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Abstract: A Cyberphysical system, being an autonomous guided vehicle (AGV) and having diverse
applications such as thematic parks and product transfer in manufacturing units, is modeled and
controlled. The models of all subsystems of the AGV are provided in discrete event systems (DES)
form following the Ramadge-Wonham (R-W) framework. The safe performance of the AGV, being
the desired behavior of the system, is presented in the form of desired rules and translated into
a set of regular languages. Then, the regular languages are realized as supervisory automata in
the framework of Supervisory Control Theory (SCT). To ease implementation and coordination
of the control architecture, the supervisors are designed to be in two-state automata forms. The
controllability of the regular languages, regarding the AGV, will be proved, using the physical
realizability (PR) of the synchronous product of the automata of the system and the supervisors. Also,
the nonblocking property of all the controlled automata will be proven to be satisfied. Simulation of
the controlled AGV will validate the proposed method.

Keywords: AGV; discrete event systems; supervisory control theory

1. Introduction

Manufacturing Cyberphysical Systems (CPS), (also known as cybermanufacturing
systems [1], are continuing to expand, following the directions of Industry 4.0 [2-5]. This
way, all the parts of a manufacturing process are appropriately interconnected to share their
information, e.g., through the Industrial Internet of Things (IIOT), and they are controlled
or monitored by industrial computers [3]. Clearly, the control of the coordination of such a
complex system is a key factor for successful integration [6,7]. Furthermore, the safety and
security demands of manufacturing CPSs make even more difficult their analysis, design,
and modeling. Thus, the use of approaches based on formal methods becomes more and
more a necessity [7,8]. Regular languages and linear temporal logic are two efficient tools
to describe, at a high level, the desired behavior of the manufacturing process [7], where
the first tool is inherently related to Supervisory Control Theory (SCT) [9,10].

SCT is based on the modeling of CPSs as a finite symbolic system. SCT often uses
abstractions of the real CPS. The first aim of SCT is the synthesis of a supervisory control
architecture configuration, enforcing the desired behavior of the process while being as
permissive as possible. The second aim is the easy and robust implementation of the
designed scheme to the real CPS. The main issue in SCT design is the size and complexity
of the total symbolic mathematical model, including all CPS’s devices and subsystems, as
their size and complexity tend to grow exponentially with respect to the development of
new technologies [11,12]. Another issue of SCT, which aims to provide formal and effective
solutions, is cyberattacks at the level of the physical part of the CPS [13-15].

The use of intelligent assistants in manufacturing CPS in various areas of applications
is becoming a normal trend [16-18]. Automated Guided Vehicles (AGVs) are used for
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intelligent transfers, not only in manufacturing, product processing, and product storage,
but also in the large infrastructures of the modern economy. In such systems, SCT is
used for coordination control [6]. The use of specially designed AGVs that navigate and
cooperate autonomously is met in a large class of manufacturing CPSs [6,19,20].

In [21-23], an AGV product of the ETF Group [24], called multimover, has been in-
troduced and described. Multimover is usually used as a ride system in theme parks and
museums, as well as at special events. This AGV follows a floor-integrated electrical wire,
producing a magnetic field that is measured by the embedded track sensors of the AGV.
Furthermore, appropriate codes are placed on the floor surface in certain positions near
the wire and at points of particular interest, e.g., the starting point and any destination
point. Multimover reads the floor codes using appropriate metal detectors. Using multi-
mover, an industrial AGV has been proposed in a study [6] and is used as a forklift that
transfers products between fixed stations. The architecture of this AGV is identical to that
of multimover, in the sense that they have the same devices and subsystems. The AGV,
proposed in [6], is equipped with a product lifting and carrying mechanism in forklift
configuration. It is important to mention that the operation of the lifting and carrying
mechanism is treated independently from the operation of multimover. The model of this
multimover-type industrial AGV has been developed in [6] and is proposed to be used in
manufacturing systems. The model is based on state- and event-based abstractions of the
actual devices of the systems and their respective low-level controllers. Thus, this model
describes the real behavior of the low-level controlled devices of the AGV. Based on its
characteristics and applications, multimover can be used as a general-purpose AGV.

In [21,22], the mathematical description of this type of AGV is given using discrete
event systems (DES). In [21], for brevity reasons, only some components are presented,
while in [22], descriptions of the sensors and actuators of the vehicle are given. Furthermore,
in [22], the supervisory control level is studied for the case where the desired requirements
are realized using rules of logical expressions. In [21,22], as well as in [6], the controllability
and nonblocking issues are not investigated.

Here, the description of the AGV for manufacturing use, proposed in [6], is expressed
using 6-tuple DES in the R-W framework [9,10]. The navigation motors and controllers,
the proximity and bumper sensors, and the LEDs and buttons are modeled separately.
The design requirements of the system are introduced in the form of rules. The rules are
translated into regular languages. This is a contribution of the present work. Following
the design approaches proposed in [25-28], a general two-state supervisor that covers the
desired regular languages is introduced. The controllability of the desired languages is
proven with regard to the total CPS. This property is proved via the physical realizability
(PR) [29] of the supervisors in the synchronous product of the system’s automaton and
the supervisors. The controllability property of the desired languages is a necessary and
sufficient condition for the proposed supervisors to be physically realizable, see [9,10,29].
This is another contribution of the present work. An analytic proof of the nonblocking
property of the controlled system is given. This is the third contribution of the paper. Finally,
it is important to mention that the present control scheme is event-based, while in [6], the
supervisors are state-dependent. Here, the proposed supervisory scheme responds to
changes in the system through the appearance of the signal corresponding to the change.
This way, a faster execution of control with respect to changes may be derived.

The first motivation of the paper is the huge number of applications of AGVs. So, the
present work was directed at the analytic modeling, and supervisor design of AGVs that
are clearly offered for the development of extended or new supervisor designs. The second
motivation is the clear need to implement event-based and simple supervisors. The third
motivation is the need to ensure satisfactory system performance by proving controllability
through PR and the nonblocking characteristics of the influence of the supervisors.

The material of the paper is grouped into six sections. In Section 2, the mathematical
model of the AGV, in the form of 6-tuple DES models of its subsystems, will be presented.
In Section 3, the desired behavior, in the form of rules and in the form of regular languages,
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will be proposed. In Section 4, a general two-state supervisor automaton will be proposed
to cover all realizations of the desired regular languages. In Section 5, the implementation
issues of the derived supervisors are discussed. In Section 6, indicative simulation results
are presented.

