in such a way that the deviation from the shortest path
is minimized. The quadratic curve approach proposed
in [14] is used as a path tracking algorithm. The main
goal of this algorithm is to move the AGV along a
quadratic curve to a reference point on a desired path.
The advantage of this algorithm is that only AGV’s
position must be controlled because it is assumed that
the orientation of the AGV moves close to the desired
value in the motion along the reference path. Hence,
the algorithm is suitable for delay-sensitive applications
because of its simple computation with minimal amount
of information.

The path tracking control algorithm would essen-
tially do the following: First, it would read the vehicle
current position [x¢, y¢,0¢c] and the reference point
[xg, yr, Or]. Then, it would process them to compute
the error vector in the AGV coordinate as

ey cosO¢c sinfc 0 XR — XC
ey | = | —sinf¢c cosbc 0| | yr—yc |- (7
ey 0 0 1 Or — Oc

By using the error vector, the quadratic curve in the
robot coordinate can be calculated as

) e
y=Agpx® where Ay = 51gn(ex)e—;. 8)

X

Considering that the AGV runs forward when e, > 0,
the constraint equations for the AGV to move along
the calculated quadratic curve are

Vi) = sign(ey) /¥ (1 +4A% x?) )

2A %3
W) = (2) . (10)
Vi)
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If x at the time instant kAt <t < (k 4+ 1) At is given by

o
x= Kyt —kAt) and K = sign(e,)——
(k) (k) g x1+|A(k)|

(11)

where « is a positive constant used as a speed factor,
then the desired linear and angular velocities in Egs. 9
and 10 can be approximated to

VRt = Ky (12)
DRy = 2A 00 K- (13)

The desired inputs 12 and 13 to the AGV are used to
calculate the desired angular velocities for the right and
left wheels using Eq. 3

VR(k) N Wor

WRyr = 2 (14)
v Wao
wry= =0 = =0, (15)

These speeds, to be applied to the AGV, will be
controlled in the AGV side using a traditional PI
controller.

3 Remote AGYV path tracking control
3.1 Problem to be solved

In the remote path tracking control scheme, it has to
be considered that delays may provoke an inconsistent
operation of the previous control algorithm. The accu-
racy of the path tracking control algorithm summarized
above relies on two assumptions. First, at each control
algorithm execution, the AGV current position must be
known. And second, the time elapsed from reading the
AGYV current position (sampling) to notifying the AGV
with the desired right and left wheels angular velocities
(actuation) is negligible.

However, in the wireless path tracking control set-
ting, where the remote controller receives the AGV
position and computes the wheels angular velocities,
none of the two assumptions is met. First, the AGV
position received by the remote controller is no longer
the current position of the AGV at the time this in-
formation is received in the remote controller due to
the transmission delay from the AGV to remote con-
troller. Hence, control signals would be computed using
inaccurate data. Second, the delay from sampling to
actuation is not negligible due to the RTT delay. Hence,
control signals cannot be applied when demanded,
which produces an accumulated error with respect to
the desired trajectory.
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The algorithm presented next tackles the first prob-
lem. The intuitive idea is that, in the remote controller,
the received AGV position has to be adjusted to ac-
count for the wireless network delay. This is achieved
by inserting in the remote control structure a network
delay estimator that produces at each control algorithm
computation the delay estimate that is used to infer the
current position of the AGV from the position sent by
the AGV.

3.2 Remote control algorithm

The proposed AGV path tracking networked control
system is based on the scheme defined in [4] and [5]
which is a modular structure and can be implemented
over an existing control system. As a difference, the
proposed approach includes a delay estimation algo-
rithm based on the Kalman filter. The sequence of
activities executed at each sampling period in the net-
worked control system, Fig. 2, is the following:

— Inthe AGV.

1.  Obtain vehicle current position (xc, yc, 6¢).
2. Calculate the previous RTT delay value r(;_y).
3. Send both values to the remote controller.

— Inthe controller, after receiving the data sent by the
vehicle.

