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ABSTRACT

The past 50 years have seen a staggering amount of change techhelogy and the
business of process automation. The programmable logic contrdlig) Rased control and
monitoring system is a proven technology used to not only control pescdmit also to
perform safety functions for processes in many industrial aits. There are many
opportunities for improvements in any process or manufacturing nsystne of the
opportunities is achieving accurate safety function for measureanenprocess control to
prevent human injury or death. The programmable electronic syster83 §Beh as PLC
systems are increasingly being used to perform safety func®ra integral part of the
process or plant control system. A Robotic Manufacturing Celhigxample of a PES
system and is used as an experimental setup for this work. Th61%0D8 standard defines
various phases involved in the overall safety lifecycle for the E&m. This thesis study
concentrates on such phases that include safety analysis methext®rsef an appropriate
safety control system, implementation of safety as per tnelatd and safety validation. In
this study four test cases are selected to perform safetyseés and implementation. It is
verified how the conventional safety analysis method (FMEA) @anded to estimate the
risk associated with each test case. As recommended b§l&03, a Risk-Graph method is
used to calculate the Safety Integrity Level (SIL) requeetior each test case. A number of
factors are required to be considered for selecting the appeoadééty control system
architecture. After studying these factors and the safetysamaesults, the Siemens safety
PLC-based control system with SIL 3 configuration is selectedhisr application. IEC

61508 also recommends implementation of independent control systems for normal operation



and safety. This study demonstrates how two independent PLC basea sgstiems, one
for normal operations and other for safety-related functions, aresnngpited to offer the
most effective solution for this application. This is achieved bpgu#LCs from two
different manufacturers, a non-safety PLC for normal operatiodsaeSiemens safety PLC
for safety-related functions. This study focuses on Machinetysadnd it can be used as a

guideline for implementation of functional safety in real-life manufacfueinvironment.
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Chapter 1

Introduction



1. Introduction

The past 50 years have seen a staggering amount of change techhelogy and the
business of process automation. It is admitted that automation ®salplleisticated process
control and handling of unwanted errors without human interfeféntkee programmable
logic controller (PLC) based control and monitoring system isogaepr technology used to
not only control processes but also to perform safety functionprimresses in many
industrial applications. The PLC based distributed control systahles the engineer to
gather information from all processes across the plant and cah&obperation from a

central control room.

There are many opportunities for improvements in any processapufacturing system.

One of the opportunities is achieving accurate safety function fasunement and process
control to prevent human injury or death. The programmable elecsgsiems (PES) such
as PLC systems are increasingly being used to perforny $afetions as an integral part of
the process or plant control system. New technological and indusxialopment has led to

a demand for PLC based system to perform safety-related functionsyrapitations.

Safety is defined by many researchers in various ways. diogpto K. C. Shen’s definition
[12] «safety of a system is the probability that, when operativtjoa residing under stated
conditions, the system will not be injured significantly for @cfed interval of time.”

Safety in a process plant can influence the design of a prooes®l system in such a

manner that hazard to machinery and humans can be avoided. Tragidonalesigns try to



reduce the risk by adding personal protective equipment and byrapgltandard operating
procedures (SOPEJ. In a conventional environment, safety engineers are assigpeovi®
that an existing design is safe. If a safety enginesmogiers significant safety problems late
in the design process, correcting them can be very expensivarendansuming. Instead, a
safety engineer can be involved at the early stages of thgndesifinalize the safety

specifications.

The Occupational Safety and Health Administration (OSHA) isag@ncy of the United
States Department of Labor. Its mission is to prevent wosdkaelinjuries, illnesses and
occupational fatality by issuing and enforcing rules callexddstals for workplace safety and
health”. In case of any regulatory violation, OSHA enforces penaltieshemasponsible
authorities. Due to this, safety in the workplace has gained femmar for every

manufacturing industry.

“Safety integrated® is a term widely used by Siemens Automation and Drive (A&D)p

to promote their safety concept. This concept allows engineers tstarsgard as well as
safety components to create safety-integrated, cost-gkHesblutions depending on the
Safety Integrity Level (SIL) requirement. Siemens, beipgaeer in automation and control
industries, has developed various products for machine and process catitrpraven
technology. Having provided a variety of standard products known for thkable
operation, Siemens has developed and manufactured various components required i
automation with safety incorporated in it. The safety-integragemtiuct series include

SIRIUS, SIGUARD, SIMATIC and SINUMERIK/SIMODRIVE productshat are



configured to provide maximum protection against functional faults. SWATIC S7

Distributed Safety is a safety related programmableesysiertified by TUV SUD (German
Technical Inspectorate, SOUTH). This means that it is suitEbleise in safety-related
applications with high potential hazards and risks such as productitamsysmachinery
construction, process technology and offshore processes. The centifisasiligned to IEC-

61508.

IEC 61508 is a globally accepted standard and is used to implement functietafer PES
systems. This standard explains an overall safety lifecybls. document can be used as a
guideline for the design and implementation of a safety-relatatiersy This thesis
demonstrates how the IEC 61508 is used to develop a safety-related system bieosemg S

safety products.
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Background



2. Background

2.1 Overview

It was found that the safety requirements for each process indasyrylepending on their
application, breadth and complexity. Any process plant consists lafga number of
processes and each process is operated by using a number ohioacledectrical and
pneumatic components. The safety requirements are different fgn el implementation
of each component. The safety experts follow different standardesign and implement
each of the above components. Automation is an essential componentdrégperate a
process. In the academic literature, many topics relatedafletyscontrol systems are
discussed. These discussions include conventional methods of safgsysamififerent types
of failures, elements of safety, various configurations of contrsieays and IEC 61508
safety standard and its application. A PLC based control systesafety is an emerging

area and there are not many articles published in the academic litgedtture

2.2 Conventional Methods of Safety Analysis and the  ir

Application
Methods of safety analysis can be applied during the early nlegigtages of process
automation. There are methodologies and procedures availableafgziag the hazards in
the process industry that can be applied to other industries. A. fidua suggested that the
conventional safety analysis methods can be applied to the saf@gndf a PLC-based

control system. The author has reviewed many case studies tnasailysis methods used



for automation. The author has also listed scope, principles, advatageshortcomings of
various safety analysis methods such as:

1) Hazard and operability study (HAZOP)

2) Action error analysis (AEA)

3) Fault tree analysis (FTA)

4) Event tree analysis (ETA)

5) Failure mode and effect analysis (FMEA)

6) Reliability assessments

Many researchers have studied and analyzed each method with resectindustrial
application and have listed its advantages and disadvantages. Femhe&sehave also
shown that two or more methods can be used in combination for spempficasion. All

these methods are summarized based on their scope and principles in Appéidi%’{

2.2.1 Checklist

Checklist'¥ is one of oldest and simplest method used for hazard identificatiohe&klist
is a list of questions about system organization, operation, mainteaadcother areas of
concerns. It can also help to determine appropriate actions requiredzfnd control. The
implementation of checklist assures that various requirementtl@ited and nothing is
neglected or overlooked. Checklist is primarily based on the angbygirsexperience. It can
also be implemented based on codes and standards. The checklist isdrdqube

maintained during the life of the project and updated after evergrnaad substantial



modification. Although checklist requires relatively trained and e&peed people,

relatively untrained person can also use it effectively with adequate cesour

A detailed qualitative assessment can be carried out by nsmfer of checklists. B. K.
Daniels and R. I. Wright® have suggested few main headings for various checklists, such
as Safety related functions, Operator interface, Plant ingrfBbtiysical environment,
Maintenance and modifications. Each heading is followed by theirdsabsisections and

guestions. This method can be an extensive amount of work to cover all forms of.failures

The main disadvantages of this technifitié” are as follows;

e |t takes a long time to develop a checklist. It yields qualgaresults but no insight
into the system. It just provides the status of each item in terms of "Yd$b0r

e A checklist can focus on only single item at a time. It cafindthazards which are a
result of interaction among different equipment.

e Because it is required to be prepared by an experienced personistiadnays a
significant probability that some critical failures are being retgt

e It is not possible to identify the causes of hazards such s @y equipment
operation, severity of operating conditions and any mis-operation.

Due to above listed limitations, this method is not recommended failsdeisk

assessment.



2.2.2 What-If Analysis

The What-If method'? involves asking a series of questions beginning with What If (not
necessarily start with “What if”) as a means of identifyirazards. Apart from checklist, it is
the oldest method of hazard identification and is still popular. Wlaatalysis is performed
with questions such as:
- What if the pipe leaks?
- What if the flow controller fails?
This method essentially involves a review of the earlier desygm team using questions of
this type, often using a checklist. The advantages of this technique are:
¢ No specialized technique or computational tool is required.
e Once the questions have been developed they can be used throughoutahdife
project.
e It provides a simple tabular summary.
The major disadvantages are:
e It is recommended to have a team of experts to perform the. #iada result it has
disadvantage in terms of expertise availability and cost.
e The heavy reliance on the experience and intuition of the sbaahy implies that any
limitations in this aspect of study can make the entire study useless.
e Itis not as systematic as HAZOP and FMEA.
e |t gives only qualitative results with no numerical prioritization.
Due to these disadvantages, this technique can be used only when HAZGIIBA

are not applicable or the cost of study is the main consideration.



2.2.3 Fault Tree Analysis (FTA)

Fault tree analysis! is the basis for a structured approach to failure analysis. dn
analytical tool that uses deductive reasoning to determine therece of an undesired
event. The technique begins with a top event that would normally be ratag@vent. Then
the fault tree analysis is used to identify various single paihtrés, combinations of these
failures and operating circumstances which could cause that @yentompleted fault tree
is a logical representation of all the combinations of basic evieich cause the top event.
Each basic event is considered as a Boolean variable, andgtbedo top event can be
represented as a Boolean expres&ioBy manipulating this expression, single point failures

and minimum cut-sets are determined to identify various failure modes in PES.

FTA provides quantitative information about failure modes and consequéiickdas the
following advantagds-*2:
¢ [t allows the analyst to concentrate on one particular system failargnae.
e It makes it easy to identify single point failures.
e It provides a graphical format which enables the analyst to visualize#aed and its
causes.
e Itis used for some control systems to incorporate the effects of feedback.

e |t can also handle multiple failures.