2. DES Model of the AGV
2.1. A Brief Description of the AGV

The class of AGVs studied in the present paper includes autonomous driving electric
vehicles with embedded batteries, controlled via computers. This class of AGVs is produced
by ETF Group in the Netherlands, and it is called multimover. In [21,22], an abstraction
of the actual functionality of the vehicle that incorporates the low-level controllers of the
AGYV is presented in the form of DES models. In [6], multimover is used for industrial
manufacturing. In Figure 1, an indicative form of industrial AGV is presented. AGVs can
be used in various applications, as they can be found to be installed in manufacturing
or logistic facilities [6] as well as in theme parks [21]. Each AGV of the present class is
equipped with two different motors, one for driving and one for steering, a controller for
the riding coordination, a battery level sensor, two proximity sensors, one bumper sensor,
three LEDs indicating the forward and backward movement and the mode status, and
three buttons for forward, backward, and reset selection. Each of the above devices is a
separate subsystem of the AGV. Additionally, the operation modes of the vehicle constitute
one more subsystem, being the central subsystem of the AGV.

Figure 1. An indicative form of AGVs for product transfer.

In the following subsections, the models of the subsystems will be presented in the
form of 6-tuple automata in the R-W framework. For 6-tuple forms of DES in the R-W
framework, see [25-28]. The DES models of the subsystems will be derived following the
respective directions in [6], where a hybrid model for the present class of AGVs has been
introduced. The overall model of the AGV will be derived from the synchronous product
of the models of its subsystems. Regarding the synchronous product, see [9,10].

Before presenting the models of all devices of the AGV, it is important to mention that
the following assumptions, introduced in [6,21,22], are also adopted here:

1. There is no fault in the resource control of the AGV. Hence, all the given commands
are executed correctly. This assumption is valid as the already embedded resource
controllers of the AGV have passed various quality and functionality tests.

2. The communication delay between the AGV and the supervisors is practically equal to
zero. Thus, the synchronization of the supervisors and the events of the AGV is immedjiate.
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2.2. Operation Subsystem
The DES model of the AGV operation modes is

Gum = (Qumamt, Enant, fvane, Hvan, Xaving,0, Qumint,m )-

The state set of Gyrar is Qum = {qmm1, Gmm2, Gvms t- The AGV has three different
operational modes: the emergency mode, the reset mode, and the active mode. The state
gmm,1 represents the emergency mode. The state gp1p1 2 represents the reset mode. The state
qmm,3 represents the active mode. The alphabet of Gy is Exm = {emam 1, emame, emmis }-
The event ey 1 is the command to switch to reset mode. The event epgy 2 is the command
to switch to active mode. The event epsp1 3 is the command to switch to emergency mode.
XMMo0 = Gmm is the initial state and Qa1 = {gaa1} is the marked state set. The active
events sets of Gpy are:

Hum(qmma) = {emmt Hum(Gmmz) = {emmz emmast, Hym(gmms) = {emm1 emms}-
The transitions of Gy are:

fum@uma,emmn) = Gmmes fpum(Gmm2, emm2) = Gmms, fmm(Gmm2, emma) = Gy,
fmm(@mmz evm) = Gmmz, fum (Grvms, emms) = Gy

The controllable event set is Eppr = {epar1,emm 2} and the uncontrollable event set
is Eyamuc = {emm3}. The marked behavior and the closed behavior of Gy are:

L (Gmm) = (emm1 ((emmaemma)” + (emmoemm) emmz)epms) s L(Gmm) = L(Gum).

Obviously, G is a nonblocking automaton [9,10]. In Figure 2, the state diagram of
Gum is depicted.

€MM,1
:d eMm2
L ( qmm2 ™ qmm3
T €M 3
€MmMm3

Figure 2. State diagram of Gy

2.3. Drive Motor Subsystem
The DES model of the drive motor (DM) is:

Gpm = (Qom, Epm, fom, Hom, xpamo, Qomm)

The state set of Gpys is Qpym = {gpm1,9pMm2, 9pm3 - DM has three different opera-
tions (OFF operation, ON operation, and STOPPING operation). The state gpys 1 represents
the OFF mode, gpy12 represents the ON mode, and gpy 3 represents the STOPPING mode.
The alphabet of GDM is ]EDM = {eDM,l,eDM,z, €DM,3,€DM 4, eDM,S}' The event epM,1 is the
command to move forward. The event ep), 7 is the command to DM to move backward.
The event epyy 3 is the command to DM to stop moving. The event epy, 4 is the command to
DM to be deactivated. The event ep) 5 denotes the indication of a DM fault. xpap o = gpama
is the initial state and Qp1,m = {gpam1} is the marked state set of Gpps. The active event
sets of Gpy are:

Hpum(9pma1) = {epm1,epm2,epms}, Hpm(gom2) = {epmaz epms},
Hpm(gpms) = {epm,1,epm2,eDM 4 €DM5}
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The transitions of Gpy are:

fom(gpmi.epma) = 9pme2, fom(Gpma,epm2) = Gpom2. fom(Gomi.epmas) = dpma,
fom(gpma2, epms) = 9pma, fom(Gpma2,epms) = Gpomi, fom(Goms epmi) = dpme,
fom(Gpma, epme2) = Gpma2, fom(Goms epma) = Gom1, fom(Gpoms epms) = Gpom,1

The controllable event setis Epar. = {epa1,epm2,epm3, €pma} and the uncontrollable
event setis Eppr,c = {epms}. The marked behavior and the closed behavior of Gp), are:

Lu(Gpm) = (((epma +epm2) (epms + (epms(epma +epme)) (epms + epma(epma + epms))) 1+
+(epm,3((epma +epms) + ((epma +epmz)epms) ((epma +epms) + (epm1 + epmz)epms))))
L(Gpm) = L(Gpm)-

7

Obviously, Gpy is a nonblocking automaton. In Figure 3, the state diagram of Gp
is depicted.

€DpM,1,€DM 2 €DM,4,€DM,5

€Dm.S €pMm3

€DpM,1,€DM,2

€pMm,3
Figure 3. State diagram of Gppy.