1.  The route planner provides the next reference
point (xg, Yr, Or), if the previous one has been
already reached.

2. The network delay estimator (NDE) takes the
previous RTT delay value 7).

3. The NDE estimates the next value of the RTT
delay ‘f(k).

4. The position predictor (PP) uses the estimated
RTT delay value 7, and the current position
of the vehicle (x¢, y¢, 6¢). Since the PP knows

AGV Controller
XR’yR’GR Internal MR, OR]
Controller
AN AN A
XC,YC,ec
A N " Wireless
Route Position Tao | Networl Network
i Delay
Planner Predictor .
Estimator
X, Ye,0c Tae1)

Fig. 2 Data-flow of the path tracking control over a network

the kinematic behavior of the AGYV, accord-
ing with Egs. 3-6, it calculates the estimated
position of the vehicle (X¢, V¢, 0¢).

5. The PP sends the estimated position to the
internal controller.

6. The internal controller generates and sends
the control signals (wg,, wr;) to the AGV.

— Inthe AGV.

1. Update wheels velocity upon reception of the
control signals.
2. Wait for the next sampling period.

The remote AGV path tracking control requires an
accurate estimation of the RTT delay. It is important to
notice that the AGV receives the control information
under the assumption that the vehicle is in a specific
location at time ¢ + 7y, but the control data are actually
received at time ¢ + 7. If the difference between the
estimated RTT delay 7, and the actual RTT delay 7,
is high, then the performance degradation of the AGV
will increase.

3.3 Network delay estimation

Statistical algorithms (mean value, median value, max
value), algorithms based on Markov formalisms, and
exponential averaging algorithms to estimate RTT de-
lay have been already proposed in [17] and [18]. How-
ever, in this paper, we propose to use a Kalman filter
estimator because, considering the RTT delay model
1-2 and under the assumption of Gaussian noise com-
ponents, it produces optimal linear estimates.

The Kalman filter estimates a process by using a form
of feedback control. The filter estimates the process
state at some time and then obtains feedback in the
form of noisy measurements that are used to adjust the
estimates. The equations for the Kalman filter are di-
vided in two groups: time update equations (predictor)
and measurement update equations (corrector).

The time update equations, Eqs. 16 and 17, are
responsible for obtaining the a priori estimates. For the
remote path tracking control algorithm, the estimated
RTT delay 7, corresponds to the Kalman filter’s a
priori estimation given by

T = Th-1) (16)

where 7, is the previous a posteriori estimate of the
RTT delay. The a priori estimation of the covariance
error is

P(_k) =Pu_n+ 0 (17)
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where P_) is the previous a posteriori estimate of the
covariance error and Q is the covariance process noise.

The measurement update equations, Egs. 18, 19,
and 20, are responsible for obtaining an improved a
posteriori estimate. The feedback gain to be used in
the next state and covariance estimation is computed
as follows:

.
=9 (18)
Py + R

K
where Ky is the Kalman gain, / defines the constant
measurement gain, R is the covariance value of the
measurement noise. In order to improve the accuracy
of the a posteriori estimate of the current state, the a
priori estimate is adjusted using a new measurement, as
follows:

Ty = Ty + Koo Yo + T) (19)

where y is the measured output of the system 2. The
next covariance estimation is given by

Py = P, (1 — Ku) (20)

where Py, it the a posteriori estimation of the covari-
ance error.

4 Simulation setup

To assess the proposed remote path tracking algorithm
including the effectiveness of the Kalman-based RTT
delay estimation technique, extensive simulations have
been performed. Reported results cover different al-
gorithms for remote path tracking control, evaluated
for several prototype routes and under different WiFi
network traffic conditions.

4.1 Other estimation algorithms

This section summarizes previously proposed RTT de-
lay estimation algorithms [17] and [18] that will be used
in the evaluation of the solution presented in this paper.
These algorithms can be divided into:

— Statistical estimation algorithms: the mean (Eq. 21),
median (Eq. 22), and max (Eq. 23) value estimation
algorithms predict the current RTT delay by apply-
ing statistical functions to the last w measured RTT
delays (Eq. 21), where w is known as the window
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size and its value defines the amount of previous
data that needs to be stored.