Software fault tréd (SFTA) attempts to verify that the program will not, in any

environment, allow a particular unsafe output to occur.

10



FTA is a well-accepted technique. Its main disadvantages drdeawaloped fault trees can
be very large and difficult to relate to the system and itsatipess. The results can be
difficult to quantify. Its accuracy relies on the ability of #mealyst to deduce what can cause

an event.

2.2.4 Failure Mode and Effect analysis (FMEA)

FMEA is a systematic examination of the system to deterthmeffect of each mode of the
failure of each part of the system. In this analysis, inditidoanponents such as pumps,
valves and vessels are examined to identify the likely failwieich could have undesired
effects on the system operaffdh FMEA is a qualitative inductive method and is easy to
apply*?. FMEA is executed by preparing the list of expected faifonogles with respect to
the use of the system, the elements involved, the mode of operatiompdnation
specifications, the time constraints and the environmental conditiaran be applied at any
level of breakdown of the system, e.g., sub-system, module or compohenés been
recommended for use as a hazard identification technique mamsystems dealing with
low/ moderately hazardous operations and the one which can not suppogpehsiee and
time-consuming HAZO®?. When applied to PES systems, it is usually applied at functional
block levels. In this approach, effects of each mode of failurBelof sensors, actuators,
operator interfaces, processors, I/O modules and communicatioadetedre consideréd.
FMEA is good at identifying potentially hazardous single fagubait normally does not

consider multiple and simultaneous failures.

11



2.2.5 Hazard and Operability Study (HAZOP)

HAZOP was developed by Imperial Chemical Industries (ICkha UK. It is a simple yet
structured method for hazard identification and assessment. Thebasiple of a HAZOP
study is that normal and standard conditions are safe. The leazand only when there is a
deviation from the normal condition. The UK ministry of defense awhaleontract to
Cambridge Consultant Limited working with Arthur D. Little and Rddi@bnsultancy to

prepare a guideline on the application of the HAZOP to'BES

In a typical HAZOP study, design and operation documents suclpi@sg and
instrumentation diagrams (P&IDs), process flow diagrams (PHDa)erial flow diagrams
and operating manuals are examined systematically by a graxpeits for identifying all
possible deviation$®. Once a HAZOP has identified all deviations, it searchesécause
of the deviation and tries to deduce the consequences of the deviation. Talcpessible
malfunctions in the system the HAZOP team members are guiidec set of guide words
for generating the process variable deviations. A list of guideds % and their

definitions with respect to chemical industry and PES is given in Table 2.1.

It can be observed from the above description of methods that rig aafdysis method
covers all aspects of safety design. Each method has its ovetstargd is applicable to
specific problems. However, it is possible to find a combination ¢fiocks which is optimal

for each design problem.

12



Guide

Standard interpretation for

Example interpretation for PES

re

ore’

rect

Word chemical industry
No part of the intention is .
None . No data or control signal passed
achieved
o Data is passed at higher rate than intended or mo
More Quantitative increase )
data is passed
o Not used here because it is already covered by ‘p
Less Quantitative decrease ‘
O )
As well | All design intent achieved but o
_ N Not used here because it is already covered by ‘m
as with additional results
Only some of the intention is _ _
Part of _ The data or control signals are incomplete
achieved
Covers reverse flow in pipes
Reverse _ ~ | Normally not relevant
and reverse chemical reactions
Other | A result other than the origina _ )
) o _ The data or control signals are complete but incor
than intention is achieved
The signal arrives too early with reference to clock
Early Not used _
time
The signal arrives too late with reference to clock
Late Not used )
time
The signal arrives earlier than intended within a
Before | Not used
sequence
The signal arrives later than intended within a
After Not used

sequence

Table 2.1: Guide word interpretation with respect to the chemical incarstirg PES system.

F. Redmill et al**! have suggested a combination of HAZOP and FMEA in hazard analysis

The two methods are complementary. When HAZOP is being cautethere is often some

13



element of FMEA included in it, but if the difference between thve methods is
understood, their effectiveness can be optimized. These methods leaeflyadistinguished
as follows;

- AHAZOP is a team exercise, while FMEA can be performed by an chaili

- HAZOP is used to identify both the causes and consequences ofisha#ale

FMEA examines only the consequences of failures of each component.

- In HAZOP, once the deviation from desired intent is found, the stuogepds
further to identify possible causes and likely consequences of thatidayiwhereas in
FMEA, once the possible components failures are identified, a swbeeds further to

determine the likely consequences on the system as a whole.

When the hazard is a result of the deviation from design interitltér a component or
interaction between components, neither the HAZOP nor FMEA aloneogan all possible
hazards. However, when HAZOP provides a possible deviation fromndiegent as an
interaction between components and possible cause as a failure off thheecomponents,
FMEA can be applied further to investigate the possible caudadwt of that component.
In another way, when the component is a subsystem and FMEA hasirecba possible
failure mode, HAZOP can be applied on more detailed design repraserntaunderstand
the interaction within the components of a subsystem. Thereforgasssble to improve the

efficiency of hazard analysis by carrying out first HAZOP and then AMiEvice versa.

14



2.3 Elements of Failure

All of the above mentioned safety analysis methods consider llsee elements in safety
assessment. These are causes of failure, probability of faihuteconsequences of failure.
The causes of failure can be divided into two categories: thensgst failures and
stochastic failuréd. Examples of systematic failures are software errorsrsemodesign,
specifications, construction, operation and maintenance. Examples lohstodailures are
failures due to the aging of mechanical components and random failuegectronic
components. Probability of failure is the likelihood that the syst@irfail. It also defines
the rate at which the equipment may fail during its liféeydhe likelihood is classified as
high, medium or low rate of occurrence. This is often determineddbasecompany
operating experience or industry-wide operation hisbryrhe consequences are defined as

the effects of failure on human life, property or the environment.

Angela Summefd has indicated in her study that once the HAZOP safety andbsis
completed, risk associated with the severity and likelihood should bestoabkr The event

severity is determined based on its anticipated consequences and impactn Tiekide;

1. On-site Consequences
- worker injury or death
- equipment damage
2. Off-site Consequences
- community exposure, including injury and death

- property damage

15



3. Environmental Impact
- emission of hazardous chemicals
- contamination of air, soil and water supplies

- damage to environmentally sensitive areas

The occurrence of a failure does not cause the hazard. Typicallyeddic state of the
process and/ or a combination of failures is needed for a hazarduo bhdtiple failures
may occur simultaneously, and it is difficult to predict th@aweor of a control system in
such a scenario. The automation engineer can affect the probatuliseserity of accidents
by applying hazard analysis methods. Each hazard analysis metdpaicable for different
categories of hazards. Sometimes it is necessary to osertmore methods simultaneously
to cover all possible hazards. Risk reduction methods can be appliedoats\stages of

failure as presented in figure 2%

Causes | Hazard X > Accident > Consequences
T ] Control actions to
Minimizing the Control actions and restrict the
probability of the operator support to consequences
causes prevent the accident

Control actions to
prevent the hazard

Figure 2.1: Opportunities for risk reduction.

The above figure represents various stages through which a falesebgfore it causes the
hazardous consequences. There are many opportunities for an engineguce the risk.

The potential causes of an accident which exist in automation cahnmeated, or their
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probability can be minimized. A feedback from all stages cafethdack to the system to
minimize the probability of the causes. Systematic failuresbeaminimized by designing
procedures, by management actions, by having skilled and experiencgdedesind by
having thorough testing. Stochastic failures can be minimizedsbyy adequate quality
components, by aging procedures and by testing procedures for redgndgrinents.
Redundancy at component and/ or architectural level can be providealdbipossible to
prevent the unsafe state by designing countermeasures fodhayawhich the system can
be brought back to safe state. This can be done by designing alaimngsautomatic control
actions, designing fail-safe systems, and interlock and tripregsand emergency shutdown
systems. It may be possible to control unsafe state or the consegud the hazard and to
minimize them so to keep the process in a state which, though &e staa, still prevents
any more harm from occurring. This can be done by means of padé¢gtion equipment or

by keeping people and material out of hazardous'area

A. Toola has presented various cases on accidents caused bydmateut system. He
reviewed literature on accidents by various researéless of the above cases include the
safety analysis on automation failures. These researchersnmastty used hazard and
operability studies, fault tree analysis and failure mode teffiealysis methods for analyzing
effects of automation failures. It is also identified that théety of automated control
systems should include safety-of-application software. Softwatetfae analysis (SFTA) is
an extended FTA which can be used for application software. Inméikod, the “TOP”
event is critical software fault, and the software is studiettveard through the program to

the software input. A. Toola has indicated in his safety anaystsy that some methods do
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not study multiple failure situations systematically. Thewiameous occurrence of failures
of different types, for example, a human error in connection withnaponent failure, are
difficult to study with a single safety analysis method. Aromgtion engineer is required to
use two or more safety analysis methods to cover various typeoarmination of failures.
Safety analysis provides a practical way for automation eegine discuss systematically
with operators and process engineers the intended and unintended functiotegesndf &

process.

According to Toola’s accident studi€$ an important feature in automation safety is the
information on process states provided to the operator. The safdfysia methods do not
consider this aspect explicitly, but they provide information on the gsodesturbances
which might lead to the unsafe states during operation. Only Actiar Bnalysis (AEA)
has a comment on it, by asking in what way the operator notices hisr mistake. This
information can be used to design the operator interface such asnHuachine interface
(HMI) application to keep the operator updated with latest state of the probheddMI with
real-time status updates is provided as an integral part odutmemated control system.
Figure 2.2 shows the various stages of failure caused by uninterelgdre human activity,

in the technical equipment or in the environniént
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Stochastic | Stochastic
Fault, Error, Mistake Failure
Hazard > Ac_mdent » Consequences
Mishap
Systematic .| Stochastic /
Fault, Error, Mistake Failure

Figure 2.2: Various stages of failure caused by an unintended event.