2.4. Steer Motor Subsystem
The DES model of the steer motor (SM) is:

Gsm = (Qsm, Esm, fsm, Hsm, xsa0, Qsaim)

The state set of Ggpr is Qspr = {gsm 1, gsm2 }- SM has two different operations (OFF
and ON). The state qgp;; represents OFF. The state gsp 2 represents ON. The alphabet of
Gsyris Esy = {esm1,esm2 esps}- The event egyy g is the command for SM to be activated.
The event egy;» is the command for SM to be deactivated. The event egp;3 denotes an
indication of an SM fault. xsp0 = gsp1 is the initial state and Qgpr = {gsm1} is the
marked state set of Ggps. The active event sets of Ggy are:

Hsm(gsm1) = {esma,esmat, Hsm(qsma) = {esmo esma}t

The transitions of Gg, are:

fom(gsma esmi) = qGsmas fom(Gsmiresma) = Gsma, fom(Gsma esmpa) = dsma,
fsm(Gsmo esmas) = Gsma

The controllable event set is Egpy; . = {esar1,esm 2} and the uncontrollable event set is
Esm uc = {esm3}. The marked behavior and the closed behavior of Ggy are:

Lin(Gsm) = (eSprsesmilesma +esma)) s L(Gsm) = Lin(Gsm)

Obviously, Gy is a nonblocking automaton. In Figure 4, the state diagram of Gy
is depicted.
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€sm,3
€sM,2,€5M,3

qsm2

€sm,1
Figure 4. State diagram of Ggy,.
2.5. Ride Control Subsystem
The DES model of ride control (RC) is:
Grc = (Qrc, Ere, fre, Hre, Xrc,0, Qre,m)

The state set of Grc is Qre = {qrc1,9rc2}- RC has two different operations (START
and STOP). The state grc 1 represents START and qgrc o represents STOP. The alphabet of
Grc is Erc = {erc1,erc2}. The event egc is the signal from RC, indicating that it has
been deactivated. The event egc is the signal of RC, indicating that it has been activated.
XRC,0 = qrc, is the initial state, and Qrc,, = {qrc,1} is the marked state set of Ggc. The
active event set of G are:

Hrc(qre1) = Hre(qre2) = Erc

The transitions of Ggc are:

fre(qrea erci) = qrezs fre(Grea erc2) = qreas fre(Grez erci) = qrea.
frc(qre2,€rc2) = Grea

The controllable event set is Erc . = & and the uncontrollable event set is Erc ;. =
Egc. The marked behavior and the closed behavior of Ggc are:

Lu(Gre) = (egcaerciereiere2)’ s L(Gre) = Lin(Gre).

Obviously, Ggc is a nonblocking automaton. In Figure 5, the state diagram of Ggc
is depicted.

€RrRC,2 €RrC,1
€RrC,2

> ‘< qrc,2
€RC,1

Figure 5. State diagram of Gpc.

2.6. Battery Level Sensor Subsystem
The DES model of the battery level (BL) sensor is:

Gpr = (QpL, Epr, far, Hpr, ¥Br,0, QBLm)

The state set of Gpr is QgL = {qBL1,981,2, 9813} The battery level sensor has three
different operations INACTIVE, ACTIVE, and RELOAD). The state g ; represents the
INACTIVE operation. The state gp; » represents the ACTIVE operation. The state gpy 3
represents the RELOAD operation. The alphabet of Ggy, is Ep;, = {epr,1,epr2,¢pr,3}- The
event epy 1 is the signal from the battery level sensor, indicating that the battery is exhausted.
The event epy > is the signal from the battery level sensor, indicating that the battery is



Electronics 2023, 12, 5035

7 of 20

reloading. The event ep; 3 is the signal from the battery level sensor, indicating that the
battery is full. xpro = qpr,1 is the initial state and Qpr,,» = {qpr,1} is the marked state set
of Gpy. The active event sets of Gg|, are:

Hpr(9p1,1) = {esr,1}, Hpr(gpr,2) = {err2}, Hpr(q8L3) = {eBL3}-

The transitions of Ggj, are:

fr(qBL1.er1) = 9B, fBL(q9BL2,€BL2) = q9BL3, fBL(qBL3,€BL3) = qBL1-

The controllable event setis Ep; . = @ and the uncontrollable event setis Epy ,,, = Epy.
The marked behavior and the closed behavior of G} are:

L (Gpr) = (epriesrzesrs)’, L(Gpr) = L (Gar).

Obviously, Gpy, is a nonblocking automaton. In Figure 6, the state diagram of Gp,
is depicted.

€BL,1 €BL2

€BL3
Figure 6. State diagram of Gp;.

2.7. Proximity Sensor Subsystem
The DES model of the i-th Proximity sensor (PR), where i € {1,2}, is:

Gps,i = (Qps,i, Eps i, fps,i.Hps,i, xps,i0, Qps,im)

The state set of Gpg; is Qps; = {qps,i1,9ps,i2}- PS has two different operations
(INACTIVE and ACTIVE). The state gpg ;1 represents the case where PR is INACTIVE,
and gpg ;o represents the case where PS is ACTIVE. The alphabet of Gpg; is Eps; =
{eps;i1,epsi2}. The event epg;; is the signal from PS indicating that an object has been
detected nearby. The event epg ; 5 is the signal from PS indicating that the detected object
has stopped. xpgio = qps,i1 is the initial state and Qpg; ,, = {qps,;1} is the marked state
set of Gpg ;. The active event set of Gpg; are:

Hps,i(gps,i1) = {eps,i1}, Hpsi(qps,i2) = {eps,i2}-
The transitions of Gpg; are:
frs,i(gps,iiseps,i1) = qps,i2. fps,i(qps,i2 €ps,i2) = qps,i

The controllable event set is Epg ; - = & and the uncontrollable event set is Epg ; , =
Eps ;.- The marked behavior and closed the behavior of Gpg ; are:

L (Gps,i) = (epsitepsi2)”, L(Gpsi) = Ln(Gps,)

Obviously, Gpg; is a nonblocking automaton. In Figure 7, the state diagram of Gpg ;
is depicted.
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€ps,ip2

qrs,i?2

€ps,il
Figure 7. State diagram of Gpg ;.

2.8. Bumper Switch Subsystem
The DES model of the bumper switch (BS) is:

Ggs = (Qs, Egs, fs, Hps, xps,0, Qgs,m)

The state set of Gps is Qps = {qgps1,qps2}- BS has two different operations (INAC-
TIVE and ACTIVE) The state gps 1 represents the case where BS is INACTIVE, and gps »
represents the case where BS is ACTIVE. The alphabet of Gps is Egs = {eps 1,eps2}. The
event egg 1 is the signal indicating that BS has been activated. The event eps ; is the signal in-
dicating that BS has been deactivated. xps o = qgg,1 is the initial state and Qps ,, = {qps1}
the marked state set of Ggg. The active event set of Ggg are:

Hps(gps,1) = {eps,1}, Hps(gps2) = {eps2}
The transitions of Ggg are:
st(QBs,lfeBs,l) = qBS,2/ fBS(‘]BS,Z/ eBS,Z) ={gBs1

The controllable event set is Eps . = & and the uncontrollable event setis Egg ;. = Eps.
The marked behavior and the closed behavior of Ggg are:

L (Ggs) = (epsness2)”, L(Gps) = Lu(Ggs)

Obviously, Gps is a nonblocking automaton. In Figure 8, the state diagram of Gpg
is depicted.

