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Abstract— Wireless communication systems used in industrial conceived as the wireless extension of Ethernet, and now
environments must guarantee that the information is sent ad has become one of the most mature wireless communication

received within precise time-bounds. However the nature ofhe  ,anvork [4]. However, communication features like rellapi
radio channels and the medium access control (MAC) generase d timeli ianifi " difficult to meet in
random communication delays. For networked control systers, an, . Imeliness are signimcantly more di |cu. : )
these de|ays can cause severe performance pr0b|emsl Th|$pa WiFi networks, because Of the adverse propertles Of th@rad|

presents an autonomous guided vehicle (AGV) path tracking channels and the characteristics of the medium access of
control system whose closed-loop consists on a vehicle cested  control [5]. The properties of the radio channels like low
over a wireless network to the controller. To mitigate the .54ty of the shared radio channel, path loss and the ehann
negative effects of delays, we propose a Kalman-based netko .

delay estimator in the controller, that provides effective control errors, cause I’.letWOI’k delays.smce data packets often need
performance. Our approach is compared to previously proposd 10 be retransmitted. The medium access of control used by
statistical estimation algorithms by evaluating the vehite’'s tra- WiFi is based on the carrier sense multiple access (CSMA)
velling time and path deviation. mechanism, which presents random and long access delays
when there is a heavy network traffic load.

Consequently, for time sensitive applications relying on
Industrial applications involving mobile systems can gneWiFi links such as networked control systems, the chariseter
from the use of wireless communication technologies. Thies of the radio channels and the medium access control must
deployment of wireless technologies in the industrial Bmvi  be taken in consideration and managed properly. As it has bee

ment plays an important role in the simplification of costlalready shown on [6] and [7] for other industrial networkstsu
and complex infrastructures and also in the improvement & CAN or Profibus, taking into account effects or properties
flexibility in the factory. The localization and tracking odbm- of the medium access control in the design of networked
ponents, the coordination of autonomous transport vehiclgpplications permits to improve overall control perforran
and mobile robots, as well as applications involving disttéd Different approaches has been proposed in order to manage
control are all areas in which wireless technologies codd Ithe negative effects of network delays. In [8], a virtuallingl
used in an industrial environment [1]. algorithm is implemented in the application layer to improv
Itis known that AGV'’s are useful for the movement of matenetwork performance by reducing data collisions, however
rial and for the productivity of automated systems. Fast AGVthis approach does not consider the impact of the delays
with obstacle avoidance capabilities can maneuver themselcaused by the nature of the radio channels. In [9], a redundan
among manufacturing lines carrying components [2]. Ugualtransmission protocol is described as a mechanism to rtetiga
AGV control is done locally. An alternate implementationhe errors due to the unreliable wireless channel, but the
involves a remote control. This schema opens up a full seta@dlays caused by the medium access control are not taken
new applications such as coordination of tasks in a mult¥AGin consideration. In [10], a gain scheduler middleware is
systems, providing at the end more flexible manufacturiggoposed in order to modify the controller output with restpe
systems. to current network conditions, but the performance of the
Based on the benefits provided by the remote control, atatistical estimation algorithms can be improved.
adequate architecture for AGV systems may consist in anThe contribution of this paper consists in the use of the
external controller sending and receiving, through a wsel Kalman filter algorithm [11] to predict the time delay over
network, the control commands to the vehicle. However, & WiFi network. An AGV path tracking control system is
a wireless AGV system, a major challenge is the existenased to measure the performance of the estimation algarithm
of a network delay that may degrade the overall systelhe performance of the Kalman filter algorithm is compared
performance. See [3] for an illustrative analysis of theetfbf with previously proposed estimation algorithms. With areot
time delays in the performance of networked control systermgelay estimation, the remote controller is capable of mtet)
Wireless Local Area Network (WLAN) based on the IEEEhe position of the vehicle and generate the adequate dontro
802.11 standard (commercially known as WiFi), was oridinalcommands.

I. INTRODUCTION



Y B. Local Path Tracking Control

Driving The goal of the path tracking control is to drive the vehicle
Wheels . A . . .
to a desired location or reference point by controlling theex!
\(/:vﬁ: of the vehicle’s right and left wheel in such a way that the
ye deviation from the shortest path is minimized.
X / A route planner provides to the controller the route informa

tion in the form of a set of reference points, using the refeee
vector [zg, yr,Or]. The controller is periodically receiving
the vehicle current positio(c, yc, 6¢). The controller reads

X from the vector the first reference point compares with the
current position, and calculates and sends to the vehiele th
require speed of the right and left wheélsg ., wr ;). In the
next sampling period the controller reads the new vehict-po
tion, then calculates and sends the new speed values. Dipis lo