2.4 Different Configurations of Automated Control S ystems

The safety of a manufacturing process is based on the paesgs itself. The design of the
process should define the number of possible unsafe states andprbleability of
occurrence. Many safety features can be implemented with dhefautomated control
system. The objective of the automated control system is to keppottess in a safe state to
prevent an accident and/ or to transfer the process back to dagafa case of failure. The
automated control system can be designed by using solid-state logic, embedded
controller, microprocessor, PC based control cards or PLC. ThebB&€ control system
designed for safety has a fail-safe operation Mot The purpose of a fail-safe system is
to bring the controlled process to a pre-defined “safe stateddge of failure. The operation
of the fail-safe system can be triggered by detecting tguabncerns, environmental
constraints, hazardous conditions or other unacceptable operational teesambe PLC
based control system can also be configured for fault toleramatapes. The fault-tolerant
systems*®*”! have internal redundant components and integral logic for identifyity
bypassing faults without affecting the output. Redundant systawgsihdividually specified

secondary components. A hardwired or software means are provided irsyBtebn for
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detecting failure of the primary device. When the PLC systetacts the failure of a primary

device, it switches its control to the secondary device automatically.

Redundancy improves the availability of the system. The PLMearonfigured in various
ways to achieve redundancy at various levels. Some examples inthidgtandby and
Warm-Standby configurations for redundancy at CPU levels, redundapoyvar supplies,
voting logics (1002, 2003) for redundancy at I/0O and field device levelshdant industrial
Ethernet network for redundancy at communication level and Triple Mo&ddundant
(TMR) systems for redundancy at all levels. Hot standby Pystem contains two CPUs
connected in parallel configuration. A hardware module is provided ttorpe the
switchover in case of failure of the primary CPU. The switchdiree generally takes
approximately 13-48 milliseconds. Warm-standby PLC system contan€PUs connected
in parallel configuration. A software program is loaded in the CPU to detefailime and to
perform the switchover. When the failure of the primary CPU isatiedl by a software code,
entire data is transferred into the secondary CPU memory anddsey CPU takes the
control of the system. The switchover time in this case is oappately 500-1000
milliseconds and depends on the amount of data needed to be teghsRdundant 1/Os
can be achieved in two ways. They can be done by using redundanssanaotuators in
the field or by using redundant sensors/ actuators with redundantdddles in the PLC
system. Voting logic can be implemented to acquire informatiom fthese redundant
sensors. This logic can be executed by using external votingogliechardware or by using
PLC I/O modules with built-in setting such as 1002 or 2003. In catea# (one out of two

channels) selection, the discrepancy period is monitored betweethamnels. If the status
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of both channels is switched to the same state within the discieperiod, the resulting
status is read and stored in the CPU memory. If the stahustlothe channels is switched to
same state beyond the discrepancy period, the fault is gehefate discrepancy period is
decided based on internal circuit response time and the field degpense time. Similarly,
2003 (two out of three channels) is implemented. Triple modular redu(idit), as the
name suggests, has three redundant hardware modules. The switshmaréormed similar
to the Hot-standby system but has an additional level of redundancygodhef a TMR
system is to provide fail-safe control in a fault tolerant modas allows the system to
continue while any single fault is detected, diagnosed, isolatedregpadred before the
second fault can occlff!. The availability of the TMR system is always more thanHbe
standby or Warm-standby PLC system. TMR systems aneghb@sed in highly critical
applications such as nuclear reactor control. Redundant networkspeenented by using
two Ethernet cards with each PLC. Both cards are configureavéoimdependent networks.
In case of one ethernet card failure, redundant card takes ovesttherk control. HMIs are
configured to automatically switch over to the available netwddeesses so that the real-
time information is always available for the operator. “Managed tndusEthernet
switches” are used for forming Redundant and/or Ring EthernebrietiMoxa technologies
provide managed switches which can recover the network from failuttenw20

milliseconds.

Reliability of the control system is often confused with safétyReliability is a measure of

the “up-time” or availability of the system. It is normaliyeasured with the Mean Time

Between Failure (MTBF) and Mean Time To Repair (MTTR). NFTIB a statistical measure

21



of probability of failure. MTBF numbers represent a statistgadroximation of how long a
set of devices should last before failure. It does not mean thdethee is tested for long
time interval. MTBF numbers are generally created by estigyédhe MTBF of individual
components and by past experience with similar products. Genarsiyufacturers of
industrial components or equipment provide the MTBF information Her user. Some
methods are available that can be used to reduce the systamtich@iby increasing the
MTBF value for example, conformal coating for printed circuitrdea(PCBs) used in a
system. A standard MIL-1-46058C specifies the conformalcoatingnergent for Electrical/
Electronic Printed Circuit Assemblies. The conformal-coated nesdalst longer compared
to standard modules in corrosive environment. If a process platiasesi near coastal area,
this standard can be used as a design specification for PLC csyst@m. A redundancy is
one of the design approaches that increases the availabilis@asssed above. Another
approach is to provide partial system functioning. In this case, taperdhat are critical to
the production are still running, even if other processes are shut dovim ttheefault. MTBF
and MTTR values are used to measure the availability of teeerayaccording to the

following formula™®.

A = MTBF/ (MTBF + MTTR) =--=-mmmmm oo (2.1)

Mean Time To Repair (MTTR) is a composite of other termshsas Mean Time To
Diagnose (MTTD) and the Mean Repair Time (MRT). If the exysts designed for fail-safe

control, then the MTTD is zero, as it causes the system shutdgvianirging the entire
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system in a pre-defined safe state immediately aftet ifadetected®. Figure 2.3 shows the

effect of safety on the % MTTR of the system

% MTTR
100 A

75

50 A

25 A

< lsec
e

Conventional PLC System Safety PLC System

Figure 2.3: The effect of safety on the % MTTR of the sysfém

2.5 International Standards for Functional Safety o f the Control
System and Their Applications

According to a functional safety application study done by H. Kanaeta@l, there are two
methods of decreasing the risk in process autom&tio®ne is intrinsic safety and the other
is functional safety. In intrinsic safety, the workers and mashane separated physically by
a guard or a barrier. In functional safety, the safety coayistem stops the process when it
detects anyone intruding into hazardous area or when it diagnoséudnyhe functional
safety system needs a combination of safety input devices, safaiit and safety output
devices. Functional safety is a part of overall safety tha¢mt#s on a system or equipment

operating correctly in response to its input.
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Currently, there are many standards available for the planningrwcien and operation of
Safety Instrumented System (SIS). In the European Union, manefactir such systems
could refer to safety standards such as DIN/VDE 19250, DIN/VDE 1925d/VDE 801,
EN 298 and EN 954. The design of control system for safety functionbealescribed
using these standards. Since many countries have different stamdactisare used for
different applications, a globally applicable IEC 61588'?? basic standard was developed
and adopted. The International Electrotechnical Commission (IE@)eisvorld's leading
organization that prepares and publishes International Standards dtecadical, electronic
and related technologies - collectively known as "electrotechnglddye IEC has issued
standards for electricity and electronics, supporting safety afarp@nce, the environment,
electrical energy efficiency and renewable energies. Th& da50 manages conformity
assessment systems that certify that equipment, systerasngponents conform to its

International Standards.

IEC 61508 standard is concerned with functional safety achieved éty-salflated systems
that are primarily implemented in electrical and/ or etegtr and/ or programmable

electronic (E/ E/ PE) technologies, i.e., E/ E/ PE safety-relat¢einsys

IEC 61511 IEC 61513 IEC 62061
. Safetyof f-—--=---- Further standards
Process industry Muclear industry machinery
A A A A

IEC 61508

Basic standard (Applies to all industries)

Figure 2.4: Standards used for functional s&ty
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As shown in the figure 2.4, the IEC 61508 standard is very gematia@plies to all safety-
related systems irrespective of the application sectors suctpr@sess industries,
manufacturing industries, transportation, medical etc. IEC 615080isis¢%l as a foundation
to develop safety standards applicable to other industrial sectorex&mple, IEC 61511 is
applicable to the process industry, IEC 61513 is applicable to the nuulestry and IEC

62061 is applicable to machine safety.

Some key features covered in IEC 61508 standfdrd for a safety assessment are as
follows:
1. Uses of a risk-based approach to determine safety integgtyrements of E/ E/ PE
safety-related systems and including a number of examples of how this can be done.
2. Uses of an overall safety lifecycle model as the techniaeddwork for the activities
necessary for ensuring functional safety is achieved by tHe/ PE safety-related
systems.
3. Uses of the safety life-cycle activities from initial cept through hazard analysis
and risk assessment, development of the safety requirementsicapiea$, design
and implementation, operation and maintenance and modification, to final
decommissioning and/ or disposal.
4. Includes the systems and sub-systems designed to perform &afetyons and
failure modes for each component included in these systems.
5. Specifies requirements for both preventing failures and controlling failures
6. Specifies the techniques and measures that are necessatyidee required safety

integrity.
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IEC 61508 standard has seven-part framework (Appendix 2) that spdbiéeprocedural
steps to be performed during the design of the safety systerordieg to the IEC 61508,
the first step in determining requirements for E/ E/ PEetgaklated system is risk
assessment. The risk assessment methods mentioned earlitasaifed into two major

categories. One is quantitative method and the other is qualitative nféthod

Quantitative methods are often used when there is limited icetanformation available
about the process. These methods require a thorough understanding of thal patesgs of
failure and its estimated probability. The probability of failusethe rate at which a
hazardous event can occur without existing protective measures radltyyl the effect of
the event. The probability of failure can be estimated by aimgythe rate of failure in
similar situations, by referring to historical records orling analytical methods. The fault

tree analysis (FTA) is an example of a quantitative method.