€BS,2

qBs,2

€BS.1
Figure 8. State diagram of Gggs.

2.9. LED Subsystem
The DES model of the LEDs in 6-tuple DES form is:

GLj=(Qr;,Er) fr, Hj x1,j0,Qrjm); j € {1,2,3}

The state set of Gy jis Qr; = {411,412 }- The LEDs has two different modes (OFF
and ON). The state q; ;1 represents the OFF mode, and the state g j» represents the ON
mode. The alphabet of Gy ;is E;; = {eyj1,e12}. The event ey j; is the command to
activate the j-th LED. The event e ;> is the command to deactivate the j-th LED. Regarding
the initial state of G j, if j € {1,2} then x jo = q1,j1, and if j = 3 then x1 ;o = g1 j». The
marked state set of G jis Qp ;. = {QL,j,l } The active event set of G| ; are:

Hyi(qrj1) = {erji}, Hii(qrj2) = {er2}
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The transitions of G ; are::

fri(ajierit) =arj2 fi(@r2er2) = qu

The controllable event set is E Ljc = Er j and the uncontrollable event setis Er ; ,c = <.
The marked and the closed behavior of G L;jis

7

Lo(Gy)) = { (Crireriz)if je {12}
m . - . .
: erja(epjerjp)’, if j=3

L(Grj) = Lu(Gr;)

Obviously, G ; is a nonblocking automaton. In Figure 9, the state diagram of G
is depicted.

< eL,j,Z P eL,j,2
> :( qLj .2 > f qLj2
€L,

€rj1

(a) (b)
Figure 9. State diagram of G j (a) for j € {1,2} and (b) for j = 3.

Note that G; ; describes the behavior of the LED, which is related to the forward
movement of the AGV. Also, note that Gy, describes the behavior of the LED, which
is related to the backward movement of the AGV. Finally, note that G 3 describes the
behavior of the LED, which is related to the case where the AGV is in reset mode.

2.10. Buttons Subsystem
The DES model of the buttons is:

Gpr = (QBi, Epi fa 1 Hp s ¥B 10, Q) s k € {1,2,3}

The state set of Gg is Qpx = {qpx1,95k2 - The buttons have two different modes.
The first is the RELEASED mode, and the second is the PRESSED mode. The state g 1
represents the RELEASED mode. The state qp» represents the PRESSED mode. The
alphabet of Gp is Eg; = {eB,k,l, eB,k,z}- The event eg 1 is the signal indicating that the
k-th button has been pressed. The event eg i ; is the signal indicating that the k-th button
has been released. xp o = qp 1 is the initial state and Qp . ,, = {‘78,1{,1} is the marked state
set of Gp  is. The active event set of G are:

Hpk(98x1) = {epk1}, Hpr(qpr2) = {epi2}
The transitions of Gp \ are:
f B,k(qB,k,lfeB,k,l) =g f B,k(‘JB,k,z, €B,k,2) = 4Bk,

The controllable event set is £z, . = @ and the uncontrollable event set is Eg . ,, =
Epg ;. The marked behavior and the closed behavior of Gp are:

Liu(Gpi) = (epriepr2)”s L(Gpx) = Liu(Gpi)

Obviously, G is a nonblocking automaton. In Figure 10, the state diagram of Gp
is depicted.
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€B k.2

qdB.k2

€Bk,1
Figure 10. State diagram of Gp .

Note that Gp ; describes the behavior of the button, which is related to the forward
movement of the AGV. Also, note that G, describes the behavior of the button, which
is related to the backward movement of the AGV. Finally, note that Gp3 describes the
behavior of the reset button on the AGV.

3. Performance Requirements

In the present section, the desired languages for formulating the desired behavior of
the AGV will be presented. The languages are based on the performance rules proposed
in [6]. Following [6], the goal is to state the desired performance in the form of rules that are
as simple as possible. This characteristic will benefit the synchronization of the supervisors
in the controller implementation.

3.1. Requirements for Emergency Behavior

The transition of the AGV to the RESET and ACTIVE states is desired to be allowed
only if the battery sensor and the bumper switch are inactive. The following two regular
languages formulate this specification:

Kpy = ((EMM,l + epmm2 + epr3) epra (eBL,l)*eBL,B)*/
Kpp = ((emm1 +emmpa + epsp) “eps(eps) epsp)”

3.2. Requirements for the Motors

The steer motor is allowed to be disabled only if the AGV is in the RESET or EMER-
GENCY state and the drive motor is in the OFF state. The following two regular languages
formulate this specification:

Kps = ((esma + emma + emms) “emma(emma + emms))
Kpa = ((esma +epms)* (epma +epma)(epms +epms))

The steer motor is allowed to be disabled only if the AGV is in the ACTIVE state. The
following regular language formulates this specification:

KD,S = ((EMM,l =+ EMM,3)*3MM,2(ESM,1)*(EMM,l + eMM,3>)*

The drive motor is allowed to be enabled, forward or backward, only if the AGV
is in the ACTIVE state and the steer motor is ON. The following two regular languages
formulate this specification, where the first language is a modification of the previous one:

Kps = ((emm1 + emms) emmp(esm1 +epami +epma) (emm +emms))
Kpe = (esm1(epm +epmp) esma)”

The drive motor is allowed to stop driving, forward or backward, only if the ride
control is in the STOP state or the respective range proximity sensor on the front or back side
is in the ACTIVE state. The following two regular languages formulate this specification:

Kp7i = ((erca +eps,i2) " (erc +eps,i1)(erc1 +epms +epsi1) (erca +epsin)) s i € {1,2}
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3.3. Requirements for the Buttons

The activation of the AGV is allowed only if either the forward button or the backward
button is pressed, while the reset button is not pressed. The following two regular languages
formulate this specification:

Kpgs = ((ep12+ep2p) (ep11 +ep21)(epi1 +epar +emma) (eg12 +ep2)) ",
Kpo = ((ep32 +emma) eps1(ens1) ensn)”

The reset of the AGV is allowed only if the reset button is pressed. The following
regular language formulates this specification:

Kp,10 = ((ep32)"ens1(ep31 +emma) ensn)”

