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ABSTRACT Automated Guided Vehicles (AGV) are unmanned transport vehicles widely used in the
industrial sector to substitute manned industrial trucks and conveyors. In order to guarantee safe operation,
AGVs must be equipped with a safety system to stop their movement in presence of obstacles or humans
in their path. This work presents a novel safety system for AGVs that is based on Ultra Wideband (UWB)
technology. Unlike previous works based on UWB Real-Time Location Systems (RTLS), the proposed safety
system does not require installing hardware on the plant’s infrastructure. Instead, the AGV is equipped with
sensors capable of locating the tag of a person or a mobile asset. This simplifies deployment of the solution
and enables its use in dynamic environments. The proposed safety system was mounted in an AGV designed
by the company ASTI Mobile Robotics. Dynamic measurements showed that the proposed safety system
accurately mirrors the relative movement between the AGV and tag. Furthermore, the proposed safety system
employs a novel method for post-processing ranging data. Measurements showed that this method improves
the accuracy of the system, resulting in a more homogeneously distributed positioning error around a room.

INDEX TERMS Autonomous vehicle, automated guided vehicle (AGV), indoor navigation, real-time

location system (RTLS), robot sensing system, ultra-wideband (UWB) technology, vehicle safety.

I. INTRODUCTION
Nowadays, many industrial processes suffer from high
product variability and, at the same time, shortened
product-life cycles. This requires an agile and flexible pro-
duction structure that can be reconfigured rapidly to meet
new product demands [1]. This degree of flexibility cannot
be achieved by traditional automation. However, the emerg-
ing technologies in Industry 4.0 are the ones that will
allow highly-flexible production systems. In this scenario the
autonomous mobile robots will increase the flexibility and
productivity of many industrial processes [2].

Automated Guided Vehicles (AGV) are unmanned trans-
port vehicles currently used in the industrial sector to
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substitute manned industrial trucks and conveyors. This kind
of mobile robots usually navigates by following long marked
lines or magnetic tapes on the floor. Recent advances in Arti-
ficial Intelligence have allowed these mobile robots to move
in a more autonomous way, without the need for marks on
the floor. These autonomous AGVs allow greater flexibility
in the production structure, as they do not need to drive in a
predefined area [2]. However, these autonomous AGVs share
the work-space with humans, manned industrial trucks and
other mobile assets. In order to guarantee their safe opera-
tion, AGVs must be equipped with a safety system to stop
their movement in the presence of obstacles in the path [3].
Moreover, multi-sensor systems are used to improve the
navigation of AGVs in these variable environments. Among
others, encoders, gyroscopes, ultrasound sensors, infrared
sensors, LIDARs (Laser Imaging Detection and Ranging),
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RADARs (RAdio Detection And Ranging) or cameras are
commonly used for safe indoor navigation of AGVs [4], [5].

Ultrasound sensors and LIDARs can also be employed as
a safety system to avoid collisions with AGVs: if they sense
something is in the path, the AGV must stop prior to impact.
Ultrasound sensors are low-cost solutions but their range and
reliability is not usually sufficient for industrial applications.
LIDARSs provide high reliability but they are expensive [6].
Furthermore, they have several major drawbacks. They can-
not cover 360° around the AGV, which forces two LIDARSs to
be installed per vehicle, increasing the cost of the system even
more. Additionally, LIDARSs only provide two-dimensional
(2D) information about an obstacle at a specific height from
the floor, usually a few centimeters above the floor. Thus,
in many cases additional vertical safety LIDARs must be
installed, making the final cost of the safety system very
expensive. Finally, if these systems are used in highly chang-
ing environments or crowded areas, the AGVs are constantly
stopped, and the technology becomes ineffective. The AGVs
should be able to distinguish between the possible obstacles
they sense in their path and react accordingly: sometimes it
may be enough to simply change their route; other times they
must stop, especially if they are in a person’s path.

In recent years, Real-Time Location Systems (RTLSs)
have been used to identify and track the location of people
or objects in indoor environments in real time. These systems
can also help AGVs navigate more safety in a production
plant [7]. RTLSs can be used to estimate the position of the
AGYV within the production plant. Additionally, they can be
used to locate people wearing a tag near the AGV and thus
avoid a collision between an AGV and a person. Obviously,
the accuracy of the RTLS is a key aspect when it is used as a
safety system for an AGV that moves around people.

Although some RTLSs use optical (usually infrared) or
acoustic (usually ultrasound) technologies, the physical layer
of RTLS is usually based on radio-frequency (RF) commu-
nication. The accuracy of RTLSs depends on the RF tech-
nology used. We can find RTLSs based on WiFi, Bluetooth,
Zigbee or Chirp Spread Spectrum (CSS), but Impulse Radio
Ultra Wideband (IR-UWB) is considered the most promising
technology for indoor positioning [8]. IR-UWB is based on
the transmission of radio signals that occupy a very large
bandwidth. This technology performs robustly in multipath
channels. Its high accuracy in the time-of-flight estimation
has made it really attractive for estimating the position of
a node. A detailed comparison of different IR-UWB based
positioning solutions can be found in [8] and [9].

There are various articles in the literature that use RTLS
systems to help AGVs navigate indoors. For example, in [10]
and [11] CSS-based sensors were used in combination with
laser range finders for mobile robot navigation. Recently,
RTLS systems based on IR-UWB have been proposed for
locating AGVs indoors [6], [12]-[14] or Unmanned Aerial
Vehicles (UAVs) [15]. The higher accuracy of IR-UWB tech-
nology improves the AGVs’ ability to navigate. IR-UWB
can also be combined with information from other sensors.
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In [16] and [17], UWB technology was combined with
inertial sensors to achieve greater accuracy. [18] combined
UWRB technology with computer vision for AGV navigation;
[19] combined UWB, inertial sensors and vision for small
Unmanned Aerial Vehicle (Mini-UAV) localization indoors.
Recently, [20] proposed placing a bigger number of nodes
in the AGV to improve the availability and accuracy of the
AGYV positioning estimates in the situation of signal blockage
caused by obstacles and carried cargoes. Nevertheless, in all
these works, some nodes (anchors) were installed on the plant
infrastructure so that the RTLS could provide the position
of a target node placed in the AGV. These solutions can
be expensive if a large area needs to be covered. Moreover,
in the highly-flexible Industry 4.0 production scenarios, hav-
ing fixed infrastructure may not be the best idea, as any
change in the production system’s layout can reduce the
system’s accuracy.