Tk 1jw = MeAN{Ty, Tk—1, -or Thewt1} (21)
Thp1jw = median{tg, Tx_1, ..., Th—wt1} (22)
Thp1jw = Max{mean(ty, Tx—1, ..., Thewt1),

median(t, Tk—1, ..., Thew+1)} (23)

— Markov chain estimation algorithm: given the cur-
rent RTT delay state and taking previously defined
probability distributions, the new estimate is ob-
tained. In particular, it predicts the delay range by
classifying the Markov states and its state-transition
matrix. The Markov states at time k are denoted as
{1, ...S}, where S is the total number of states. The
state-transition matrix, denoted as Rg,s, captures
the dynamic changes from state to state, where its
values are calculated from the probability distribu-
tion of a previously defined dynamic state changes.
Therefore, the estimated time delay, 7, is repre-
sented by current state of the Markov matrix, and
the next estimated value, 7y, is obtained when
the Markov chain moves to the next state using the
state-transition matrix.

— Exponential averaging estimation algorithm: It
smoothes and averages a sequence of values along
a time series. It makes a prediction based on a
smoothed series P;_; as well as the current RTT
delay

P.=oat.+ (1 —a)Pr_y (24)

This algorithm corresponds to the steady-state
Kalman filter if « was the Kalman gain.

4.2 Generation of delays and network load

Varying RTT delays of a WiFi network present an
unimodal and asymmetric distribution with a long tail in
the right side. Therefore, a Gamma distribution can be
used to represent the behavior of the end-to-end delay
in WiFi networks [27]. In addition, experimental data
reveal that, irrespective of the traffic crossing the link,
the empirical histograms almost have the same general
shape, which can be fitted by a Gamma distribution
with different parameters for almost 90% of the distri-
butions [29].

According to these indications, the simulation setup
randomly generates the current RTT delay values 7 (k)
based on different gamma distributions functions de-
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pending on the network load. Different network loads
were considered during simulation. Each particular
load is characterized by an specific average RTT delay
value:

— High delay variability load, with RTT delay mean
of 35 ms, shortest delay of 5 ms, and longest delay
of 95 ms

— Low delay variability load, with RTT delay mean of
35 ms, shortest delay of 25 ms, and longest delay of
55 ms

— Low delay variability with different RTT delay
means, which correspond to six loads. The first load
has RTT delay mean of 10 ms, the second of 20 ms,
etc., up to 60 ms. The distribution with mean of
60 ms is the last one in order to avoid having delays
larger than 95 ms

It is important to point out that the period of the control
algorithm is 100 ms.

4.3 Algorithm parameters

For the simulations, the key parameters of each delay
estimation technique have been empirically tuned to
obtain the best performance possible for remote path
tracking control in the case of network load with high
RTT delay variability.

For the Kalman filter algorithm, the noise covariance
Q of the RTT delay process has a small but non-
zero value (Q = 0.0001) in order to model the bias
introduced by propagation times of the data transfer to
a mobile vehicle. The noise covariance for the measure-
ments modeling the high-frequency components of the
measurement noise R is greater than one. In particular,
for the high RTT delay variability distribution, given
that its standard deviation is 15.26 ms, the measurement
variance has been fixed at R = (15.26)> = 233. The
initial value of P, is different from zero (Py—1) = 1).
For the statistical algorithms, experiments have shown
that the longer the window size, the better the per-
formance of the remote tracking. However, beyond a
window size of 10, no increment in performance was
noticed. Therefore, w was set to 10. The control para-
meter for the exponential averaging has been specified
o = 0.1 while the first value for Pj,_; is set to the
network delay average, 35 ms. The transition matrix
probabilities for the Markov chain algorithm has been
obtained from the density values taken from the gamma
distribution in such a way the remote path tracking
performance is maximized.

It is important to notice that though the actual net-
work load may vary, the algorithms parameters, once
defined, are not changed during simulations.

4.4 Simulation scenarios

In addition to the remote path tracking control where
delay estimation is carried out by the proposed solu-
tion or using the explained existing techniques, for the
comparative analysis, the following scenarios have been
also considered:

— No delay. There is no delay in the wireless network
Tk = 0, so the AGV receives instantaneously the
control information. It represents the behavior of
the model considering an ideal communication en-
vironment or a local controller.

— Ideal estimation. The estimated RTT values equal
to the current RTT delay, T4 = 7). This scenario
includes the adverse effects of the delay, but the
effects are minimized by an ideal estimation.

— No estimation. The controller does not make any
delay compensation. This represents the worst case
scenario since the delay effects are maximized.