3.4. Requirements for the LEDs

The reset mode LEDs are allowed to be switched off only if the AGV is in the ACTIVE
or RESET state. The following regular language formulates this specification:

Kp11 = ((emm3) (emma +emme) (emam1 + emmz + eL,3,2)*eMM,3)*

The reset mode LED is allowed to be turned on only if the AGV is in the EMERGENCY
state. The following regular language formulates this specification:

Kp12 = ((E’MM,1 +enmm2) emmalerst +emma)” (emm + eMM,Z))*

The LED indicating the forward move and the LED indicating the backward move
are allowed to be switched on only if the AGV is in its RESET state. The following regular
language formulates this specification:

Kps = ((emm +emms) emmalerin +erar) (emma +emma))”

The LEDs indicating the forward and backward moves is allowed to be switched off
only if the AGV is in the ACTIVE or EMERGENCY state. The following regular language
formulates this specification:

Kp4 = ((eMM,l +emma)(er12 +erp2 +epmmt + eMM,3>*eMM,2)*

4. Supervisory Control Design
4.1. The Supervisors Realizing the Desired Languages

First, a general two-state supervisor automaton will be developed. This automaton
will be used for the design of the supervisors realizing the desired languages, presented in
the previous section. The general two-state supervisor automaton is determined to be of
the following 6-tuple form:

S = (Qs, Es, fs, Hs, x50, Qs)

where,

Qs = {451,952},

Es =Es1UEso UEs3 UEgy,,
Xs0 = qs,1, fs(gs,1,¢) = 4gs,1; e € Eg 1,
fs(qsa.e) =4qs2; e € Egp,
fs(qs2,e) = qs2; e € Egpg,
fs(qsp.e) = qs1; e € Egy.
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The sets of active events are:

Hs(gs1) = Eg1 UEsy, Hg(gs2) = Eg3 UEg4.

The alphabets Eg 1, Eg 5, Eg 3, and Eg 4, will be determined by the respective language
realized by the supervisor. The state diagram of S is presented in Figure 11.

4 By,

S,1
E b

S.,4

ESZ

>

Figure 11. State diagram of S.

The complexity triad of the supervisor S is:

4
(10l [E| EyeqlH) = (z, B,y sts,m)
A=1

where |-| denotes the cardinality of the argument set. More about the complexity triad of
an automaton can be found in [25].

The supervisor Sj, realizing the language Kp 1, can be developed by the general
supervisor S through the following,

Es = {emm1,emmo2, esr1,€813}, Es1 = {emmi,emmo eBL3},
Es» = {epr,1}, Esz = Esp, Ess = {epr3}-

The complexity of Sy is (2,4, 6).
The supervisor S, realizing the language Kp, can be developed by the general
supervisor S through the following,

Es = {emm,1,emm2 €Bs,1,€Bs2}, Esy = {emm1,emm2, eps2},
Es» = {eps1}, Es3 = Es2, Esa = {epspa}-

The complexity of S, is (2,4,6).
The supervisor Sz, realizing the language Kp 3, can be developed by the general
supervisor S through the following,

Es = {esmo2, emm1,emm2, emma}, Esi = {esmo emm,1,emma}
Esy> = {emmp2}, Esz =@, Ess = {emm1,emm3}

The complexity of S3 is (2,4, 6).
The supervisor Sy, realizing the language Kp 4, can be developed by the general
supervisor S through the following,

Es = {esm2,epm1,epm2 epm3, epms ), Es1 = {esmz epms},
Es» = {epmi,epm2}, Esz = 9, Ess = {epms, epms}

The complexity of Sy is (2,5,6).
The supervisor Ss, realizing the language Kp 5, can be developed by the general
supervisor S through the following,

Es = {epm1,epmp esmi,emmi, emma, emmsf, Es1 = {emm1, emms},
Eso = {emm2}, Ess = {epmi,epma esmat, Esa = {emmi, emms
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The complexity of Ss is (2, 6,8).
The supervisor Sg, realizing the language Kp ¢, can be developed by the general
supervisor S through the following,

Es = {epm1,epm2.esma}, Es1 = @, Eso = {esma},
Esz = {epm1,epm2}, Esa = {esmo}

The complexity of S is (2,3,4).
Fori € {1,2}, the supervisor Sy, realizing the language Kp 7 ;, can be developed by
the general supervisor S through the following,

Es = {erc,1,erc2, eps,i1,eps,i2.epma}, Esi1 = {erco epsiz}t, Esp = {erci,epsi1},
Ess = {erc1,eps,i1,eDM3}

The complexity of Sy; is (2,5,9).
The supervisor Sg, realizing the language Kp g, can be developed by the general
supervisor S through the following,

Es = {63,1,1163,1,2/ €B,2,1,€B,2,2,€MM,2}, Es,l = {63,1,2163,2,2} ’
Esp = {ep1,1,eB2,1}, Esz = {ep1,1,eB2,1,emm2}

The complexity of Sg is (2,5,9).
The supervisor S, realizing the language Kpg, can be developed by the general
supervisor S through the following,

Es = {ep3,1,eB32 emm2}, Esy = {epz2,emmp}, Eso = {eps1},
Es3 = Esp, Esy = {ep32}

The complexity of S is (2,3,5).
The supervisor Sy, realizing the language Kp 19, can be developed by the general
supervisor S through the following,

Es = {ep31,eB32 emm1}, Esp = {epz2}, Eso = {ep31},
Ess = {epsi,emmi},

The complexity of Syp is (2,3,5).
The supervisor Sy, realizing the language Kp 11, can be developed by the general
supervisor S through the following,

Es = {emm,1,emm2, emma 132}, Es1 = {emm3},
Esp = {emm1,emmo}, Esz =EspU{ersp}, Esa = Egy

The complexity of Sq7 is (2,4,7).
The supervisor Siy, realizing the language Kp 1, can be developed by the general
supervisor S through the following,

Es = {emm,1,emmo emma. er3i}t, Esp = {emmi}, Esp = {emm3a},
]Es,s = {eL,B,lreMM,S}/ESA = {eMM,lfeMM,Z}

The complexity of Sy, is (2,4, 6).
The supervisor Sy3, realizing the language Kp 13, can be developed by the general
supervisor S through the following,

Es = {eMM,l/eMM,Zz €MM,3,€L,1,1,6L,2,1}, ES,l = {C’MM,LeMM,s} ’
Esy = {emm2}, Ess = {er1,1,e01} Esa = {emma,emms}

The complexity of Sy3is (2,5,7).
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The supervisor Sy, realizing the language Kp 14, can be developed by the general
supervisor S through the following,

Es = {emm,1,emm2 emm3,eri2.er02}, Bsi1 = @,
Esp = {emm1,emm3}, Ess = {er12,er22 emmi,emmaz}, Esa = {emmo}-
The complexity of S14is (2,5,7).