In qualitative method, a risk can be calculated based on thet eftedamage (C) and the
frequency of occurrence of the damage (H). The frequency of occeroétice damage is a
function of three elements:

a. The exposure to hazardous area (A)

b. The possibility of avoiding the hazard (G)

c. The probability of the unwanted event without any protective equipment (W).
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Figures 2.5 and 2.6 represent how the quantitative method is used roietéhe risk
according to the IEC 61508 standard. IEC 61508 standard includes th&mgk and

associated safety integrity levéi% 2]

o/ Light injury of a person, small envirenmental damage
Ch Severe injury or death of a person

C. Death of several persons

Cq Death of very many persons

Duration of stay of a persen in the dangerous area
Ay Seldem to frequent

A Frequent to permanent

Aversion of danger
Gg Possible under certain conditions

Gp Hardly possible

Probability of occurrence

Wy Very low
W2 Low
Wy Relatively high

Figure 2.5: Various levels of A, G, W and C considered to determine tH&'SIL

This standard also describes four levels of safety integityhie safety-related equipment.
Safety integrity level (SIL 1) is the lowest level @ffaty integrity and SIL 4 is the highest
that can be achieved with E/ E/ PE system. For exampleoltbevihg table 2.2 shows how

to determine the SIL level based on different values of four variables (C, A, G and W).
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a: no special safety requirements
b:a single 515 is insufficient
1, 2, 3, 4: safety integrity level (SIL)

Figure 2.6: Determination of SIL according to the “qualitative methdy”

Variables Value Level
Extent of damage, C C Severe injury or death of a person
Duration of stay of a person in thé\ Frequent to permanent

dangerous area, A

Aversion of danger, G > Hardly possible
Probability of occurrence, W W Relatively high
SIL level required SIL 3

Table 2.2: An example of SIL calculation using a risk graph.

An automated control system has to be configured to achieve gheegk safety integrity
level. The instrumented system (SIS) is examined in its gnfioe SIL levels. To achieve

required SIL, entire SIS has to be examined. All components $f fBdm sensors to
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actuators, are investigated for the failure probabilities (PF@stalculating final SIL. In
actual practice, the physical connection and/or bus communicatasoisonsidered in the

final SIL calculation.

The safety integrity levels and associated range of probabilitiailure on demand is

specified in the IEC 61508 stand&t¢?*-2*%!

Safety Integrity Level Probability of Failure on Demand
(SIL)

SIL4 >=10°to > 10"

SIL3 >=10"to > 10°

SIL2 >= 10°to > 10°

SIL1 >= 10°to > 10"

Table 2.3: SIL levels and associated range of PFD

In earlier days, the conventional PLCs were used with exteefe) togic to achieve the
required safety function. This requires a lot of engineering,ivatibns, testing, validation
and commissioning efforts. As the safety requirements become cnitical, the system
becomes more complex and so does the engineering and commissiooitsy &fie study
done by T. A. Walczak shows that field devices such as sensorstaatbecoutside of the
PLC based control system hardware constitute the majorityilafea within the overall

control system architectuf’.
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Figure 2.7: Control System Failure Topology by T. A. Wal€2hk

The implementation of functional safety in an automated control mystesures that the
failures at sensor and actuator levels are detected and diagvidsedhe safety time limit

to achieve the overall safety of the system.

2.6 Introduction to Safety PLC, I/0O and Safety Sens ors

The manufacturers of the programmable logic controller systeewe realized the
importance of safety in early 1990’s. Manufacturers like Rotk@e&mens and GE-Fanuc
have designed and developed PLC systems which meet the saftdg-r&lactional
requirements as per the IEC 61508 standard. This new series of piodatied safety-
pLCI!71819.26271 A safety PLC provides high reliability and high safety \dpecial
electronics, special software and pre-engineered redundarsafey PLC has 1/O circuits
that are designed to be fail-safe with built-in diagnostickraad-back capabilities. The CPU

of the safety PLC has built-in diagnostics for memory, CPU tiperavatchdog timer and
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all communication systems. The extensive diagnostics make itfgo$si the automation
engineer to troubleshoot highly complicated installations. Itg9e gbssible to design the
countermeasure so that the entire process can be complepaistially shut down in case of
failure. Few safety PLCs also offer muting mechanism whichb&used to switch off the
safety features conveniently during maintenance or troubleshoottivities®®. Built-in

redundant architecture increases the availability of themaystesuring that it is operating in
safe state. The feature of diagnosing fault to its last ctionelevel makes it easy for the

plant engineer to maintain and repair the widely spread distributed controhsyste

Safety PLCs are supplied with engineering tools for safeigramming. The safety PLCs
can be programmed by using five languages certified by IEC -31&pplication
programming standard. Manufacturers also provide library of saéetyied standard
program blocks for ready to use. These software blocks are capabieniioring and
updating safety input and output at very high speed in the CPU me®adeyy PLCs can be
configured with standard PLCs in one control system. In industriatipea the normal
process control is performed by standard PLC and safety PuGet$ to perform highly
critical functions. Both PLCs can interact with each other ¢etysaetwork and thus reduce
the ambiguity in process control decisions. With specially developelivhee and software
engineering tools, it is possible to configure the safety control systemanyavays to meet
the system safety requirements. This has made it possiblentming the cost of the entire

control system to a great extent.
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Moreover, safety PLCs are tested for certification of exgent to the safety standards from
national research institutes or safety inspection companies sudbi\&®. TUV Group is a
European Notified Body, authorized to certify to EU Directivea¢Nnery, Elevators, Low-
Voltage, Pressure equipment and EMC) in European Union, US and Canadindistrial
Services GmbH, Automation, Software and Information Technology, (A&3) a testing
laboratory which is accredited for various operating ranges figreht organizations. ASI
performs type-approval testing and certifications on behalf of greufacturer. The purpose
is to ensure that the manufactured product includes sufficient furictiafedy according to
the intended Safety Integrity Levels (SIL). TUV Group takesrdwirements of national
and international standards such as IEC 61508 into consideration aneseifeuproduct's
suitability for the intended application area. The services of Bk used worldwide by

business and government contractors.

The integration of safety and automation becomes an easy tdsksafdgty PLC. The
automation design engineers are taking advantage of specially desafgtgdP+.Cs:

e Save startup costs.

e Reduce downtime.

e Improve flexibility of the system design.

e Improve maintenance and operational capabilities.

¢ Reduce damage recovery costs in case of industrial accident.

e Improve productivity by providing safe work environment for equipment and

workers.
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e Eliminate hardwiring safety circuits which equates to savingsiiing, engineering

and maintainability.

IEC 61508 guidelines also suggests designing the automation system by wetingesafied
components. This guideline assures that all possible faults, randora and systematic
failures have been reviewed to achieve the required safety iiptelgvel. The
implementation of the automation system can be well documentédd aNitits hazard
analysis, design revisions, document change control revisions, appreestisresults,
drawings, specification and verification and validations. All ofdbeve are applicable for

hardware components as well as software.
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3. Problem Statement

Most of the hazard analysis methods are applied to the processiexudowever, there is
an opportunity to extrapolate these concepts to automation system$HG1BB safety
standard is a generic standard that provides a framework applizald# PES based
applications. PLC-based automated control systems are exaofpleES systems. IEC
61508 standard mainly deals with “Functional Safety” and it also pr@adgiideline for the

hazard analysis in order to identify possible failure modes and their consequences

There is no reported evidence in the literature on how the reduttee hazard analysis
methods are used for designing the safety-based automated cystieals The aim of this
work is to conduct experiments and draw conclusions on how this inforntatiobe used.
This work will focus on identifying potential functional safety needsan automated
manufacturing system, using methods proposed in IEC 61508 standarthfdhmation will

be used to identify and analyze unique safety performance improterteat can be

implemented using safety PLC, instead of a traditional non-safety PLC.

The implementation requirements will be derived after anajypiossible failures. These
failures will be derived from functional safety needs. Theserés will serve the purpose of
the test scenarios. Once the failures are identified, thechamatysis method will be applied
on each failure to identify possible causes and consequences. Eachvithbseanalyzed
independently and collectively to list the design recommendationshéoisdfety control

system. The guidelines from IEC 61508 standard will be used toisktti® control system
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design and achieve the desired level of safety as determinédukdyazard analysis. The
results of the hazard analysis will be used to compare the parfoenof the control system
before and after the implementation of the safety system. fipaliformance of the control
system will be compared for its fault response, fail-saferatiom, troubleshooting

capabilities and ease of safety function engineering.

The design and implementation of the safety system will tale dahsideration various
factors such as the intended application, available safety technslafgyy integrity level
requirements and the cost of the system. This will enableellketion of the appropriate
safety control architecture for a given application. Manufacunésafety systems promote
integrated control solutions in their product offering. These manuast offer both general
purpose and safety controls in the same controller. This approach mdpe ntbe most
effective solution for some applications. This research work igegtideline provided by
IEC 61508 standard, to implement two independent but integrated systenier process
control and one for safety. The uniqueness is in the investigation otvimwndependent

systems, from two different manufacturers can be integrated into one applicat

The implementation and the integration will be demonstrated by adRapotic cell consists
of three IBM Robotic stations, a conveyor and a DVT vision systelneduipment are
monitored and controlled by a non-safety PLC and five distributed I6@ules. The
RSView-based Human Machine Interface (HMI) is provided to contndl monitor the

operation of this assembly line remotely.
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The scope of this thesis will be limited to two Robotic statiand a conveyor. These
systems will be analyzed for functional safety needs. Onctailliee modes with respect to
each functional safety need are identified, the Failure MofietEAnalysis and Risk-Graph
Analysis will be applied to determine possible causes and consegueheach failure
mode. The results of the FMEA and Risk-Graph Analysis willused to design the
specifications of the safety control system. A Siemens s#e series will be used to
achieve the desired safety specifications. It includes Safatyfied PLC, 1/O modules,
sensors and actuators. It also includes IEC 1131-3 certified Plgtaprming software with

safety certified programming modules.

Two different automated control system architectures will bepeoed for the system
performance one with the non-safety control system and othertmgtiSiemens safety
control system. Various faults will be generated in both contrdesys to observe the
system response with respect to safety. An attribute anallsise performed to compare
these responses, and the appropriate conclusions will be derived. Farthems work can
be used as a guideline to analyze, design, implement and validete resdted functional

needs for an industrial manufacturing application.
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4. Experimental Setup for “Before

Case”

4.1 Description of the System

The Robotic assembly line is located in the Robotic automation tabprm Center of
Integrated Manufacturing Systems. This assembly line iguledito produce the written
paper product. The materials fed to this assembly line arkssthgpaper and three pens of
different colors. The assembly line is designed to write thetter$ by using selected pen
color on a paper substrate. This line is composed of three Robtibnista conveyor line,
vision system and two material feeder stations. The systeronisolled by a non-safety
Ethernet based PLC with the remote I/O modules. Figure 4.1 shovahikenatic of the

Robotic manufacturing cell and its main components.