Reference [21] proposed to combine UWB, GNSS, inertial
sensors and vision for outdoors positioning of intelligent
vehicles. Once more, some nodes (anchors) were needed to be
installed outdoors so that the UWB RTLS could work. Plac-
ing anchors outdoors can be expensive if the vehicle needs
to travel large distances. Reference [22] proposed to combine
UWRB and wheel-speed sensors as a collision warning system
for road vehicles. However, this solution does not consider
the safety of people moving around these vehicles.

Recently, [23] proposed to use UWB as a collision avoid-
ance systems for Automated Guided Vehicles. However,
it keeps requiring to install some sensors on the plant infras-
tructure. Reference [24] was the first to propose a collision
avoidance system for Automated Guided Vehicles based on
Ultra-Wideband technology and without requiring hardware
to be installed on the plant infrastructure. The system esti-
mated the distance between a node in the AGV and the target
node to detect if the target node was within a certain safe
distance from the AGV. Nevertheless, the system proposed
in [24] was not able to determine the exact location of the
target node, so the AGV could not detect if the target node was
in the AGV’s trajectory. Moreover, the collision avoidance
system in [24] suffered from errors in estimating distance
above ten meters. Such outliers must be detected and elim-
inated if this system is to be used as an AGV safety system.

Different methods can be found in the literature to improve
the accuracy of the distance estimates and eliminate these
outliers, as, in fact, the accuracy in the distance estimates
significantly affects to the accuracy of the positioning esti-
mates in a RTLS system. Reference [25] presented a method
for post-processing CSS data that significantly improved the
accuracy of the distance estimator. Recently, [21] proposed
to use a similar method to improve the accuracy of IR-UWB
based distance estimates. The work in [26] evaluated different
distance error calibration methods for indoor UWB position-
ing applications and [27] proposed a method to post process
the distance estimates while auto-positioning the anchors.
However, all these methods require to perform a calibration
in the same place where the RTLS system is going to be used.
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Thus, this calibration should be repeated if there are changes
in the layout of the plant where the AGV is working.

This paper proposes a novel safety system based on
IR-UWB that does not require hardware to be installed on
the plant infrastructure. The proposed safety system is able
to provide the position of the target node with high accu-
racy, which makes its use appealing in the highly-flexible
Industry 4.0 production scenarios. In order to improve the
accuracy of the positioning estimates, a simple method for
post-processing ranging data is also proposed in this work,
which does not require in-site calibration.

The rest of this paper is structured as follows. Section II
summarizes the main characteristics of the traditional RTLS
based safety systems. Section III describes the proposed
UWB-based safety system. Section I'V presents and discussed
the experimental results obtained with the proposed system.
Finally, Section V summarizes the main conclusions of this
work.

Il. TRADITIONAL RTLS-BASED AGV

NAVIGATION SYSTEMS

As explained above, RTLSs can help AGVs navigate safely
indoors. There are many works in the literature that propose
using these location systems in AGV navigation [6], [7],
[10]-[14], [16]-[20]. In this section, we will overview
the main characteristics of the current RTLS-based safety
systems for AGVs.

A. BASIC ARCHITECTURE OF A REAL-TIME

LOCATION SYSTEM

A typical RF location system for indoor environments con-
sists of a set of anchors, whose positions (xanj, Yan;» zanj) are
known, and one or more tags, whose positions (x;, i, Zi)
are the ones to be determined [28]-[37]. Such systems rely
on a fixed infrastructure composed of anchors, and will be
referred to as Fixed-Infrastructure RTLS (FI-RTLS) in this
paper. Fig. 1 shows the basic architecture of an FI-RTLS for
indoor environments. The image shows a system with four
anchors, four tags and one Central Unit (CU). The location
of each tag is estimated in two steps: ranging and positioning.

Anchor 3

.;‘~—-____ 7(23)

Anchor 2

T T 7 .
Tag 3 e St Tag 4

Anchor 4 Anchor 1

P(1,1)5 P(1,2)5 P(1,3)s P(1,4) P(2.1) P(2.2): P(2,3): P(2,4)

Central Unit

P(3.1) P(3.2): P(3,3): P(3,4)

B —————————
P(4,1)) P(4,2)s P(4,3): P(4,4)

FIGURE 1. Basic architecture of an FI-RTLS for indoor environments.
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Firstly, the ranging estimates (angle, received power or time
of flight) between each anchor and the tags, 0 ), are cal-
culated using ranging algorithms such as in [34], [38]-[43].
These ranging estimates are not usually equal to the real value
£(,j)» since errors in the transmission or multipath can deterio-
rate the signals. Secondly, the position of each tag, (x;, yi, zi),
is estimated in the CU using these ranging estimates. In Fig. 1
the transmitted signal r(; ;, from the /™ anchor to the i tag is
also represented.

The type of system presented in Fig. 1 is called a tag-based
system. In this kind of system, the tag collects the ranging
estimates, p( j), and sends them to the CU. The tag can also
estimate the position with these ranging estimates, and then,
can send these positioning estimates to the CU. When each
anchor collects the ranging estimates and transmits them to
the CU so that the position is estimated there, the system is
called an anchor-based system.