4.2. Performance and Properties of the Controlled Automaton

The total automaton of the AGV is the synchronous product of all the automata of the
subsystems (devices of the multimover), i.e.,

2 3 3
G = Gumum||Gpm!|Gsm||Grel|Grall( || Gps,i)||Gas||( HlGL,j)H(k | Gp) 1)
i=1 j= -1

Regarding the synchronous product and its properties, see [9,10]. The marked behavior
of the total automaton is:

Lin(G) = Py (Lin(Gam)) N Ppy gy (L (Gom)) 0 Pgyy (Ln(Gsam)) N Pré (Lo (Gre)) N Py (Lin(Gpa))N o
Py (Ln(Gis)) M2y (P (Ln(Gs)) ) ) (Mg (B} (Ln(Gr)) ) ) (i (Pt (Ln(Gsi))) )

where P, ;,, is the projection of E* to E3,,,, Pp, is the projection of E* to E},,,, Pg,, is
the projection of E* to Eg, ;, Py is the projection of E* to E% -, Py, is the projection of E*
to Ep;, Pgg is the projection of E* to Efg, Ppg ; is the projection of E* to K} ;, P ; is the
projection of E* to E} i+ P  is the projection of E* to Ej ., and where,

E = Eym UEpp UEsy UERe UEp UEpg (UzzzlEPS,z) (U;'):lEL,j> (UzzlEB,k)

The controlled automaton, namely the automaton resulting after the application of all

supervisors to the total automaton, is expressed as follows:
6 14
Ge=GII( Il sAIIC I

=1 =8

S)1S71

1S7,2 3)

The marked behavior of the controlled automaton is computed to be:

Ln(Ge) =Ln(G) N (ﬁ?:1(Pi_1(KD,f))) N (0}4:8 (Pi_l(KD,f))) NP, (Kpz1) NP5 (Kpga) 4)

where P, is the projection of E* to Ef withi € {1,...,6} U{8,...,14}, P, is the projection
of E* to E7, and P;, is the projection of E* to E7,. From (4), it is observed that the
performance of the controlled automaton is the combined influence of all desired languages
in the framework of the marked behavior of the AGV.

To guarantee the realizability of all proposed supervisors, regarding the total automa-
ton G, the results in [29] for the physical realizability will be used. Before presenting the
respective, the set of all uncontrollable events is defined to be:

2 3 3
]Euc = EMM,uc U EDM,uc ) ESM,uc U ]ERC,uc U EBL,MC U EBS,uc (Ui:1EPS,i,uc) (U]‘zlEL,j,uc) (UkzlEB,k,uc)

Proposition 1. The supervisors Sy to S14 are physically realizable, regarding G, through (3).

Proof of Proposition 1. The automata of the supervisors are designed to have all uncon-
trollable events in the active event sets of all their states. Thus, it holds that Hg(gs1) N
Hs(gs2) NEg e = Eg 0, where Eg ,,. = Eyc N Eg. Therefore, using Corollary 1 in [29], it is
derived that all supervisors are PR, with respect to G and through (3). [
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According to [9,10], an automaton is a nonblocking automaton if and only if the prefix
closure of its marked behavior is equal to its closed behavior. In the following proposition,
the nonblocking property of G, will be proved without analytic manipulations of the two
behaviors. It will be proved by proving that the automata of all subsystems, under the
influence of the supervisors, are always allowed to return to or stay in a marked state.

Proposition 2. The automaton G, is a nonblocking automaton.

Proof of Proposition 2. The proof of nonblocking G, will be formed by proving that the
controlled automaton of each subsystem preserves the nonblocking property. The proof of
nonblocking of each subsystem under the influence of the associated supervisors, namely
the supervisors having common events with the subsystem, will be presented.

The supervisors, having common events with Gy, are Sq, Sy, S3, Ss, Sg, So, S10, S11,
S17, S13, and Sy4. In G, the transitions from the two non-marked states to the marked
ones can take place through the event ey 3. The alphabets of the supervisors Sq, Sy, Sg,
Sg, and Sy do not include eppr 3. The alphabets of the supervisors Sz, S5, S11, S12, S13, and
S14 include ey 3 and it holds that epyp3 € Hs(g), (Vg € Qg). Thus, the return of Gy
to its marked state is not restricted.

The supervisors, having common events with Gpjy;, are Sy, S, and S7;. In Gpy,
the transitions from the two non-marked states to the marked can take place through
the events epy 4 and epys 5. The alphabets of the supervisors Sg, and S7; do not include
epm4 and eppy 5. Furthermore, the alphabet of S4 does not include, epy 4 and it holds that
epms € Hga(q), (Vg € Qg4). Thus, the return of Gy to its marked state is not restricted.

The supervisors, having common events with Ggyy, are Sz, Sy, S5, and Sg. In Ggyy, the
transition from its non-marked state to the marked one can take place through the events
esp 2 and egpg 3. The alphabets of the supervisors S, S4, S5, and Sg. do not include egyy 3.
Thus, the transition of Gg); to a marked state is not obstructed.

The supervisor, having common events with Ggc, is Sy ;. In Ggc, the transition from
the non-marked state to the marked one can take place through the event egc . For Sy ; it
holds that ercr € Hg7i(q), (Vg € Qg7;). Thus, the transition of Ggc to a marked state is
not obstructed.

The supervisor, having common events with Gpy, is S1. In G4, the transition from its
non-marked states to the marked one can take place through the event ep; 3. Furthermore,
in Gpy, the event epy 5 triggers the transition from one non-marked state to the other. For
S; it holds that the event ep; 5 is not in the alphabet of S and epr 3 € Hg1(g), (Vq € Qg1).
Thus, the transition of Ggc to a marked state is not obstructed.

The supervisor, having common events with Gps ;, is S7;. In Gpg ;, the transition from
the non-marked state to the marked one can take place through the event epg ;». For Sy ; it
holds that epg ;» € Hg7i(q), (Vg € Qs7;). Thus, the transition of Gpg; to a marked state is
not obstructed.

The supervisor, having common events with Ggg, is Sp. In Gpg, the transition from
the non-marked state to the marked one can take place through the event egg 5. For S it
holds that egs, € Hgo(q), (Vg € Qg2). Thus, the transition of Gpg to a marked state is
not obstructed.