This assembly line is divided into seven stations.

a. Station 0: This is the start station. When the conveyor is starteadyppet blocks all the
pallets. A proximity sensor checks for the proper orientation of thet.pathe pallet has
the proper orientation, the stopper releases it after a preddfined If the pallet is

disoriented, the stopper does not release the pallet.
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Figure 4.1: Schematic diagram of the “Before Case” Robotic ManufagtGei.
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b. Paper Feeder Station:This station is built with a container which holds multiple paper
stacks. A pair of photoelectric beam sensors monitors thedépalper in the container.
These sensors give a paper empty signal as soon as the paperdegebelow the

reorder quantity. This station is installed within the Robot 1 work-envelope.

c. Station 1: This station is dedicated to the Robot 1 operations. As soon aslke pa
arrives at this station, it is detected by a proximity sendas sensor activates a stopper
which blocks the pallet. The stopper at station 1 remains activdtex tve Robot 1 is in
operation or a pallet is present at station 2. After a predefimed & clamp is actuated to
hold the pallet. Simultaneously, the start signal is sent to the Robontroller. This
signal triggers the Robot 1 control program. The Robot 1 extendsmt$oathe paper
feeder station and grasps a paper and places it on the pallleé énd of this operation,
Robot 1 provides a done signal which is used to release the fpaflestation 1, and

Robot 1 waits for the next pallet.

d. Pen Feeder StationThis station has a capacity to hold three pens for Robot 2 operation.
Three pairs of photoelectric beam sensors detect the presenbseoca of the pens.
These signals are sent to the PLC for evaluation. This statinstalled within the Robot

2 work-envelope.

e. Station 2: This station is dedicated to the Robot 2 operations. Once theipakétased

from station 1, it is detected by a proximity sensor. This aetsvine stopper to block the

pallet. This stopper remains activated when the Robot 2 is in apetithe pallet is
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present at Station 3. Once the pallet is detected, a clampuaéeatand a start signal is
sent to Robot 2 controller. When the “Pen color” and “Data to Psnéhtered from the
HMI screen, Robot 2 picks the pre-selected pen and writes thestesetharacters. At
the end of this operation, Robot 2 places the pen back to its originibmpas the pen

feeder and releases the pallet.

Station 3: This station is dedicated to the visual inspection system. H@nvsystem
captures the image and performs an Optical Character Rgoagi®CR) function. The
vision system provides OCR results in a string format and setmishié PLC. The PLC
compares the OCR data with the expected outcome and generates/fail pagnal

depending on the comparison. At the end of this operation, the paleesased from

station 3.

. Station 4: This station is dedicated to Robot 3 operations. When the palle¢saat
station 4, it is detected by a proximity sensor which activasgspper. Simultaneously, a
start signal is sent to the Robot 3. Based on the pass/fail gignatated by station 3,

Robot 3 places the paper in the “good” or “bad” stack.
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4.2 Components

4.2.1 Robot 1, Robot 2 and Robot 3

Introduction:
IBM 7545 Robot is an electronically-driven, microprocessor-contralestem that offers
speed and repeatability for flexible automation applications. A b&®d personal computer
is used as a programming device for this system. A programitamguage called A
Manufacturing Language/ Entry (AML/ Entry) is used for wmgfithe programs. Thus,
system consists of three major components:

A. Manipulator.

B. Controller.

C. Operator Control Panel.

A. Manipulator
The manipulator is a two-jointed arm structure with four degdefreedom. The joints of
the arm, called Theta 1 (X) axis and Theta 2 (Y) axis, protide degrees of freedom
through their swivel motion. The end-of-arm rotation, called tb# &«is (r), provides a
third degree of freedom. The end-of-arm also provides a fourth defyfese=dom through a

vertical motion (Z axis). The end-of-arm provides air connection to a pneumategri

The end-of-arm mounting head, called end-effector is removable sredifftypes of
fixtures can be attached for various operations. The end-effectbiedRabot 1 is designed
to hold two vaccum cups. These cups grasp and release the papeteubst end-effector

on the Robot 2 is designed with a mechanical fixture to grasp and release the pen.
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The manipulator movement within the four degrees of freedom producegsanvhich is

called work envelope. The work envelope is set differently for &atiot depending on its
Theta 1 (X) and Theta 2 (Y) axes orientations. The work envdtapRobot 1 covers the
Paper feeder station and Station 1 on the conveyor. The work enveldpebiatr 2 covers

the Pen feeder station and Station 2 on the conveyor.

B. Controller
The controller contains most of the electronics to control the matopuka microprocessor
coordinates the manipulator's movement and monitors its speed and positaiipdneral
devices are synchronized with the manipulator through the use of digptatl (DI) and
digital output (DO) ports. The digital input ports monitor open/ cleg&kes (DI) external
to the system and the digital output ports operate relays (DdWirad) events to occur. The
controller receives and stores its control program from the D@&ih@ersonal computer and
then drives the manipulator by executing the program. The applicabgraprt provides the
instructions to the controller as to which ports to monitor, the amoumhefto wait for the
event and the type of condition to expect. The three main boards inside the contellers a
1. CPU Board: The CPU board contains a microprocessor, storageaéetenfcuits and
communication circuits.
2. Motor Control Board: It contains the roll microprocessor and cirdaoitsontrol the
movement as directed by the CPU. It keeps track of movements lhtloeigise of

inputs from the manipulator.
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3. Relay Board: The relay board contains relays, power distribution raedfaice

circuits.

The controller has three connectors which allow interface witerexl devices. These

connectors are:

Connector C1: Communication port

The 25-pin D-type connector on the controller with the label C1 RS23@€ onnector for
the communication interface. Communication between the persongutemmand Robot
controller is accomplished by using RS 232 interface. The asyraw@ommunication line
protocol is used with following characteristics:

1. Full duplex transmission with a half-duplex (flip/flop) end-to-end user protocol.

2. Baud Rate = 9600.

3. Parity = None.

4. Data Bits = 8.

5. Stop Bits = 1.

The AML/ Entry software allows the selection of communication l©@@M1 or COM?2) for
the program load/ unload. All other communication port settings ane th COM port
properties of the personal computer. Once the communication Idigsta, the commands

can be sent to the Robot controller through AML/Entry command prompt.
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Connector C2: DI/ DO Interface

The 54-pin connector on the controller with the label C2 is the connector for thal Digut
and Digital Output interface. Appendix 3 presents a list of the pmshe DI/ DO C2
connector and their function. These pins are used to perform regul&@CDdbperations as

well as pre-defined functions.

Digital Inputs:
There are 16 general purpose digital inputs and 5 control inputsoubinf 16 general
purpose inputs are also used as command digital inputs. A “1” aaldigut indicates a

connection to DI ground and a “0” at digital input indicates no connection to DI ground.

The following Control Inputs are used in this application:
a. Inhibit Move to Home: This point pin W, when connected to DI ground, inhibits
movement to the home position.
b. Emergency Stop: This point pin X must be connected to DI ground before
manipulator power can be turned on.
c. Manipulator Power: Manipulator power is powered up by connecting thenputs

pin Y and pin Z; once the manipulator is powered up, these pins can be terminated.

The DI points from 12 to 16 are multifunction inputs. These inputs ai tossend 5-bit
command code and a strobe bit to the controller. The command codesre@odrezed by
the Robot controller only on the rising edge at the strobe input. Appemlesénts a list of

5-bit command codes and applicable function.
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The list below presents the six command codes that are used in the current system

e Auto Mode: This command code causes the system to enter into tbheMaale.
When the Auto Mode is activated, the Manual Mode DO point is turned off.

e Reset Error: This command code resets an error condition. Whenrdhénas been
corrected and the error condition is reset, the Error DO is turned off.

e Return Home: This command code causes the manipulator to return kortree
position. When this position is reached, the At home DO point is turned on.

e Select Application 1. This command code selects the applicationrapnog
downloaded in partition 1.

e Start Cycle: This command code starts the application cycle wWiee system is in
Auto Mode with an application selected. Once the cycle startgyttie running DO
is turned on.

e Command Strobe: When pin a is connected to DI ground, a strobe is géet to
controller. The command code is sent by OFF to ON transitionioDt point. The

proper command code is issued before issuing the Command Strobe rising pulse.

Digital Outputs:
There are ten general purpose digital outputs, four status outputsxacmirsnand status
outputs. When the DO point is “1,” it closes the connection to the load hed the DO

point is “0,” it opens the connection to the load.
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The following Status Outputs are used in this application:

e Cycle Running: This point pin e is on when in Auto Mode, and an applicat®n ha
been selected and started.

e Error: This point pin f is on during an error condition. This error isegated by the
controller due to the internal fault conditions such as communication data error
and overrun condition.

e At Home: This point pin g is on when the manipulator is at the HOME position.

e Unable to Move Home: This point pin h is on when the Return Home funation i

activated and the Inhibit Move to Home DI pin W is connected to DI ground.

The DO points from 11 to 16 are multifunction outputs. These pointslsweuaed for
following command status signals:

e Manipulator Power On: This point indicates that the manipulator power is on.

e Online: This point indicates that the remote communications are egha¥ilhen
online, the system responds to all commands sent over the communliceti@s
well as the commands sent over the Remote Operator Control Panel.

e Manual Mode: This point indicates that system is in manual mode. Marugke can
only be entered by pressing the Manual mode button on the operator control panel.

e Cycle Stopping: This point indicates that an application programttgeiprocess of
stopping, after the STOP Cycle command is sent. Once thel@aglstopped, the DO
is turned off.

e Overtime: This point indicates an overtime condition and remains dnthmterror

Rest function is invoked.
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e Op Panel Disabled: This point indicates that the operator control panel is disabled.

Connector C3: Operator Control Panel Interface

The 54-pin connector with the label C3 is used as an interfacedretive Robot controller

and the Operator Control Panel.

C. Operator Control Panel

The control panel provides a way to control the manipulator by issamgnands through
pressure-sensitive keys. It also provides a means of monitbengperation of the system
by observing which LEDs are lit. The operator control panel can bé s control the
movement of the Robot, when the C2 connector (DI/ DO interfaa®)tisonnected to any
peripheral device such as PLC. This panel can also be usedhomediple points within

the work envelope that are necessary for Robot programs.