One of the main challenges of indoor location with RF
technology is the multipath effect. Indoor environments pro-
duce multiple replicas of the transmitted signal due to reflec-
tions caused by, for example, very close objects. Additionally,
sometimes, the direct path can be shadowed and might not
be the strongest path. Such a situation normally leads to
severe degradation in ranging performance in narrowband
location systems, and thus to degradation in location accu-
racy. An effective way to cope with the multipath effect is
to increase the bandwidth of the signal transmitted by the
tag [44]. Thus, the large bandwidth of IR-UWB makes it the
best candidate for an RTLS system used indoors [8].

B. FI-RTLS AGV NAVIGATION SYSTEM

In intralogistic systems, AGVs work in a fleet. The behavior
of the fleet as a whole is controlled by a Fleet Control System
(FCS), which shares production information with the fac-
tory’s Enterprise Resource Planning system (ERP). Using this
information, the FCS sends orders to the AGVs that include
origin station, the destination station and the route to be taken.
Without an RTLS system that is able to locate AGVs, other
mobile robots and people, route assignment occurs without
information regarding the presence of people or mobile assets
being taken into account. This lack of information may lead
to the FCS using congested zones, resulting in unnecessary
stops and ultimately reducing the productivity of the plant.
Itis clear, therefore, that the positioning information provided
by an RTLS system can improve the navigation of a fleet of
AGVs.

Fig. 2 shows the basic architecture of an FI-RTLS AGV
navigation system. Anchors are fixed on the plant’s infras-
tructure, usually on the walls, and AGVs and workers carry
one tag each. If a tag-based FI-RTLS system is used, the posi-
tions of the tags are sent to the FCS via a wireless link.
This link could be the same one used in the positioning
estimation (IR-UWB) or a different one. This communication
link increases the tag’s power consumption, thereby reducing
its battery life. In an anchor-based FI-RTLS system, a CU
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FIGURE 2. Basic architecture of an FI-RTLS AGV navigation system.

collects all the ranging data to produce a positioning estimate,
which is sent to the FCS.

Both cases require an ultra-low latency communication
link between FCS and the AGVs if the FCS commands are
going to be used as a safety system, i.e.: to stop an AGV if it
is going to collide with an obstacle. 5G technology is meant
to provide the latency required by these kinds of applications,
but it is not yet in widespread use. Until then, the positioning
information from the FI-RTLS AGV navigation system is
mainly used by the FCS to monitor the movement of the
AGVs.

In any case, the biggest drawback of current FI-RTLS
AGYV navigation systems is that they still require anchors to
be installed in different locations of the plant. The anchor
placement significantly affects the accuracy of the system,
so the deployment of an FI-RTLS system should be done
carefully. In fact, many of the FI-RTLS systems require
an on-site calibration step to achieve good accuracy [45].
However, given the high product variability and the shortened
product-life cycles that characterize industry today, the pro-
duction plant layouts change from time to time, which will
affect the accuracy of an FI-RTLS system. Any change in
the layout may involve changing the location of the anchors
and/or a repetition of the calibration procedure, which can be
time-consuming and expensive.

Ill. DESCRIPTION OF THE PROPOSED NFI-RTLS

AGV SAFETY SYSTEM

A. PROPOSED ARCHITECTURE

Fig. 3 presents the architecture of the proposed UWB-based
safety system for AGVs. Unlike traditional RTLS-based solu-
tions, the safety system for AGVs proposed in this work does
not require anchors be installed on the infrastructure. It only
requires some sensors be installed in the AGV to locate the tag
of a person or mobile asset. Thus, the proposed safety system
will be based on a non-fixed infrastructure real-time location
system, which we denote as NFI-RTLS AGYV safety system in
this work. As no fixed infrastructure is required, the proposed
system does not depend on the factory layout and simplifies
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FIGURE 3. Architecture of the proposed NFI-RTLS AGV safety system.

the deployment of the safety system and thus the use of AGVs
in a production plant. Moreover, the proposed system will
provide the factory with the flexibility demanded by Industry
4.0 production scenarios.

Fig. 4 shows how the sensors are placed in an AGV. In the
figure, four IR-UWB sensors are placed at the corners of the
AGYV, and two are placed at the middle of the long edges.
These sensors communicate via IR-UWB with the tag worn
by people in the factory or placed on other moving vehicles or
assets. The Time-of-Flight of the transmitted signal is used to
estimate the rangings between the tag and each of the sensors
on the AGV.

ASTI2

|V

2104 rmm

FIGURE 4. Placement of the UWB sensors in the AGV.

In Fig. 4, the antennas of the sensors are oriented facing
out the AGV. Note that this means that if a tag is placed near
one side of the AGV, the sensors that are in the opposite side
are not in direct line—of—sight (LOS) of the tag. Thus, the
NFI-RTLS-based AGV safety system will always be work-
ing with some non-line-of-sight (NLOS) ranging estimates.
Additionally, the system can suffer shadowing if the tag is
worn by a person. If this is the case, methods to mitigate
the body shadowing such as [46] can be implemented in this
system.

B. RANGING POSTPROCESSING
Due to errors in the communication between the tag and
the sensors, the ranging estimator may also produce certain
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inconsistent data, such as negative ranging data, that must
be eliminated. Additionally, this ranging estimation presents
a degree of bias and produces outliers that decrease the
accuracy of the positioning algorithms. Thus, similar to [25],
in this proposed NFI-RTLS AGV safety system, negative
ranging data and outliers are eliminated. [25] also proposed
post-processing the ranging estimates using the following
equation:

1 0
Py =0 phi+ B, 8

where o and B are empirical parameters that correct the
estimated distance between tag and sensor and p,g?; is the
h ranging estimate between the tag and the j sensor after

mt
negative numbers and outliers are eliminated. ,o,(n1 3 is the m™

post-processed ranging estimate between the tag and the j
sensor that will be used in the positioning algorithm.