The supervisors, having common events with Gy ; and Gy , are Sj3 and Sq4. In G 3
and Gy, the transition from the non-marked states to the marked ones can take place
through the events e; 1 » and ey 5 >. The alphabet of S;3 does not include ey 1 » and ef, 7 5. For
S14 it holds that {ef12,e122} & Hs14(q5,141) and {ep12,€122} € Hs14(g5142). Thus, the
transition from g 141 to g5 142 is always feasible through the uncontrollable event epspy 3.

The supervisors, having common events with Gy 3, are S1; and S15. In Gy 3, the
transition from the non-marked state to the marked one can take place through the event
er,3,2- The alphabet of S, does not include ey 3. For Sy; it holds thater 3, € Hg11(95111)
and er 3, ¢ Hs11(gs112). Thus, the transition from gg12, to gs121 is always feasible
through the uncontrollable event ey 3.
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A=1
A£7

2
|Qs,a| + Agl |Qs,7,11,

The supervisor, having common events with Gz 1 and Gpp, is Sg. In Gp 1 and Gp>,
the transition from the non-marked states to the marked ones can take place through the
events eg 1, and eppo. For Sg it holds that {eg1,ep22} € Hgg(q), (Vg € Qsg). Thus,
the transition of Gp; to a marked state and the transition of G, to a marked state are
not obstructed.

The supervisors, having common events with Gp3, are Sg and Sjp. In Gg3, the
transition from the non-marked state to the marked one can take place through the event
ep32- For Sg and Sy it holds that {eg32,ep32} € Hs(q), (Vg € Qs). Thus, the transition
of Gp 3 to a marked state is not obstructed.

Finally, it is important to mention that the alphabets of the subsystem are disjoint sets.
So, the examination of the nonblocking for each individual subsystem is sufficient to prove
the nonblocking of the total controlled system. [

Remark 1. Using the complexities of the supervisors, determined in Section 4.1, the complexity of
the total supervisor control scheme is computed to be.

14 2 14 2 2 [ 2
Y EBsal+ X [EBszal, T (Z HS,A(‘?S,A,;:N) + X <Z HS,/\(‘75,7,A,14)|> = (30,65,100)
A=1 A=1 A=1 \»=1 A=1\p=1

A£T A£T

5. Implementation Issues of the Two-State Supervisor Automata

As already mentioned, the main advantage of the proposed supervisor architecture is
the simple two-state structure of all designed supervisors. Moreover, this simple structure
of the supervisors facilitates the adaptation of programming methods, guaranteeing the
secure functionality of the program. For instance, according to [30-32], the avalanche effect
in PLC’s control program is the sequential state transition in the supervisor implementation
program, triggered by a single event occurrence. The avalanche effect problem in PLC
control programs, which can be faced with a simple inversion of the appearance of the
states in the program, can easily be handled in the proposed scheme. Furthermore, the
structure of the present supervisors can be easily implemented in various programming
languages, such as Visual Basic, Ladder Diagrams, Structured Text etc., making them
suitable for SCADA, PLC, and microcontroller environments ([33,34]).

As already mentioned, the implementability of the proposed scheme is guaranteed by
the controllability of the desired languages via the physical realizability of the synchronous
product of the system’s automaton and the supervisors. All supervisors are implemented
in the Control Unit of the system. The input signals of the Control Unit are the signals
corresponding to the uncontrollable events and the signals (commands) corresponding
to the controllable events. The signals outputted by the Control Unit are the controllable
events. The controllable events, ending to multimover, are the commands of multimover.
The signals corresponding to the uncontrollable events ending with multimover directly
without passing through the Control Unit. In Figure 12, a block diagram of the controlled
automaton is presented, where the controllable and uncontrollable events are connected to
the system automaton and the control unit.
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Controllable events

Uncontrollable events

G = Control

R Unit

Controllable events

Figure 12. Block diagram of the controlled automaton.

6. Simulation

A simulation of the controlled automaton will be presented for the validation of the
proposed control scheme. Consider the following word:

€B,3,1€MM,1€B,3,26 MM,2€B,1,1€ MM, 26DM,1€SM,1€DM,1€DM,3€RC,1€DM,3

It is clear that only events of the subsystems Button 1, Button 3, Operation, Drive
Motor, Steer Motor, and ride control take part in the word, thus only the behavior of the six
subsystems will be investigated. In Table 1, the transitions of the automata of the Button
1 subsystem, Button 3 subsystem, Operation subsystem, the Drive Motor subsystem, the
Steer Motor subsystem, and the ride control subsystem are presented. The three shadowed
lines represent the three lines where the transitions to the respective automata are not
triggered, as they are restricted by the supervisor scheme.

Table 1. Transitions of the Controlled Automaton.

. Drive Steer Ride

Events Button 1 Button 3 Operation Motor Motor Control
- qB31 amMMA dpMm,1 gsm,1 qrca
€B,3,1 qB,1,1 qB,3,2 AMM,1 aDM1 qsm qRrRC,1
eMM,1 qB1,1 qB,3,22 qMM,2 dpmA qsm1 qRrRC,1
€B,3,2 qB1,1 qB,3,1 qMM,2 dDMmA qsma qRrRC,1
eMM,2 9B.1.1 qB,3,1 qmMM,2 dDMmA qsm,1 qRC,1
€B1,1 qB1,2 qB,3,1 qMM,2 dpma qsm1 qRrRC,1
€MM,2 qB1,2 qB,3,1 qMM,3 dDMA qsma qRrRC1
eDpM,1 9B.1.2 4B3.1 qMM,3 dDMA qsm,1 qRC,1
€SM,1 qB,1,2 qB3,1 qMM,3 dpma qsm,2 qrca
€DM,1 qB,1,2 4B;3.1 qMM,3 dDpMm,2 qsm,2 qrca
eDM,3 9B.1.2 4B31 qMM,3 qDMm2 qsm,2 qRC,1
€RC1 qB,1,2 qB,3,1 qMM,3 qpm,2 qsm,2 qRrRC2
€DM,3 qB1,2 4B;3.1 qMM,3 dDM,1 qsm,2 qrC,2

Initially, the six automata are in states qp 11 (Button 1), gp 31 (Button 3), a1 (Op-
eration subsystem), gpp11 (Drive Motor), gsp1 (Steer Motor), and grc1 (ride control).
Furthermore, all supervisors are in their initial state. After the occurrence of the event ep 31
the six automata are in states qp 11, 48,32, gMM,1, 9DM,1, Gsm,1 and grc,1 (Line 2 of Table 1).
The supervisors having the event eg 31 in their alphabets are Sg and S1. The event is active
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to the current states of both supervisors. Hence, after the occurrence of ep 3 1, the new states
of the two supervisors are qg 9 and gs 19,2, respectively.