In this work a simulation model has been implemented gpntinues until the vehicle reaches the current referenad.p
order to evaluate the effectiveness of the proposed apiptoac After this, the controller reads the next reference poimtrfthe
measuring the vehicle’s path deviation and the total timgel VECIOr and starts the loop again. When every reference point
time. The simulation results show that an accurate estmati"@S Peen reached, the vehicle finally completes the route.
of the network delay allows more precise control. The control algorithm is implemented with the following

This work is divided in the following sections: Section lIS€quence of steps:
describes the characteristics of the AGV path trackingesgst 1) Obtain the error vectofe,, e,, eg] from the difference
Section Il details the Kalman filter algorithm as the delay between the current position and the reference point.
estimation process. Section IV explains how the simulation

< 06

Xc

Fig. 1. Schematic of the AGV

model was implemented. Section V describes the set up of €z cosfc  sindc 0| fzr —zc
the simulation process, and finally in Section VI the sinmiolat ey| = |—sinfc cosbo 0| |yr —yc ®)
results are analyzed. €9 0 0 1] [0r—bc

Il. SYSTEM DESCRIPTION 2) Estimate the linear and angular velocitiég ), Orx) ),

as an intermediate step. For complete information on

The AGV we considered consists in a differential drive ; )
how to obtain equations (6) and (7) refers to [12].

mobile robot with two driving wheels and one caster wheel.
As shown in Fig. 1, the AGV current position is given by

> 0 ~ K 6
zo,yc and the current posture anglefis. A generalization VR(R) (k) ©)
of the quadratic curve approach proposed in [12] is used as a
path tracking algorithm for this control system. OR(k) = 240 K x) (7)
A. AGV Kinematic Model where

In the AGV kinematic model, the vehicle states can be . ey
calculated from the rotational velocities of the right awedt | Ay = S’Lgn(ez)e—‘Q (8)
wheels, defined by, andw; respectively. ¢
vl 5 5| |wr 1 = si —
L=l ] @ Ko = O

wherewv is translational velocityw is the rotational velocity,
r is the wheel radius, andl’ represents the distance between
the two wheels of the vehicle.

The AGV next position and posture, after\a time interval 3)
has elapsed, is obtained from the translational and rotatio

anda is a positive constant used as a speed factor. The
vehicle will move faster with a higher value of, and
slower with a lower value.

Calculate the speed of the right and left wheels that the
vehicle requires in order to reach the reference point.

velocities.
At Urk)y  Wwrk)
(k1) = Te (k) + VAL cos(Oc (k) + WT) (2) WRr = — + o (10)
) At . .
Yo(k+1) = Yo + vAtsin(Ocm) + W7) ©)) wpy = SBE) Worw) (11)
R, r 2r
Oc (k1) = bo ) + wAt (4) wherewp , is the angular velocity for the right wheel,

where At represents the sampling time interval. andwp, is the angular velocity for the left wheel.
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Fig. 3. Dataflow of the Path Tracking Control over a Network.
Fig. 2. Round Trip Time Delay.

already reached.
C. Delay Metric 2) The_ Network Delay Estimator (NDE) takes the
previous RTT delay value,_).
The NDE estimates the next value of the RTT delay
7(k)» using the Kalman filter algorithm.
The Position Predictor (PP) uses the estimated RTT
delay value7, and the current position of the
vehicle(z¢, yc, 0c). Since the PP knows the kine-
matical behavior of the AGV, according with (1)-
(4), calculates the estimated position of the vehicle

In order to carry out effective remote path tracking control 3)
we require to measure the network delay. One of the most
common metrics in a communication network, in order to 4)
guantify the network performance, is the round trip time TRT
delay which reflects the traffic load [13]. In a networked
control system, the RTT delay is defined as the time in
between, when a request is transmitted from the processrstat
and when the control data is received. Therefore, as shown

o . . (Zc,9c,0c).
in Fig. 2, the RTT delay, _symbohzed b’y_(k)’ includes the_ 5) The PP sends the estimated position to the Internal
network delay from sampling to calculation, the calculatio Controller
time and the network delay from calculation to actuation. 6) The Internal Controller generates and sends the
D. Remote Path Tracking Control control signals(wr,, wr,1) to the AGV.