In order to calculate the empirical parameters in (1), [25]
proposed estimating different values of « and g8 for each
sensor. However, in our work the same values of « and 8 are
proposed to be used for all sensors, as it simplifies the calibra-
tion procedure and the estimated values of these parameters
significantly improve the ranging accuracy of the system.
Thus, in this calibration step, M measurements should be per-
formed by placing the tag at different distances from a sensor
on different days and under different conditions. Because it
is not necessary to perform these measurements in the same
place where the AGV will be used, these measurements can
be taken during the AGV’s production phase. Furthermore,
there is no need to repeat this calibration procedure if there are
changes in the layout of the plant where the AGV is working.
Thus, the installation procedure of the sensors is simple: first,
atag and a sensor are used to estimate the o and B parameters.
Then, the sensors are placed in the AGV and connected to the
battery of the AGV.

Let d be a vector with M real distances between the tag and
the sensor and d©) the vector with the M distances obtained
after eliminating the negative ranging data and the outliers.
Then, parameters o and § are estimated by applying linear
regression to:

d=o -d? +8. )

C. SAFETY SYSTEM ALGORITHM
The ranging information is post-processed according to (1)
and the empirical parameters are estimated using (2). These
post-processed ranging estimates are employed to calculate
the relative position of the tag within the reference coordi-
nate system of the AGV. In this work, an extended Kalman
filter (EKF) was used to estimate this position of the tag [47].
The position information of the surrounding tags is pro-
vided to the AGV’s CU, so that it can decide the next step in
the trajectory. Furthermore, this safety system allows individ-
ual identification of the tags. In this way, it is possible to know
whether the tag is attached to a person or to another mobile
robot, allowing these decisions to be made more appropri-
ately for each case. For example, if the person has experience
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working with AGYV, safety limits could be reduced; or if the
load transported by a certain manned vehicle is dangerous,
these limits could be extended. Traditional safety sensors,
such as bumpers, ultrasounds or LiDARs, only detect the
objects but cannot identify them.

Considering the tags detected, the AGV needs to reduce
its maximum cruise velocity vmax according to the following
expression:

Vmax = —Tat * by + \/Tl%lt : br2 + 2 rmin - by, 3)

where b, is the braking deceleration rate of the AGV; 1y i
the latency of the system and i, is the minimum distance
between the AGV and the safety zone of the person or asset
for a safe trajectory. This minimum distance is given by

’min = mln( xl‘z +y12 - Sd,' _zri)
= mln(rl - Sd, - gr,')a (4)

where (x;, y;) is the relative position between the AGV and the
tag i and thus r; is the radius of this position in polar coordi-
nates, when the coordinate center is on the AGV. In addition,
Sq; 1s the safety distance associated to the asset or people
monitored by tag i, and €, is the estimation of the radial error
in the measurement of the tag i.

The deceleration rate b, depends on the type of AGV and
the type of load to be transported, since it is related to the
parameters of the system dynamics, such as inertia. The AGV
knows its load, thus b, is properly updated while the system
is working. The tag identification (ID) is used to classify
it as representing a human or mobile asset. Different safety
distances Sy; could be assigned to each tag according to the
object or person monitored.

The proposed NFI-RTLS AGYV safety system can be used
to decide when the AGV and the tag are below a reaction
distance rg;:

2

2-b,
where v is the current velocity of the AGV. Thus, for each
positioning estimate the CU receives, vmax is computed
using (3). Whenever the distance between tag and AGV is
below ry; as defined in (5), the AGV should react by reducing
its cruise velocity below viyax. Note that this means that the
AGYV should start braking when the radius of polar coordi-
nate system r; is below the reaction distance rg;. This way,
the AGV will be able to maintain a safety distance Sy; from
the person or asset and, thus, avoid any collision with them.
Fig. 5 shows the relation between ry, and S;.

In some situations people may not notice the AGV.
To address this issue, the safety jacket which contains the
UWRB tag will be equipped with an electronic device to notify
the operator by acoustic signals and vibration when the user
has crossed a warning zone.

Moreover, the AGV’s navigation system can exploit the
information about the relative position of the tag provided by
the NFI-RTLS AGYV safety system to decide on the trajectory

ri<rdi=v'tlat+ +Sd,'+gr,'s (5)

VOLUME 9, 2021



L. Zamora-Cadenas et al.: UWB-Based Safety System for AGV Without Hardware on Infrastructure

IEEE Access

SD; T~ "

FIGURE 5. Relationship between the reaction distance and the safety
distance.

of the AGV. If the tag is not located in the path of the AGYV,
even if it is within reaction distance r;, the AGV does not
need to change its trajectory. However, if the tag is located
in the path, the AGV can decide whether to decelerate and
stop, or change its trajectory. Thus, the AGV can decide on
its trajectory autonomously, once the FCS provides it with
the information about the origin station and the destination
station.

Additionally, the information about the relative position of
the tags from the AGV could be sent to the FCS. This way,
the FCS could employ the information it receives from all
the AGVs in the production plan to exploit low occupation
zones and optimize the fleet movement. This will improve the
intralogistics thereby increasing the productivity of the plant.

IV. RESULTS

The accuracy of the proposed NFI-RTLS AGV safety system
will be analysed in this section. For this analysis, measure-
ments were performed in two different scenarios. In the first
scenario, some static measurements were made with a setup
that emulated the size of the AGV. The objective of these mea-
surements was to analyse the effect of applying the proposed
ranging post-processing algorithm to the accuracy of the sys-
tem. After that, the sensors were placed on a AGV of ASTL
Static and dynamic measurements were made to analyse the
accuracy of the proposed system in a real environment.