After the occurrence of epp 1, the six automata are in states qp 11, 98,32, gMM2, GDM,1/
gsma1, and grc1 (Line 3 of Table 1). The supervisors having eprpr1 in their alphabets
are S1, Sy, S3, Ss, S10, S11, S12, S13, and S14. The event is active to the current states
of all supervisors being qs1,1, 4521, 953,1, 95,51, 95,102, 45,111, 45,121, 45,131, and qs 141,
respectively. Hence, after the occurrence of epyps 1, the new states of the supervisors are
95,11, 95,21, 9531, 45,51, 45,102, 95,11,2, 95,12,1, 45,13,1, and s 142, respectively.

After the occurrence of the event e 3 5, the six automata are in states 45 11, 45,31, GMmM,2/
gpmM1, 9sm,1, and gre1 (Line 4 of Table 1). The supervisors having ep 3, in their alphabets
are Sg and Sjp. The event is active in the current states of both supervisors being g5 » and
gs,10,2, respectively. Hence, after the occurrence of ep 3 5, the new states of the supervisors
are gs o1 and gg 19 1, respectively.

After the occurrence of epsp2, the six automata remain in states gg 11, 98,3,1, MM,2/
9pM1, Gsm,1, and gre,1 (Line 5 of Table 1). The supervisors having eprpr 2 in their alphabets
are S1, Sy, S3, S5, Sg, So, S11, S12, S13, and S14. The event eprp1 2 is not active in the current
state of supervisor Sg, i.e., epm2 ¢ H(gss1). Hence, after the occurrence of eppr2, the
supervisors remain in the states 4511, 45,1, 95,3,1, 455,1, 95,81 95,11,1, 95,11,2, 95,12,1, 95,13,1/
and gg 142, respectively.

After the occurrence of ep ; 1, the six automata are in states g 12, 7831, MM2, §DM,1/
gsm,1, and qrc,1 (Line 6 of Table 1). The supervisor having the event ep 1 1 in its alphabet is
Sg. The event is active in the current state of the supervisor being gg g 1. Hence, after the
occurrence of ep 1 1, the new state of the supervisor is g5 g 5.

After the occurrence of the event epqp12, the six automata are in states 512, 931,
gMM3, 9DM,1, Gsm,1, and gre,1 (Line 7 of Table 1). The supervisors having epqp2 in their
alphabets are Sq, Sy, S3, S5, S, So, S11, S12, S13, and Sy4. The event is active in the current
states of all supervisors being qs,1,1, 52,1, 45,31, 45,51, 95,82 45,11,1, 95,11,2, 45,121, 45,13,1, and
gs,142- Hence, after the occurrence of eprp2, the new states of the supervisors are g5 1,
9532, 9552, 95,82 95,11,1, 45,11,2, 95,12,1, 95,13,1, and qs 14 2., respectively.

After the occurrence of epys1, the six automata remain in states qp 12, 983,1, GMM,3
oM, Gsm,1, and grc 1 (Line 8 of Table 1). The supervisors having epps 1 in their alphabets
are Sy, S5, and Sg. The event epp 2 is not active in the current state of supervisor Sg, i.e.,
epm1 ¢ H(gs e, ). Hence, after the occurrence of epyy 1, the supervisors remain in the states
qs41, 98,52, and g 61, respectively.

After the occurrence of eg) 1, the six automata are in states gp 12, 98,31, IMM,3, IDM,1/
gsmp2, and grc1 (Line 9 of Table 1). The supervisors having event egpy 1 in their alphabet
are S5, and S¢. The event is active the current states of both supervisors being g5 5, and
gs,6,1- Hence, after the occurrence of egyy 1, the new states of the supervisors are 455, and
qs,6,2, respectively.

After the occurrence of epy, 1, the six automata are in states qp 12, 95.3,1, MM 3, DM 2/
gsm2, and qrc,1 (Line 9 of Table 1). The supervisors having event epyy 1 in their alphabets
are Sy, S5, and Sg. The event is active in the current states of all supervisors being g5 41,
qs,52, and s ¢ ». Hence, after the occurrence of epy, 1, the new states of the supervisors are
qs42, 48,52, and g 6 5, respectively.

After the occurrence of epy3, the six automata remains in states gp 12, 4831, IMM,3/
q9pm2, Gsm 2, and gre1 (Line 10 of Table 1). The supervisors having event epy, 3 in their
alphabet are S and S7;. The event epys3 is not active in supervisors Sy, i.e., eppm3z &
H(gs7,i1). Hence, after the occurrence of epy 3, the supervisors remain in the states gg 4
and g57,1, respectively.

After the occurrence of egc 1, the six automata are in states g 12, 7831, MM3, DM,2/
gsm2, and grco (Line 11 of Table 1). The supervisor having the event erc 1 in its alphabet
is S7 ;. The event is active in the current state of the supervisor being g5 7, 1. Hence, after
the occurrence of egc 1, the new state of the supervisor is g7 ;.
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After the occurrence of epy 3, the six automata are in states gp 12, 98.3,1, IMM,3, IDM,1/
gsm2, and qrc 2 (Line 12 of Table 1). The supervisors having event epyy 3 in their alphabet
are S4 and Sy ;. The event is active in the current states of both supervisors being gs 4 » and
qs,7,i2- Hence, after the occurrence of epy 3, the new states of the supervisors are g5 4,1 and
qs,7,i2, respectively.

7. Conclusions

A Cyberphysical system for several and diverse applications, including product trans-
fer in manufacturing units, has been presented. The system is an industrial AGV. All
subsystems of the AGV have been presented using discrete event systems. The desired
behavior of the system has been expressed in the form of rules and consequently for-
mulated in the form of regular languages. A set of supervisor automata, realizing the
desired languages and being simple two-state automata, has been designed. This way,
the implementation of the proposed supervisory architecture can be easily implemented
in any language and computer system. The property of the controllability of the desired
languages, via the physical realizability of the synchronous product of the total system’s
automaton and the automata of the supervisors, is proven. The nonblocking property of all
the total controlled system automaton is guaranteed. Finally, indicative simulation results
of the controlled automaton are presented.

The implementation of the proposed supervisory architecture in experimental envi-
ronments is under investigation. The problem of collision avoidance of AGVs in industrial
environments, which is of great importance, is in the future concerns of the authors.
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