4.2.2 PLC Architecture

The PLC based control system is designed for controlling Robot 1tRpBRwobot 3 and a
Conveyor. The PLC based control system is implemented in distribatecbl architecture.
The CPU PLC-5/40E has a remote I/O scanner port and an EtherheEqor remote 1/O
modules are connected to the CPU over the Remote I/O bus. Thigealeitprovides the
flexibility of connecting I/O modules near each Robot station andhenconveyor. The
distributed system reduces the wiring complexity to a greatent. Figure 4.2 shows the

distributed PLC based control architecture for a “Before Case.”
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Each I/O module (Rack) is dedicated to a specific functional &@aexample Rack 2 is
dedicated to Robot 1, Rack 4 is dedicated to Robot 2, Rack 6 is dedica@mXmonity
sensors on conveyor and photo beam sensors on pen feeder station and Readic8ted to

all the pneumatic controls (clamps and stoppers) on the conveyor.

The PLC-5/40E rack includes CPU, Co-processor module, Power supply arn@®iH485
adapter. The CPU has a Remote I/0O scanner port at Ch 1 8.eAllO racks are connected
over the Remote I/O bus in multidrop network. It has a three-winaexction connected to
each I/O module at Blue, Clear and Shield terminals. The baudrates remote 1/0 bus is
set to 57.6 KBaud. Each I/O module is configured with a unique addites<CPU also has
an Ethernet port which is configured for IP address: 129.21.92.67. The cgBldgea the 1/0
signal status over the Remote /O bus and supplies this informatier the 100 Mbps
Ethernet network. The HMI application is designed with RS Viewr8Ria also connected
over the same Ethernet network. The PLC- 5/40E and HMI communicateEtdvemet

network.

Appendix 5 presents the PLC I/O list that shows the interconnectiorede the robots,

Sensors, actuators and PLC /O modules. Appendix 6 shows theg woirematic for the

connection between Robot I/0Os and PLC 1/Os.
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Figure 4.2: The distributed PLC based control architecture for “Befase Gystem.

4.2.3 Sensors and Actuators

The system has six proximity sensors, four photobeam sensors, eight pnegtoatiors and
a 120VAC Motor. Appendix 7 presents the list of the sensors andt@stuand their

location. Appendix 8 presents the wiring schematic of the motor cayeration. The Start
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and Stop pushbuttons are used to control the motor operation. There is nodthEBAIOP

function implemented in this system for Robot 1, Robot 2 and a conveyor.

4.3 Programming

4.3.1 Robot Programming

A Manufacturing Language/ Entry (AML/ Entry) version 4.1 is used for Rolmgiramming.

The command set is listed in the IBM 7545 series AML progrargnguide. AML/ Entry

application software (.exe) is run from a DOS command prompt.apiplcation software is
used:

e To establish the communication between a personal computer and a Robot.

e To write and edit the program.

e To compile the program.

e To load/ unload the program to/ from a Robot.
Each Robot has a specific program. Robot 1 is programmed to pickapeasubstrate and
place it on the pallet present at station 1. Robot 2 is progranonadkt up a selected pen

and write three characters on the paper substrate.

Appendices 9 and 10 explain the logic for both Robot programs in flow-tdranat and

appendices 11 and 12 present the actual programs.
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4.3.2 PLC Programming

The RSLogix 5 software is used for PLC programming. All tregrams are developed in

Ladder programming language. The entire program is divided inio pragram and

subroutines.

The main program is developed to perform the following functions:

Call the Robot 1 startup subroutine.

Call the Robot 2 startup subroutine.

Control the conveyor operation.

Read the status of proximity sensors on the conveyor.
Control the pneumatic stoppers and clamps.

Call the Pen Check subroutine.

Call the Check Data subroutine.

Call the Send Char subroutine.

Execute the data reset function in case of emergency stop of the Robot 2.

Appendices 13, 14, 15, 16, 17 and 18 present the associated flow chanscrahél

details for the main program and subroutines.

4.3.3 HMI Programming:

The RSView 32 application software is used to develop the Human haktierface. Table

4.1 explains the list of screens and their functions.
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No.

HMI Display Screen

Functions

Main Screen

Start the project
Navigate to the Station 1 screen
Navigate to the Station 2 screen

End the project

Station 1

Switch Robot 1 Manipulator Power ON
Control the ESTOP for Robot 1

Displays the current status of the Station 1
Navigate to the Robot 1 status screen

Navigate to the Main screen

Station 2

Switch Robot 2 Manipulator Power ON
Switch on the Conveyor

Control the ESTOP for Robot 2

Navigate to the Robot 2 status screen
Displays the current status of the Station 2
Navigate to the Data Entry screen

Navigate to the Main screen

Station 1 Status

Display the current status of the Robot 1

Navigate to the Station 1 screen

Station 2 Status

Display the current status of the Robot 2

Navigate to the Station 2 screen

Data Entry

Enter character to print data
Select the pen

Display available pen color

Click “Print” to send the information to the PLC

Navigate to the Station 2 screen

Table 4.1: List of HMI display screens and associated functions.
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5. Test Cases, Risk Assessment and
Selection of Safety Control System

Architecture

5.1 Introduction

The “Before Case” Robotic manufacturing cell is controlled byoa-safety PLC-based
control system. This system is operated in three modes:

1. Normal Operation.

2. Teaching.

3. Maintenance.

Normal Operation:

The scope of Normal Operation of the system includes fully auemmaperation of the
robots and the conveyor using the PLC based control system. It doeschale the
controlling of robots by using operator control panel and/ or operatiegPLC in

programming mode.
Teaching:

The scope of the Teaching mode includes operation of the robots usiRglibecommand

prompts or by using operator control panel.
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Maintenance:
The scope of the Maintenance mode includes testing of the PLC R@mt 1/Os, PLC
programs, Robot programs and HMI programs. It also includesdesti repairs of the

hardware connection and component wiring.

The system response in case of fault event is analyzed for all operation modes.

5.2 Selection of Test Cases

There are many fault events possible with each mode of operati@ncdrrent control
system does not have the capability to detect these fault eveate fault events may result
in a minor or severe injury to personal and damage to the product or the syshemghAlthe
current system is smaller in scope compared to industrial ajppfisathis system can be
used to model real-life scenario. Each component of the system earalgeed for different
failure modes to identify all possible fault events. In a réaldcenario, a team of experts
works together to analyze and find out all the possible functiofetysaeeds of the system.
The performance of each component can be analyzed for safety difideent test

conditions, such as various combinations of functions and operating modes.

It is not feasible to cover all possible fault events under the suiofies thesis due to the
limited time and resources. For this reason, four events aretesklax represent the

functional safety needs of the current system. These tesgt aas selected such that each of
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the four cases covers a fault event associated with eachingeramponent connected in
the system. In this thesis, fault conditions related to the autmmsyistem failure such as
intrusion into the hazardous area, hardware failure and hardwiretect@mn errors are
considered. Mechanical system faults and software/programmirg @re not considered in
this study. Case 1 represents the hazardous condition associate®obth 1 and its
operation. Case 2A represents the hazardous condition associat&blath? operation and
the operator’s access to its work envelope. Case 2B represehtz#itdous condition due to
the hardware failure of a component such as wire break ocayfelure, which can happen
in Robot 1 or Robot 2. Case 3 represents the hazardous condition dugh teolage
electrical connections and the conveyor rotation. To avoid reahjifieies, the response of
the system was observed by forcing each fault condition using ianohjects. These cases
are used to demonstrate the calculation the safety requiremertsns of Safety Integrity
Levels (SIL), design and implementation the safety controksysind validation the safety
system performance with respect to the identified safety néab# 5.1 shows the test cases

selected for safety system implementation.
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clope

No. Fault Mode of Response of the existing system Expected response of the safety system
Condition Operation
N | e Fault not detected e Detects the presence of the operator in Robot 1 work env
orma
_ ¢ Does not check for error e Waits for error clear signal
Operation
Operator enters acknowledgment or reset e Restarts the operation from Home
the Robotic e Fault not detected .
. e Detects the presence of the operator in Robot 1 work env
1 work cell near | Teaching e Does not check for error

the Robot

acknowledgment or reset

Generates the alarm

clope

1work envelope

Maintenance

e Fault not detected
e Does not check for error

acknowledgment or reset

Detects the presence of the operator in Robot 1 work env
Stops the Robot 1

Waits for error clear signal to restart

clope

2A

Operator

intrusion in the

e Fault not detected

Detects the intrusion

station 2 pallet

area

Normal e Stops the Robot 2
_ e Does not check for error . .
Operation e Waits for error clear signal
acknowledgment or reset
e Restarts the operation from Home
e Fault not detected _ ,
. e Detects the intrusion
Teaching e Does not check for error

acknowledgment or reset

Generates the alarm

Maintenance

e Fault not detected

e Does not check for error

Detects the intrusion

Generates the alarm
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acknowledgment or reset

Possible to disable it temporarily

Robot 2 is still in operation

test

of

unexpectedly Detects the failure of the signal through wire break circuit
Normal Failure is not detected Voting logic can be implemented to improve the reliability
Operation Diagnostics not available the signal
Robot 2 Does not check for error Diagnostic information is used to troubleshoot the fault
obot
acknowledgment
2B | ESTOP relay
, Robot 2 does not start
failure
Diagnostics not available
_ Difficult to troubleshoot this _ o o )
Maintenance il Diagnostic information is available to troubleshoot the fau
ault
Does not check for error
acknowledgment
Fault not detected Detects the presence of the operator through door gate
Operator Normal ,
_ Does not check for error Access control such as gate switch protects the operator
reaches near theOperation
_ acknowledgment or reset Stops the motor and conveyor
3 rotating motor
. Fault not detected Detects the presence of the operator through door gate
and running .
conveyor Maintenance Does not check for error Access control such as gate switch protects the operator

acknowledgment or reset

Stops the motor and conveyor

Table 5.1: Selected test cases for safety implementation.
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5.3 Risk Assessment

5.3.1 Introduction

According to the IEC 61508 part¥, risk assessment techniques determine the tolerable risk
for a specific situation that has to be achieved by necesskmeduction. The safety-related
systems are designed to reduce the probability of occurrenbe barardous event and/ or
the consequences of the hazardous event. The tolerable risk depends/daataais such as
severity of injury, the number of people exposed to danger, theefieguat which a person
or people are exposed to danger and the duration of the exposure. The eqgpuedrto
estimate the tolerable risk are:

e Guidelines from the appropriate safety regulatory authority.

e Discussions and agreements with the different parties involved in the application.

e Industry standards and guidelines.

e The best independent industrial, expert and scientific advice from advisory bodies.

e Legal requirements, both general and those directly relevanthdo specific

application.