In the remote path tracking control scheme it has to bee In the AGV.
considered that delays may provoke an inconsistent operati 1) Update wheels velocity upon reception of the con-
of the previous algorithm. If we perform remote path tragkin trol signals.
control, the previous algorithm still holds but the estietht 2) Wait for the next sampling period.

vehicle position must be considered instead of the curre@t 0 sjnce the AGV path tracking control is time sensitive, it
For a local controller, the control algorithm uses the auirrerequires an accurate estimation of the RTT delay. It is impor
position. However, since the proposed approach considerggt to notice that the AGV receives the control information
remote controller, the current position received has to Rder the assumption that the vehicle is in a specific lonatio
adjusted to account for the wireless network delay. at time t + 73, but the control data is actually received at
The proposed AGV path tracking networked control systefiine ¢ + 7., see Fig 4. The time when the vehicle sends the
is based on the schema defined in [10] since a modular Stritial sampling message is representedtbif the difference
ture can be implemented over an existing control system. fstween the estimated RTT delay, and the actual RTT
a difference, the proposed system includes a delay esimatijelay 7, is higher, then the performance degradation of the
algorithm based on the Kalman filter. AGV will increase. An accurate estimation of the RTT delay
The sequence of activities executed at each sampling pergil benefit the AGV performance compared with a schema
in the networked control system, illustrated in Fig. 3, ie thyhere the RTT delay is no estimated or the estimation is poor.

following: This is the reason of the importance of an accurate estimatio
e Inthe AGV.
1) Obtain vehicle current positiofxc, yc, 6¢). I1I. NETWORK DELAY ESTIMATION

2) Calculate the previous RTT delay valug ;). This section describes the characteristics of the Kalman
3) Send both values to the remote controller. filter algorithm, used in the proposed networked controt sys
« In the controller, after receiving the data sent by thgm, in order to estimate the RTT delay. Statistical altoni
vehicle. (Mean Value, Median Value, Max Value) to estimate RTT de-
1) The Route Planner (RP) provides the next referentay have been already proposed in [14]. However Kalman filter
point (zr,yr,0r), if the previous one has beenpresents the advantage of being an algorithm that implesnent
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The Kalman filter is a recursive estimator. This means the @
the estimation of the current state is obtained from theiptesv
estimation and the current measurement. Fig. 5. Flowchart of the AGV Path Tracking Model.

The Kalman filter has two distinct phases: predictor (time
update) and corrector (measurement update). The predictor
phase uses the previous estimation to produceattpriori Wherez, is the measured output of the system.
estimation of the current state (equations (12) and (18)). | Thea posterioriestimation of the covariance error is given
the corrector phase, measurement information from thesatirr by:
state is used to refine the prediction and obtairetip@steriori B
estimation (equations (14), (15) and (16)). Taeosteriori Py = P(k)(l — HEK ) (16)
estimation is used in the next predictor phase.

For the purpose of this algorithm, the estimated RTT delay IV. SIMULATION MODEL

T(x)» corresponds to the Kalman filterss priori estimation. This section describes the characteristics of the AGV path
In the predictor phase, theepriori estimation of the current tracking control model implemented in Matlab for simulatio
state is obtained by: purposes.
j:(_k) = Ai(k_l) + BU(k) (12)

A. Model Flowchart
whereA is a scalar value that represents the constant feedbacl_<|_h lorithm that imol he AGY h i
gain, &(,_1) defines the previoua posterioriestimate of the e algorithm that implements the path tracking

process stateB3 is a scalar value that represents the consta'fli'tOOIeI is illustrated in Fig. 5.

input gain, andu ;) represents the current input. 1) The Route Planner Module provides a set of reference
The a priori estimation of the covariance error is given by: ~ points to the Internal Controller, in order to set the
— 3 vehicles route.

Py = APy + Q (13) 2) The Internal Controller reads the first reference point.
where P;,_, is the previousa posteriori estimate of the 3) The Network Delay Estimator module es_timates the next
covariance error, and) is the constant covariance value of RTT value using the Kalman filter algorithm.
the process noise. 4) The Position Predictor module, estimates the vehicle’s

In the corrector phase, a Kalman gain value is obtained position at the time when the control data will arrive to
previous to the calculation of the posteriori estimation. the vehicle.
_ 5) The Internal Controller calculates the wheels reference
HP o L . .
Ky = (k) (14) velocities and sends this information to the vehicle.
HQP(;) +R 6) The vehicle moves according with the kinematic model.

The control commands provided by the controller are
received and applied to the vehicle after the actual RTT
delay has been completed.

where K ;) is the Kalman gain/{ defines the constant mea-
surement gainR is the covariance value of the measurement

noise. . .
Thena posterioriestimation of the current state is obtained 7) Ii the vehicle has reached the refergnce point, then the
by: Internal Controller reads the next point.

8) If not, the cycle continues with the estimation of the
Try = By + Ky (2) + Hiy,)) (15) next RTT value.