A. METHODOLOGY
The accuracy of a positioning system is usually studied by
observing the errors made in estimating the position. Sources
of these errors include the imperfect performance from the
transmitters and receivers, the characteristics of the channel
and the inaccuracy of both the ranging and positioning esti-
mators.

When we consider Cartesian coordinates in two dimen-
sions, the distance error for the estimated position, €, is
employed to analyze the accuracy of the positioning system:

& =& =92+ - ©)
where (x, y) are the real Cartesian coordinates of the tag
position and (¥, ) represent the estimated coordinates of the
tag position.

Positioning accuracy can also be measured when a polar
coordinate system is employed. In fact, (5) clearly demon-

VOLUME 9, 2021

strated that the AGV reaction distance is related to the radius
of the polar coordinate system, and thus it is more appropriate
to analyze the accuracy of an AGV safety system in the polar
coordinates. If we define (r, ¢) as the real polar coordinates
and (7, @) as the estimated polar coordinates, we can define
the error in the radius or radial error as:

€ = |r -7, @)
and the error in the angle or angular error as:
€ =lo—9|. ®)

There are three main figures of merit that are traditionally
used to determine the accuracy of a location system [48]: the
mean of the error ¢, the standard deviation (or the variance)
and the Root Mean Square Error (RMSE). Thus, in this
section these three figures of merit will be presented for the
two measurement campaigns.

B. SYSTEM CONFIGURATION

Table 1 presents the main configuration parameters used in
these measurements. The sensors and tags of the proposed
safety system use the DW1000 chip of Decawave, which
follows the IEEE 802.15.4 standard [49]. The UWB rang-
ing distances between anchors and tag are obtained using
the Two-Way Ranging (TWR) method described in [49].
These ranging distances are postprocessed using the algo-
rithm explained in Section III-B, with the parameters shown
in Table 1. Different communication protocols can be used
in the proposed NFI-RTLS AGYV safety system to handle
multiple persons and multiple AGVs moving in the same
space. In the results of this work, TWR-TDMA is being used,
which is more than enough to monitor 16 people around
an AGV. If we want to use the proposed system with a
larger number of AGVs and tags, TDoA-TDMA is the most
efficient solution according to [50]. The major drawback of
a traditional FI-RTLS system using TDoA is that the clock
of all anchors must be synchronized, which usually means
that the anchors are connected by cables. This makes the
installation of these anchors in the production plant even more
cumbersome. However, in the case of the NFI-RTLS we are

TABLE 1. Configuration parameters of the UWB system.

Parameter Value
Carrier frequency 3.9936 GHz
Bandwidth 499.2 MHz
Channel 2

Bitrate 6.8Mbps
PRF (pulse repetition frequency) 16 MHz
Preamble length 128 symbols
Preamble code 3

SFD (start of frame delimiter) 8 symbols
Latency 300 ms
Positioning rate 3.3 Hz
Postprocessing parameter o 0.9558
Postprocessing parameter 3 0.2324
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proposing, connecting the sensors in the AGV is simple and,
thus, TDoA-TDMA can be used to handle scalability.

C. FIRST MEASUREMENT CAMPAIGN: STATIC
MEASUREMENTS WITH AN EMULATED AGV

In this first scenario, some static measurements were taken
with a setup that emulated the size of the AGV. The objective
of taking these measurements was to analyze the effect of
applying the proposed method for post-processing ranging
data to the accuracy of the system.

1) MEASUREMENT SETUP WITH AN EMULATED AGV

The first set of experiments were carried out at Ceit’s facilities
in Donostia/San Sebastidn (Spain). A device that emulated
the dimensions of the AGV designed by ASTI was employed
in this first measurement campaign. Fig. 6 shows the labora-
tory and the area used for the tests. A Leica DISTO D510 laser
meter with a range of up to 200 m and accuracy of & 1 mm
was used to measure the positions of the sensors placed on
the “emulated AGV” and the tag. Fig. 6 also shows the
coordinate system of the “emulated AGV”.
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FIGURE 6. Layout of the laboratory for the first measurement campaign.

Fig. 7 shows a photograph of the laboratory set up. Sensors
were install on the “emulated AGV” and a tag was placed on
a tripod, representing a worker or mobile asset.

FIGURE 7. Placement of the NFI-RTLS AGV safety system in the first
measurement campaign.

Static tests were carried out with the tag being placed
at different test points (TP) to evaluate the accuracy of the
proposed safety system. Fig. 6 shows all the positions where
the tag was measured, where TP; represents the i position
of the tag. In all cases, the height of the tag was 0.88 m.
The AGV was always in the same place, and the origin
of the coordinate system was located in the middle of the
AGV. For each test point, 950 positioning estimates were
recorded.

2) RESULTS WITH AN EMULATED AGV

In this section, the error in the polar coordinates is ana-
lyzed, as it is more helpful to study the accuracy of the
proposed NFI-RTLS AGV safety system. Table 2 shows the
figures of merit for radial error €, for the complete static
experiment. The first column represents the average radial
error and the second and third column show its standard
deviation and RMSE respectively. Additionally, the fourth
and fifth column show the maximum radial error the system
will present in 90% and 99% of the cases respectively. The
last column presents the maximum radial error measured in
the experiments. The first row of Table 2 shows the figures of
merit for the experiment with raw ranging estimates, i.e.:
when no post-processing method is applied to the ranging
data; and the second row shows them when the proposed
post-processing method was applied to the data. Analogously,
Table 3 shows the statistics for the angular error in the
polar coordinates. We can observe in both tables the bene-
fits of applying the proposed post-processing method to the

TABLE 2. Radial error of the proposed NFI-RTLS AGV safety system in the first measurement campaign.