4.5 Cost functions

The goal of path tracking control is to accurately follow
trajectories. Two cost functions are used to evaluate the
performance of the proposed algorithm. The first cost
function, J;, represents the quadratic deviation of the
AGYV from the reference points,

iy

Ji =" D(pewy, Priw)’

k=ty

(26)

where D is the distance between the AGV’s current po-
sition p.) and the next reference point p,, defined by
the route planner, , is the initial time (for the proposed
model #, = 0), and ¢ is the final time when the AGV
completes the route. The second cost function, J,, is the
total traveling time spent by the AGV to reach the final
destination.

Jzztf—[() (27)

4.6 Routes

Four different routes were defined to test the proposed
algorithm. They capture key aspects such as different
types of curves, straight lines of different longitude,
etc. in order to cover an extended topology, as it is
illustrated in Fig. 3.
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Fig. 3 Different routes to evaluate AGV movements

5 Simulation results

First, the remote path tracking algorithm using the
Kalman filter estimation technique is shown to perform
effective tracking of a given route regardless of its
operation in a networking environment that presents
high RTT delay variability load. Second, the proposed
algorithm is shown to provide robust tracking of a given
route if the network delay assumptions (high RTT de-
lay variability) do not match the actual delays (low RTT
delay variability). And finally, the last set of simulations
show that the proposed algorithm is the best among the
studied ones regardless of changes in the network load.

5.1 Effectiveness of the remote path tracking approach

The first evaluation focuses on the effectiveness and
efficiency of the proposed algorithm. To this extend,
the algorithm using the Kalman estimator is compared
to the case where no estimation is performed for the
first prototype route and taking into account the worst
delay scenario, that is, the high RTT delay variability.
This serves two purposes. First, it looks into the nega-
tive impact that the RTT delay has in the remote path
tracking control (no estimation scenario), and second,
it highlights the efficiency of the solution presented in
this paper.

The adverse effects of the RTT delay and the
effectiveness of the presented algorithm affect both
the deviation of the vehicle from the given route and
the traveling time. In the case of no delay, the vehicle
quadratic deviation from the original path is 29.72m?.
When delays enter in the closed loop and no estimation
process is available the deviation goes up to 61.32m?
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while the proposed approach achieves a deviation of
42.84m?. The later approaches the case of ideal estima-
tion, 41.74m?. The traveling time evaluation presents
similar numbers. For the case of no delay, the total
tracking time is 50.00 s. In the presence of delays, the
presented approach halves the increase in time of the
no estimation case. This evaluation corroborates that
estimating the delay in order to compute the control
commands using accurate data becomes crucial for re-
mote path tracking control.

Figure 4 illustrates the trajectories followed by the
AGYV for the case of no estimation and for the pre-
sented algorithm. The trajectory followed by the ve-
hicle presents dramatic deviations with respect to the
defined route for the no estimation scenario. However,
the figure clearly shows that the proposed solution
using the Kalman filter mitigates the negative effects of
the delays in the networked control system, providing a
more accurate tracking.

For performance analysis purposes, Table 1 sum-
marizes the performance numbers of the remote path
tracking algorithm using the other estimation tech-
niques (Section 4.1) for the two cost functions. As it can
be clearly seen, among the other estimation methods,
remote path tracking using the Markov-based estima-
tion and the exponential averaging estimation provides
the next best performance after the Kalman filter one.

5.2 Robustness in front of unexpected delays

The previous evaluation of the remote path tracking
control algorithm was performed considering that the

0 Defined Route
- = No Estimation
— Kalman Filter Estimation

Y—axis (m)
o

-5 L L L L s
0 2 4 6 8 10

X—axis (m)

Fig.4 Vehicle’s trajectories resulting of the remote path tracking
control when, in the presence of delays, no delay estimation
occurs and when Kalman filter estimation is applied
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Table 1 Remote path tracking control performance evaluation
of all tested estimation methods for the first route under high
RTT delay variability