9) If the vehicle has completed the defined route, then the measurements obtained in this scenario are used to eva-
cycle ends by calculating the performance values based luate the performance of the Kalman filter algorithm.

on the cost functions defined on Section V. « Statistical Estimation. Estimated RTT valugg), based
10) If not, the cycle continues by reading the next reference on statistical algorithms, are provided in the system in
point. order to adjust the control information. The measurements
obtained in this scenario are used to evaluate the perfor-
B. Delay Generator mance of the three statistical algorithms (Mean Value,

The implemented model includes a Delay Generator Mo- Median Value, Max Value).
dule. This module generates the current RTT delay valuesThe first three scenarios are constructed for the sake of the
7(k) based on a gamma distribution density function. Gammamparative analysis. Note that the No Estimation scenario
distribution is used to represent the behavior of a Wikgrovide the worst case data, and the No Delay and the Ideal
network, since according with different measurement tesulEstimation represent the best case scenarios.
the random and variable RTT delays of a WiFi network present .
an unimodal and asymmetric distribution with a long tail ifp- COSt Functions

the right side [13]. Two cost functions are used to evaluate the performance of
the proposed model. The first cost functioh, represents the
C. Algorithm Parameters deviation of the AGV from the reference points.
For the simulations and according with the distribution ty
of the delay values, the Kalman filter parameters have been Jy = ZD(pC’p") (17)
selected as follows: o
« The feedback gainl is fixed and equals to one. whereD is the distance between the AGV’s current positin
« There is no control input, sa;) = 0. _ and the next reference poipt defined by the Route Planner,
« The measurement output is obtained directly from thehq¢, is the initial time (for the proposed modg) = 0) and
current state, s@/ = 1. - t; is the final time when the AGV completes the route.
« The covariance value of process no@es zero. The second cost function], is the total travelling time
« The covariance value of measurement ndises greater spent by the AGV to reach the final destination.
than one.
« The initial value of P,_, is different from zero. Jo =ty —to (18)

V1. SIMULATION RESULTS

This section describes the different scenarios used durin yhis section shows the simulation results of the AGV path

the simulation process in order to compare the Kalman filts cking model. As mentioned in section V different scevsri

algorithm performance with respect to other approacheso Alvere simulated.

the cost functions used for evaluation are described. A. RTT Delay Impact

V. SIMULATION SETUP

The first evaluation looks into the negative impact that the
] ) ) ) _RTT delay has in the path tracking control (No Estimation
Different scenarios has been considered for the S'mU|at'%enario). This is compared to the control obtained when
With the exception of the first scenario, it is considered thghe kaiman algorithm is applied (Kalman Filter Estimation
the network presents a gamma distributed random RTT de@’enario).
(k) = [0..100ms]. As shown in Fig. 6, the trajectory followed by the vehicle
« No Delay. There is no delay in the wireless networkas a larger deviation for the No Estimation scenario coatgpbar
(k) = 0, so the AGV receives instantaneously the contrelith the Kalman Filter Estimation scenario. Consequertiig,
information. It represents the behavior of the modéigure clearly shows that the Kalman filter mitigates the erro
considering an ideal communication environment or a The adverse effects of the RTT delay affect both cost
local controller. functions. The vehicle has a larger deviation from the oagi
« Ideal Estimation. The estimated RTT values equal to thgth when no estimation process is available, and it also has
current RTT delayf(x) = 7(x). This scenario includes thea higher travelling time. This is caused by the late control
adverse effects of the delay, but the effects are minimiz@#tormation received by the vehicle that is based on a wrong
by an ideal estimation. assumption on the vehicle’s current conditions.
« No Estimation. The controller does not make any dela o ] _
compensation. This represents the worst case scenafo,EStimation Algorithm Comparison
since the delay effects are maximized. Both cost functions were used to evaluate the performance
« Kalman Filter Estimation. Estimated RTT valuég,), of the Kalman filter algorithm and the statistical algorithm
based on Kalman filter algorithm, are provided in theompared with the best and worst cases. Three routes were
system in order to adjust the control information. Thdefined in order to evaluate different movements of the Vehic

A. Simulation Scenarios



S Through the simulation results, it is shown that the Kalman

4r T e filter used as a network delay estimation algorithm, prowide

3l ’ _ a better performance compared with other algorithms based

| o ﬁzf',z”;?mi%';‘f N on statistical operations. This paper demonstrates that th
—— Kalman Filter Estimation use of a network delay estimator can improve the overall

performance of a networked control system that uses waeles
communication.
For future works the performance of the AGV path tracking
» system may be improved by reducing the number of commu-
nication messages between the controller and the vehible. T

-3 can be done if communication tasks are only allowed when a
—4% - Te TS TR threshold deviation from the defined path occurs.
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