Ranging data fe.(m) oe. (m) RMSE,(m) P =90%(@m) P =99%(m) max(e)(m)
No post-processing method 0.147 0.089 0.172 0.253 0.367 0.386
Proposed post-processing method 0.048 0.035 0.059 0.091 0.140 0.156

TABLE 3. Angular error of the proposed NFI-RTLS AGV safety system in the first measurement campaign.

Ranging data e, (deg) oc, (deg) RMSE, (deg) P =90% (deg) P =99% (deg) max(e,) (deg)
No post-processing method 3.216 1.673 3.626 5.547 6.995 8.426
Proposed post-processing method 1.910 1.211 2.262 3.507 4.888 6.219
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FIGURE 8. Positioning estimates in polar coordinates of the proposed
NFI-RTLS AGV safety system for the first measurement campaign.

ranging estimates. The bias and standard deviation in both
the radial and angular error are significantly reduced. Thus,
using the proposed NFI-RTLS AGV safety system and this
post-processing method for ranging data the safety system
presents an RMSE of 0.059 m in the radial error and an RMSE
of 2.262 degrees in the angular error.

When assessing a positioning system, it is also interesting
to analyze the distribution of its error in the area of a room.
Fig. 8 shows the points (black squares) in terms of polar
coordinates in the first measurement campaign. The values
in green are the positioning estimates from the proposed
NFI-RTLS AGV safety system. Fig. 8a shows the positioning
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estimates obtained when the ranging estimates are directly
introduced in the positioning algorithm, and Fig. 8b presents
the positioning values obtained after the ranging estimates
were post-processed and before the positioning estimation
was carried out. We can observe, once more, the benefits of
applying a post-processing method to the ranging estimates.
The positioning estimates in Fig. 8b are clearly more accurate
than those in Fig. 8a. The proposed post-processing method
for ranging data improves accuracy in the radius estimation
in all measured points and reduces the error in the angle
estimation in most of the points.

Fig. 9 depicts the distribution of the RMSE for the radial
and angular error around the room. This figure shows the
accuracy of the proposed NFI-RTLS AGV safety system at
every room point, and the uniformity of the distribution of
this error over the room. The real x and y coordinates of
the measured positions correspond to the x—axis and y—axis
respectively. The RMSE is gradated according to the color
scale shown on the right side of the graphic, and depicted
over the room area. Values in non-measured positions
are calculated using the natural-neighbor interpolation in
Matlab®. This interpolation is an improvement over linear
interpolation, which works well with data that are not con-
tinuous over the room area [51], as is the case in this work.
In the figures presented in this work, dark blue indicates a low
RMSE value (higher accuracy) and dark yellow indicates a
high RMSE (lower accuracy).

Fig. 9a and Fig. 9b show that the RMSE of the radial error
is worse in estimating the position within close proximity of
the AGV. Nevertheless, the RSME is clearly reduced when we
apply the post-processing method to the ranging estimates.
We also observe in Fig. 9c and Fig. 9d an improvement in
the distribution of the RMSE of the angular error when the
post-processing method is applied to the ranging data. In fact,
the RMSE of both the radial and the angular error is smaller
and more homogeneously distributed around the room. The
results in this section shows that the NFI-RTLS AGV safety
system clearly benefits from the post-processing method for
ranging data that has been integrated in the NFI-RTLS AGV
safety system.

3) COMPARISON WITH OTHER SAFETY SYSTEM

Table 4 compares the safety system from [24] and our pro-
posed NFI-RTLS AGV safety system. This table presents the
results of the best and worst test points of each system in terms
of mean radial error, standard deviation, the radial error the
system will present in 99% of the cases and maximum radial
error.

Reference [24] proposes a collision avoidance system for
AGVs based on UWB technology. This safety system uses
only one anchor located on the AGV to calculate the relative
distance between the tag and the AGV, but it is not able to pro-
vide the relative position between them. We can observe that
the proposed NFI-RTLS AGYV safety system performs signif-
icantly better than the one in [24]. The proposed NFI-RTLS
AGYV safety system has a maximum radial error of 0.156 m
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FIGURE 9. RMSE distribution around the room of the proposed NFI-RTLS AGV safety system in the first measurement campaign.

TABLE 4. Comparison between the proposed NFI-RTLS AGV safety system and another collision avoidance system in the literature.

Safety system Test point te, (M) 0. (m) P =99% (m) max(e)(m)
[24] best mean 0.031 0.029 n.a. 0.224
[24] smallest max. error 0.087 0.013 n.a. 0.100
[24] worst mean 12.260 1.421 n.a. 14.406
[24] biggest max. error 7.986 9.682 n.a. 35.624
[24] All 1.427 0.866 n.a. 35.624
NFI-RTLS AGV ~ TP8 0.006 0.004 0.018 0.023
NFI-RTLS AGV  TPI5 0.135 0.007 0.151 0.156
NFI-RTLS AGV Al 0.048 0.035 0.140 0.156

whereas the maximum error in [24] is more than 100 times
greater.

It should be mentioned that the test carried out in [24] is
performed in a bigger area than ours, and that their envi-
ronment is a real factory in contrast with our laboratory
environment, which may be accountable for these large out-
liers. However, these outliers in [24] can make this collision
avoidance system unstable or unsafe in certain situations
and, thus, they should be detected and corrected. In con-
trast, the NFI-RTLS AGV safety system combined with the
proposed post-processing method for ranging data is able to
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eliminate big outliers and reduce the mean and maximum
error to only a few centimeters, which will allow the AGV
to safely navigate around people.

D. SECOND MEASUREMENT CAMPAIGN: DYNAMIC
EXPERIMENTAL RESULTS WITH THE AGV

For the second measurement campaign, the sensors were
placed on an AGV designed by ASTI. Dynamic measure-
ments were taken to analyze the accuracy of the proposed
system in a real environment.