As discussed earlier, there are two methods for risk assessguantitative method and

gualitative method.

The quantitative method can be applied when:
e The tolerable risk is to be specified in a numerical manner.

e Hardware failure data is provided by the component manufacturers.
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e Numerical targets have been specified for the safety inyelgnels for the safety-

related systems.

In this research, the hardware failure data is not avaifathe the manufacturers and the
numerical targets are also not specified for the system. Heregualitative methods such
as Risk-Graph and function-based FMEA are used to calculateafeey integrity level

requirement for each test case.

5.3.2 Risk Assessment by using Qualitative Methods

A. Risk-Graph Analysis

IEC 61508- part 5 Annex '#' describes a Risk-Graph analysis method and its application.

According to this method, the risk is calculated using a formula 5.1;

o (5.1)
Where, R is the risk with no safety-related system is ioeplais the frequency of hazardous
event with no safety-related system in place and C is thateoftelamage. The frequency of
hazardous event depends on three factors, which include the duration off atpgrson in
the dangerous area (A), aversion of danger (G) and probability ofreacar(W). Figure 2.5
presents various levels of these factors and figure 2.6 explaingsohdetermine SIL levels
based on the levels of these factors. Based on these figure$Rjgk-method is applied to

each test case to determine the SIL requirement.

62



A fault condition, operator enters the Robotic work cell near thigoR1 work envelope, is

analyzed for test case 1. Table 5.2 shows the Risk-Graph aralgs®&IL calculation for test

case 1.

Variables Value Level

Extent of damage, C C Severe injury or death of a person
Duration of stay of a person in thé\ Frequent to permanent
dangerous area, A

Aversion of danger, G > Hardly possible

Probability of occurrence, W w Relatively high

SIL level required SIL 3

Table 5.2: Risk-Graph analysis for test case 1.
Based on the above data, the SIL 3 certified safety-cektstem is required to avoid any

hazardous event related to this fault condition.

A fault condition, operator intrusion in the station 2 pallet areanayzed for test case 2A.

Table 5.3 shows the Risk-Graph analysis and SIL calculation for tes2&ase

Variables Value Level

Extent of damage, C C Severe injury or death of a person

Duration of stay of a person in theAy Frequent to permanent

dangerous area, A

Aversion of danger, G > Hardly possible

Probability of occurrence, W w Relatively high

SIL 3

SIL level required

Table 5.3: Risk-Graph analysis for test case 2A.
Based on the above data, the SIL 3 certified safety-tektstem is required to avoid any

hazardous event related to this fault condition.
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A fault condition, Robot 2 ESTOP relay failure, is analyzed fordasé 2B. Table 5.4 shows

the Risk-Graph analysis and SIL calculation for test case 2B.

Variables Value Level
Extent of damage, C 1C Severe injury or death of a person
Duration of stay of a person |M, Frequent to permanent

the dangerous area, A

Aversion of danger, G €] Hardly possible
Probability of occurrence, W| W Low
SIL level required SIL 2

Table 5.4: Risk-Graph analysis for test case 2B.
Based on the above data, the SIL 2 certified safety-cektstem is required to avoid any

hazardous event related to this fault condition.

A fault condition, operator reaches near the rotating motor and ruooimgyor, is analyzed

for test case 3. Table 5.5 shows the Risk-Graph analysis and SIL caltitatiest case 3.

Variables Value Level
Extent of damage, C iC Severe injury or death of a person
Duration of stay of a person |M, Frequent to permanent

the dangerous area, A

Aversion of danger, G > Hardly possible
Probability of occurrence, W| W Relatively high
SIL level required SIL 3

Table 5.5: Risk-Graph analysis for test case 3.
Based on the above data, the SIL 3 certified safety-tekstem is required to avoid any

hazardous event related to this fault condition.
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Based on the Risk-Graph Analysis, it can be seen that thtbe &ur test cases need SIL-3

safety-related system to operate in safe condition.

B. Function-based FMEA

Another qualitative risk assessment method called Function-based EKMised to calculate
the Probability of occurrence, Severity and possibility of detgdhe failure in each test
case. This method is used to verify the safety-level requiregerdrated by a Risk-Graph

analysis. The function-based FMEA analysis includes:

A. Function/ Requirement: The intended operation designed for the systeyn. An
deviation from the intended function results in a functional failure.

B. Potential Failure Modes: It describes the deviation from the intended function.

C. Potential Causes of Failures: These are the reasons or root causesfmme

D. Occurrence: Probability at which this failure occurs.

E. Local Effects: These are the immediate effects of therés within the product or
the system being analyzed and may not be recognized by the user.

F. End Effects: These are the noticeable effects on product, the system and a use

G. Severity: It describes the seriousness of the potential end effect.

H. Detection Method/Current Controls: It describes the possibility ¢éctiag the

failure before it creates the local effects.

The Risk Priority Number (RPN) is a product of Probability ac@rence (O), severity of

the failure (S) and the detectability of the failure (D). THNRvalue provides an estimated
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level of intensity of the hazardous condition associated with thedaiHigher the RPN
value associated with the failure, higher priority is placedtiuce the risk associated with
the cause of failure. As the priority level of risk increafies safety requirement increases to
reduce the risk associated with the cause of failure. The désaifety requirements can be
linked to the RPN values as follows:

e RPN > 900 requires highest level of safety.

e 900 >= RPN > 700 requires high level of safety.

e 700 >= RPN > 400 requires moderate level of safety.

e 400 >= RPN >= 100 requires low level of safety.

e RPN < 100 requires very low level of safety, no special safety is required.

The function-based FMEA analysis for each test case withotBefase” system is shown in
Table 5.9. The index ratings for probability of occurrence, severity andidatémt each test
case are calculated based on the article on Failure Modes facts Enalysis by S. Kmenta
and K. Ishii*Y. Table 5.6 presents the index ratings of probability of occurrdiatge 5.7
presents the index ratings of severity and Table 5.8 presents theratiahgs of likelihood

detection used for the FMEA analysis.
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Probability of Failure Possible Failure Rates Occurrence
Ranking
Very High: Failure is almost inevitable >=1in2 10
1in3 9
High: Repeated failures 1in8 8
1in 20 7
Moderate: Occasional failures 1in 80 6
1in 400
1in 2000 4
Low: Relatively few failures 1in 15000 3
1 in 150000 2
Remote: Failure is unlikely 1in 1500000 1

Table 5.6: Index ratings of the probability of occurréitte

Effect

Severity of Effect

Severity
Ranking

Hazardous without warning

When a failure mode affects safe devicdiopera0

without warning

Hazardous with warning When a failure mode affects safe devicatmper9
with warning

Very high Device inoperable: loss of primary function 8

High Device operable: at a highly reduced level| @f
performance

Moderate Device operable: at a reduced level| 6of
performance

Low Device operable: at a slightly reduced level| bf
performance

Very low Device operable: defect noticed by most 4
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customers

Minor Device operable: defect noticed by average
customers

Very minor Device operable: defect noticed by discriminati@g
customers

None Almost no effect 1

Table 5.7: Index ratings of the severity of effétt

Likelihood of Detection

Detection Ranking

Almost impossible to detect

10

Remote detection

Very slight detection

Slight detection

Low detection

Medium detection

gl o | 00| ©

Moderate chance of detection

High probability of detection

Very high probability of detection

Almost uncertain to detect

Table 5.8: Index ratings of the likelihood of detectibn
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Sr. | Function/R- | Potential Potential Occurrence | Local | End Effects on Product,| Severity | Detection | Detection | RPN =
No. | equirement Failure Causes of (O) Effects User, other systems (S) Method/ (D) (OxSx
Modes Failure (2-10) (2-10) | Current (2-10) D)
Controls (1-1000)
Generates Robot 1 error
0 (moves out of work
perator : .
intrusion in Hit by a | envelope, severe injury 1o No
10 Robot 1 | the operator, 9 . 10 900
Robot 1 work : . : Detection
arm unintentional dropping of
envelope h b b f
Operator hit the substrate because o
Robot 1 work the air pressure release
1 by Robot
envelope Generates Robot 1 error
arm
Operator (moves out of work
trying to Hit by a | envelope, severe injury fo No
empty or 10 Robot 1 | the operator, 9 . 10 900
: . , Detection
change paper arm unintentional dropping of
container the substrate because of

the air pressure release
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2A

Robot 2
Work
envelope

Operator

Generates Robot 2 error
(moves out of work

Operator hit intrusion in Hit by a | envelope, severe injury 1o No
by Robot 10 Robot 2 | the operator, . 10 900
Robot 2 work : . : Detection
arm arm unintentional dropping of
envelope 1.
the pen because of the air
pressure release
Pinch
Operator points Generates Robot 2 data
Pinch point | trying to due to error, severe injury to the No
at station 2 | adjust a pallet 10 Robot's | operator because of the . 10 900
Detection
pallet area | or a substrate moveme | forceful movement of the
on a pallet ntinZz Robot's end effector
axis
Operator Generates Robot 2 data
trying to Cutb error, severe injury to the No
adjust the pen| 10 Y operator because of the . 10 900
. the tool Detection
in the end forceful movement of the
Cut by end | ottector Robot's end effector
effector tool Operator
at station 2| 2P Generates Robot 2 data
trying to e
pallet area error, severe injury to the
chang or Cut by No
10 operator because of the . 10 900
restock the the tool Detection

pen in the pen

feeder

forceful movement of the
Robot's end effector
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LED