Simulation scenario Ji (m?) J2 (s)
No delay 29.72 50.00
Ideal estimation 41.74 54.50
No estimation 61.32 72.50
Statistical estimation: mean value 49.64 70.70
Statistical estimation: median value 48.29 69.80
Statistical estimation: max value 50.36 70.50
Markov chain estimation 45.28 65.10
Exponential averaging estimation 46.58 64.10
Kalman filter estimation 42.84 61.40

actual WiFi delays coincide with those used in the
tuning of the control parameters of all the evaluated
estimation techniques. Table 2 shows the final values
of J; and J, for the case of having actual RTT delays
with lower variability than those used in the control
design, for the first route. The first observation is that
in general these performance numbers are better when
compared to the evaluation reported in Table 1. The
reason for this is that the actual low RTT delay vari-
ability presents shorter delays compared to the high
RTT delay variability, and therefore, deviations and
traveling time are shorter. However, the accuracy of the
remote path tracking control using the Kalman estima-
tion reflected for example in the deviation metric for
the performance reported in Table 1 is of 97% while for
the one of Table 2 is of 93%. This is because the control
parameters were tuned for the delay distribution of the
high RTT delay variability.

Apart from this consideration, Table 2 shows that
among the estimation algorithms the remote path
tracking control using the Kalman filter presents the
best performance when considering the path deviation
and the traveling time. In addition, Table 2 reveals
an interesting property. The control algorithm using

Table 2 Remote path tracking control performance evaluation
of all tested estimation methods for the first route with unex-
pected RTT delay variability

Simulation scenario Ji (m?) J> (s)
No delay 29.72 50.00
Ideal estimation 39.07 51.20
No estimation 56.80 67.70
Statistical estimation: mean value 45.07 59.30
Statistical estimation: median value 45.00 58.40
Statistical estimation: max value 45.72 59.00
Markov chain est. 54.20 66.20
Exponential averaging estimation 43.72 57.20
Kalman filter estimation 41.94 54.20
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Fig. 5 Tracking deviation (/) results for different network loads

the Kalman filter is robust against unexpected delays
compared to the Markov-based algorithm. The later
performs much worse because the transition probabil-
ity matrix used in the design does not hold anymore if
the actual delays do not match the assumed ones. And
although control algorithms using statistical estimation
methods or using the exponential averaging method
are also robust against unexpected delays, the approach
with Kalman still performs best.

5.3 Robustness in front of different loads

The last performance analysis involves evaluating the
remote path tracking control algorithm for the six low
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Fig. 6 Traveling time (J>) results for different network loads
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RTT delay variability load described in Section 4.2.
None of the six RTT delay distributions is centered at
35 ms, which is the delay distribution mean assumed in
the design stage. This means that, for each distribution,
the majority of the delays appearing in the networked
control loop are unexpected. The analysis, which in-
cludes the four routes, evaluates the deviation and the
traveling time.

Figures 5 and 6 provide J; and J, results, respec-
tively, considering the different loads in the WiFi net-
work. In order to simplify the figure, the results for the
remote path tracking control approach using the mean
value, max value, and medium value estimation tech-
niques are integrated (averaged) into one evaluation,
labeled statistics. As it is shown in the figures, as the
load in the network increases, the remote path track-
ing control performance degradation increases. In the
case of using the Kalman filter estimation algorithm,
the remote path tracking control presents always the
best performance compared with the other algorithms.
Therefore, it presents a robust behavior in front of
different network loads.

6 Conclusions

AGYV path tracking control is an industrial applica-
tion that can benefit from the advantages provided
by wireless communication. However, closing the loop
over a WiFi network has been shown to bring new
challenges due to the negative effects that commu-
nication delays have in performance. This paper has
presented a remote path tracking control algorithm
where the use of a delay estimator becomes the key
for successful operation. The proposed approach uses
a simple stochastic model for the delay dynamics that
permits to design an optimal estimator for the network
delays. First, this solution has been shown to provide
effective path tracking in terms of accuracy in following
a trajectory and in terms of total traveling time. Second,
the presented algorithm has been shown to be robust
against unexpected WiFi delays distributions as well as
against varying network load conditions. Third, results
show that the remote path tracking control algorithm
using the Kalman estimator outperforms previously
presented WiFi delays estimation techniques

Future work will focus on minimizing the number
of messages required for the remote AGV path track-
ing control system without compromising its operation.
This will lead to control loops with less network re-
quirements, as well as to a system with less energy
demand.
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