VOLUME 9, 2021



L. Zamora-Cadenas et al.: UWB-Based Safety System for AGV Without Hardware on Infrastructure

IEEE Access

8 m
— - e o - —
|
|
y Body |
1 coordinate F
| system
: |
| |
I E
=] i
1 AGV TAG I 8.93 m
I
: |
y : i
IR IS S S N ! — -
Test zong — | -
—_ = T
X
Reference
coordinate
system [

FIGURE 10. Layout of the ASTI Mobile Robotics laboratory used in
the second measurement campaign.

1) MEASUREMENT SETUP WITH AGV

The experiments were carried out in the ASTI Mobile
Robotics laboratory in Madrigalejo del Monte (Burgos,
Spain) with a real AGV. Fig. 10 shows the laboratory and the
area used for the tests. The laboratory was equipped with an
Optitrack positioning system which allowed the AGV to be
located within the laboratory with an accuracy of millimeters.
In this work, the optical coordinate system is referred to as
the “reference coordinate system’. Fig. 10 also shows an
UWB tag and the AGV equipped with the UWB sensors
of the proposed NFI-RTLS AGV safety system. The local
coordinate system of the NFI-RTLS AGV safety system was
aligned with the AGV’s body coordinate system and was
located in the center of the AGV. Fig. 11 is a photograph
showing the NFI-RTLS AGYV safety system’s UWB sensors
installed on the AGV and a UWB tag placed at a point in the
laboratory.

The AGV used for the test was a BidiBot 2.0 designed
by ASTI [52]. This AGV is an agile, flexible and intelligent
system that can to navigate using Quick Response (QR)
codes, Simultaneous Localization and Mapping (SLAM) and
magnetic lines. The AGV’s dimensions are 2104 x 500 x
230 mm (LxWxH) and it weighs 300 kg. At the time these
measurements were taken, the AGV contained two safety
lasers, a safety Programmable Logic Controller (PLC) and
two emergency stop buttons, as well as different communi-
cation interfaces, Universal Serial Bus (USB) and Ethernet.
The robot could be controlled manually or it could move
automatically in every direction at a maximum speed of 2 m/s
without load. Fig. 12 shows a photograph of this robot.

Dynamic tests were run at the ASTI facilities to evaluate
the performance of the proposed NFI-RTLS AGV safety
system. In these dynamic tests, the tag was positioned at one
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FIGURE 11. Taking measurements in the ASTI Mobile Robotics laboratory.

FIGURE 12. ASTI Mobile Robotics Bidibot 2.0.
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FIGURE 13. Dynamic laps in the reference coordinate system for
the second measurement campaign.

point in the laboratory and the AGV moved around it in a
circular movement. The position of the AGV (center of the
AGV) and the position of the tag were obtained with the
optical system and considered to be their real positions, i.e.:
the optical system is used as a ground truth in this work,
similarly to [15]. Furthermore, the positions calculated by
the proposed NFI-RTLS AGYV safety system were recorded
and time-synchronized so that they could be compared with
this ground truth. Fig. 13 shows the movement of the AGV
recorded by the optical system in each of the laps taken (blue
points), and the position of the stationary tag (red square).

96439



IEEE Access

L. Zamora-Cadenas et al.: UWB-Based Safety System for AGV Without Hardware on Infrastructure

d Optical_System

L dopical_system

O dyriRTLS System

141 O d\FLRTLS System
12 | | | | | | | I
20 40 60 80 100 120 140 160 180
o2 Relative time (s)
E
g
© 0.1
S
3 DR i
X o X K
20 40 60 80 100 120 140 160 180
Relative time (s)
(a)Lap 1
L d
2.6 Optical_System
241 O dNRIRTLS System
22t
3 2t
k]
o 18
16
14+
P . . . . . )
210 220 230 . 24Q 250 260 270
—02 ¢ Relative time (s)
E
g
©0.1
©
k=]
©
x o
210 220 230 240 250 260 270
Relative time (s)
(c)Lap 3
T 22
(23
3
2
©
o

9doptical_System

141 O dNRRTLS System
12 . . . . . ! ! ! ! )
295 300 305 310 315 320 325 330 335 340 345
Relative time (s)
02r
X
X 2%

X
X

Radial error (m)
o

2% e 2
sl S B P

0 I
295 300 305 310 315 320 325 330 335 340 345
Relative time (s)

(e) Lap 5

12 | | | | | | | | | I
165 170 175 180 185 190 195 200 205 210 215
Relative time (s)
=02
E
g P
301X % £ x
— X% M X X
s £X Xx WW S £
B XX
& 0 o&%&x . . . . . . |
165 170 175 180 185 190 195 200 205 210 215
Relative time (s)
(b) Lap 2
26 dOpticaLSys(em

dNFLRTLS System

24r
T22r
2 21
g
¥ 181
1.6
141
12 . . . . . . . )
260 265 270 275 280 285 290 295 300
—02r Relative time (s)
£0.
@ 01 X B X
s ¥ X 28 M &x& 3
2 X X K £ M
X o ) | ke | | ) | |
260 265 270 275 280 285 290 295 300
Relative time (s)
(d)Lap 4
26
24r
T22r
Y A doptcsystem
2 2r d
El O Yuwasystem
18
1.6
141
12 . . . . . )
340 350 360 370 380 390 400
Relative time (s)
€ 02
g
E 01, X %
S g % ] XW
B ¢ P 250
T
X o L L |
340 350 360 370 380 390 400
Relative time (s)
(f) Lap 6

FIGURE 14. Dynamic test results for the proposed NFI-RTLS AGV safety system.

2) RESULTS

In this section, we present some results for the dynamic tests
that were performed with the NFI-RTLS AGV safety system
located in a moving AGV and when the tag remains static.
Fig. 14 shows the results for the different laps taken and
considering a polar coordinate system. For each lap, the top
graphic compares the real radius measured with the optical
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system with the radius estimated using the NFI-RTLS AGV
system. The bottom graph shows the radial error. The evo-
lution of these measurements is shown over time in Fig. 14.
Taken together, they illustrate that this error is always below
16 cm and how the NFI-RTLS AGV system mirrors the
movement of the AGV perfectly and accurately calculates the
position of the tag relative to the AGV.
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Table 5 presents the main statistics for each lap, and the
values of the figure of merit when all laps are considered.
Each lap was performed with different speeds or movements,
and these factors did not lead to significant degradation in
accuracy. The NFI-RTLS AGYV safety system presents a mean
radial error of 4.5 cm and a RMSE of 5.5 cm. These accuracy
results are similar to those obtained by the ATLAS system
when it was installed in an ASTI’s AGV [12]. However,
the ATLAS system requires placing anchors on the infras-
tructure in order to provide a position estimation for the tag
placed on the AGV. The proposed NFI-RTLS AGV safety
system provides better accuracy without requiring hardware
be placed on the plant’s infrastructure. Moreover, our pro-
posal is a more flexible solution and requires low deployment
costs, as no fixed infrastructure is needed.

TABLE 5. Radial error of the proposed NFI-RTLS AGV safety system in
each lap of the dynamic test.

le, Oc, RMSE, P=90% P =99% max(er)

(m)  (m) (m) (m) (m) (m)
Lap1 0.048 0.028 0.056 0.086 0.120 0.124
Lap 2 0.051 0.037 0.062 0.118 0.139 0.139
Lap 3 0.030 0.023 0.037 0.063 0.103 0.106
Lap4 0.064 0.039 0.075 0.125 0.153 0.154
Lap 5 0.041 0.030 0.051 0.085 0.131 0.140
Lap 6 0.039 0.027 0.048 0.075 0.105 0.111
All 0.045 0.031 0.055 0.086 0.131 0.154

TABLE 6. Statistics for the proposed NFI-RTLS AGV safety system.

True False True False
Positive ~ Positive ~ Negative  Negative
Alllaps  41.47% 2.62% 55.03% 0.88%

The proposed NFI-RTLS AGYV safety system can be used
to decide when the radius of the polar coordinate system
for the tag is below the reaction distance ry4; defined in (5)
and react by reducing the AGVs maximum cruise velocity
as defined in (3). In Table 6, we can observe the statistics
associated when a reaction distance r4, of 2 m is considered
in the dynamic tests performed in ASTI’s AGV. In this table,
areaction is considered positive whenever the AGV is below
this reaction distance. The NFI-RTLS AGV safety system
produces a true estimate for 96.5% of the cases; in only 0.88%
of the cases the system estimates that the tag is further from
this limit when it is actually below the reaction distance.
In fact, the maximum error in the radius estimates in the
proposed NFI-RTLS AGYV safety system is only 8 cm when
there is a false negative and 12 cm when there is a false
positive.

V. CONCLUSION
Although there are works in the literature that have proposed
RTLS-based navigation systems that locate obstacles in an
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AGV’s path and complement the information from other
sensors in the AGYV, those works require hardware (anchors)
be installed on plant’s infrastructure. Moreover, those systems
need to be deployed carefully, as anchor placement tends to
affect the accuracy of the RTLS system. In highly-flexible
production environments, this can be a big drawback in
deploying of the FI-RTLS AGV safety systems. Furthermore,
this kind of safety system often requires an ultra-low latency
communication link between the fleet control system and the
AGVs in a fleet, if those commands are going to be used
to stop the AGV or change its trajectory. But achieving this
ultra-low latency communication link is not always possible
in a real industrial environment.

This work presents a different approach that exploits
the high positioning accuracy of UWB technology, without
the need to install any hardware on the plant’s infrastruc-
ture. This solution saves money and simplifies the deploy-
ment of an AGV fleet in a production plant. Furthermore,
it enables AGVs to be used safely in the highly-flexible
Industry 4.0 production scenario. The proposed NFI-RTLS
AGYV safety system consists of a set of UWB sensors that
are placed on the mobile robot that will locate the tags worn
by people or mobile assets. This safety system provides the
AGYV with individual identification and 2-D positioning for
the tags around it. Thus, the AGV can react rapidly when
needed. Moreover, this reaction can differ depending on the
location as well as the identity of the tag.

The proposed NFI-RTLS system employs a method to
post-process ranging data that only requires a simple cali-
bration to be performed during the production phase of the
AGYV. The experimental results in this paper have shown that
this method reduces both the bias and the variance of error
in the radius and angle estimates. Moreover, results show
that the estimation errors in both the angle and the radius
are homogeneously distributed around the room. For an AGV
safety system, a high degree of accuracy is critical when the
tag is close to the AGYV, as this is where collisions can occur.
Using the proposed post-processing method, the positioning
accuracy of the proposed NFI-RTLS AGV safety system is
improved especially in the proximity of the AGV.

A collision avoidance system that does not require
installing hardware on plant infrastructure was recently pro-
posed in the literature. However, that system only was able
to estimate the radius, and thus it was not able to determine
the exact location of the tag. In comparing that work with
the NFI-RTLS AGYV safety system proposed here, our sys-
tem presents much better accuracy in the radius estimation.
Furthermore, our system is able to estimate the angle with a
small error, which allows the AGV to locate the positions of
the tags around it with a high degree of accuracy.

Finally, the proposed NFI-RTLS AGV safety system was
mounted on an AGV designed by the company ASTI Mobile
Robotics. Dynamic measurements were performed, showing
that the proposed safety system tracks the relative movement
between the AGV and tag with no significant degradation in
accuracy. In fact, the resulting accuracy is similar to other
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FI-RTLS based safety systems in the literature that require
hardware to be installed on plant infrastructure. The exper-
imental results show that good accuracy can be obtained
without requiring any hardware being added to the plant

infrastructure.
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