Hit by a | System running in unsafe indication
Relay failure 5 Robot 2 | state, severe injury to the on the 9 405
arm operator relay
LED
oB Fégk_)%é rsegc:]arlli;gtj PLC output Hit by a | System running in unsafe mg':?rt]'gn
operation b Fgobot channel 5 Robot 2 | state, severe injury to the PLC 9 405
P y failure arm operator output
module
Hit by a | System running in unsafg No
Wire break 6 Robot 2 | state, severe injury to the Detection 10 540
arm operator
Open moving Pinch Severe injury to the No
parts of the 10 oints operator, motor maynot Detection 10 800
rotor P rotate
Open gearbox 10 Multiple | Severe injury to the No . 10 400
Operator cuts operator Detection
Move the hurt by the an;a;glﬁr?r:ent Entanale Severe injury to the No
3 pallet on the rotating movin 6 ment 9 operator, conveyor may Detection 10 480
conveyor parts of the convegor not move
m
otor . Severe
Electrical clectric
s_hock due to 8 shock to Severe injury to the No . 10 720
live AC the operator Detection
wiring
operator

Table 5.9: Function-based FMEA for “Before Case” System.
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RPN

Pareto Chart- Before Case FMEA

Causes of failure

Cum RPN%

B RPN = (O x S x D)

—e— Cumulative RPN %

Figure 5.1: Pareto-Chart for “Before Case” FMEA Analysis.
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5.3.3 Qualitative Analysis Results Evaluation

Based on the FMEA results, it can be stated that the Robot 1 and Relwyk envelope
functions require the highest level of safety. The motor and convewbensyrequires
moderate-to-high level of safety, and Robot 2 ESTOP function needsratedevel of
safety. When each functional failure is divided into multiple caw$dsailures, the safety
level requirement varies depending on the probability of occurreneerityeand detection
capabilities. A Pareto-Chart analysis is performed to olaailear picture on the safety level
requirements for every potential cause of failure. The P&b#&rt as shown in figure 5.1
shows the relationship between the Risk Priority Number and a chigkire. Based on the
Pareto-Chart, it can be stated that no safety-related comtrelswvailable in the current
system to perform safety functions. A Pareto-Chart show$8%%t of total causes generate
high level of hazardous condition with 900 RPN. The causes of faildeded in this 59%
are mainly related to Robot 1 and Robot 2 operations. Thus, to reduce sheeplogazardous
event, a safety-related system with high-level of satetgquired for Robot 1 and Robot 2
operations. This verifies the calculated SIL 3 levels fordasé 1 and test case 2A by using

Risk-Graph method.

The next highest RPN is calculated for motor-related failsuet as open moving parts of
the motor and electrical shock due to the AC wiring. Due to highest probalbibtscurrence

and no possible detection, high-level of safety is required to akeidhazardous event in
these cases. This verifies the calculated SIL 3 level f&irdase 3 by using Risk-Graph
analysis. The RPN varies from 400 to 600 for remaining causéslafes. These causes

require moderate level of safety. This verifies the caledl&IL 2 level for test case 2B.
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Some of these causes are related to Robot 1, Robot 2 and Motor operhatisnsdfety
requirements for these causes need to be raised to SIL 3 Soetl&it t3 safety requirement

of Robot 1, Robot 2 and Motor can be satisfied.

5.4 Selection of Safety Control System Architecture

Since the safety control systems are becoming more promireiirements in
process/machine environment, many ready-to-use and customizalilersohre available.
This allows the user to design precise safety control implexiens, suitable for a specific
application. The design of the safety control system architegtanies from simple to high
level of complexity depending on the scope of the application an8itheequirement. It is
very difficult for an automation engineer to study all asgedidactors and select the most
appropriate control system architecture which meets the reqnteniherefore, the design
of the safety control system varies based on various criteich as what kind of
architectures are available, what application suits those ectiiniés, what costs are involved
and what level of safety can be achieved as per the applicabldasis. A white paper
published by Rockwell Automatié® describes various factors that are considered for

selecting the suitable safety control architecture.

5.4.1 Types of System Architectures

There are four types of system architectures availabldewigning a safety control system.

These architectures include:
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1. Component-based system: This is the most basic and a costveffeety to perform
low-risk safety function. For example, an E-STOP push button can beledow cut the

power to the circuit when pressed.

2. Dedicated safety relay system: A relay provides singfetg function dedicated to a
specific operation. It is mainly used to switch off the poweh#dutput device when the
safety input senses the fault condition. It provides basic diagrieatires such as LED
indicator on the relay with input and output status. These relaysoarprogrammable
and don’t support high-level network communication interface. Althoughatssnple
and cost-effective solution, it can not be used for control applicatitmshwnvolve

multiple safety functions and high level of diagnostic requirements.

3. Modular relay: This system is an expandable version of the dedlicatay. It can
perform single safety function. A safety input removes the pawveail output devices
connected to this relay. It can handle up to 20 dual-channel inputsOaddal-channel
outputs. It provides module-based diagnostics with network communicatenface. It
can not be used for multiple safety functions and for systems wafaty is controlled in

Zones.

4. Safety PLC: The safety PLC can be used when there is a peeduftiple safety
functions and large number of input and output devices up to several hundiedBhikO
is also the only solution if analog signals are involved in theesysthis can be a cost-

effective solution for centralized and/ or distributed architecturBlse inherent
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programmability and detailed diagnostics makes it an ideal chmiamimplex, high-risk

applications.

Theoretically, a non-safety PLC with external relay cicwin be used to perform critical
functions. However, such control circuits can not be certified forl&lels and thus cannot

be accepted by any safety monitoring organization.

5.4.2 Selecting a suitable system for a specificap  plication

A thorough evaluation is necessary to understand the size andntipdegity of the system
before designing the safety architecture. Some safety systeay or may not address the
safety requirements determined by the application. Hence,thlieiutomation engineer’'s
responsibility to perform checks on the functionality requirementsekample, an ESTOP
function to stop the motor can be performed by using a safety. Mlagn the number of
I/Os increases, an additional modular relay can be added eaf#lilgutvioversizing the
system. However, for performing functions such as timed out,ngdontrols and zone
controls, expandable relays can not be used. In such applications, deditayeor safety
PLC can be used. Sequential shutdown application, which requires stoppiregmachine
in several steps, can be performed by using safety relayfety $2LC. However, if the
system needs to be shut down in multiple steps or the system cwedds to be transferred
from one control system to another, safety relay does not seevguitpose. In such
applications, safety PLC will be the most feasible solution. @dréial shutdown and zone
control are few more examples where safety PLC is the aullytien which can be

implemented. Safety PLC is an ideal choice for process industhere hundreds of analog
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signals are involved. This requirement can not be addressed by Farysafety controls
architecture but the safety PLC. If the system needs hilistid controls and monitoring,
safety PLC offers safety network interfaces to exchange dater a high-speed
communication media. The signal status of the input and output deviteth&air diagnostic
information can be made available to the controller from diffelecations of the plant.
Dedicated safety relays provide diagnostic information in termbeof.ED indicator on the
module. The diagnostics information such as wire break and discyeparte, can be

generated only in safety PLC.

5.4.3 Cost factor

The cost factor is an important aspect which drives the deaidithe safety control system.
The goal is to get the highest level of safety achievable rwithe project cost. In some
situations, a low investment on safety systems may causevierable loss of production,
human or property damage. The scalability, the number of /O sigigigl/equipment
locations, functional requirements and affordable downtime are feri@ influence the

cost of the system.

5.4.4 SIL requirement standards

A demand on the safety-related system is different for eackcapph. Thus, two different
modes of operation are defined for safety-related system ir6I(508 standard. These are

called low-demand mode and high-demand mode.

77



A low-demand mode is applicable to the process industry. In this thed@ilure rates are
defined in years. A process safety is applicable to the continuoassses such as power
generation, boiler control, burner management systems and cheplad@ls where
continuous operations are required. However, these processes anedlesig controlled to
stay within a normal operating envelope, and hence the demand ogtyassastem is low.
The demand on the safety system only occurs when a specific process @agaegbutside
the normal operating range. When that demand occurs, the safetings designed to move
the process to a safe state. When there is a fault in thensyistis designed to isolate the
fault and keep the process running usually using redundancy. The sSafts is designed
also to move the process to a safe state because it cangaw onitor the specific hazard
scenario reliably. The primary objective in this mode is to k#ep system running
continuously within a tolerable risk. The SIL levels and assatidiD ranges are shown in

figure 5.2.

siL1 z102%to< 107" One hazardous failure in 10 years
SIL2  =10°to <107  One hazardous failure in 100 YEears
siL3 210%to <102  One hazardous failure in 1000 years

siL4  210°to <10  One hazardous failure in 10000 years

Figure 5.2: SIL ratings for low-demand operational nfdte

A high-demand mode is applicable to the production industry. In this modailime rates
are defined in hours. A machine safety is applicable to the manrfersystem where CNC
machines and robots are involved. These systems are protectedegyasa$ such as

physical guarding, light curtains and pressure mats feedingelattrical interlocks. These
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systems also involve very frequent human intervention. These ¢y@gplications have the
potential for a frequent demand on the safety system. Therefonegddéngand or continuous-
demand mode is used for such applications. Safeguards such as phessieas are used to
ensure that the operator keeps a safe distance. However, theasd$éedo not necessarily
protect against a fault in the machine. The primary objective @otect the operator, the
machine and the product. If an operator approaches a protected machisafetheards

either physically prevent proximity or shutdown the machine. ThdeSels and associated

PFD ranges are as shown in figure 5.3.

siIL1 =10%to <10 One hazardous failure in
100000 hours

5iIL2 =107 to < 107 Cne hazardous failure in
1000000 hours

5IL3 =108to <107 One hazardous faillure in
10000000 hours

siL4 =107 to <1078 Cne hazardous failure in
100000000 hours

Figure 5.3: SIL ratings for high-demand operational rfdde

5.4.5 Architecture selection for “After Case”

The safety control system selection can be based on all of the phramaeters. It can be
single or a combination of multiple solutions. It is not necedsaunge single architecture for
the entire application. Multiple systems based on different acthigs can be used and
integrated together to meet the safety requirements ofgpkcation. The technological

advancement in open networking protocols has made it easier to tategr@us third-party
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safety and non-safety control architectures together. This appsoaskd mainly to control

the cost of the project.

IEC 61508 standard also recommends separating safety systemréroess control system.
The reason to separate these systems is to keep the opefa@bety function isolated from
non-safety functions. The purpose is to ensure that a failure afamgafety function will

not jeopardize the operation of safety function of the system. The atibonengineer can
make use of this clause for building two different systems, onedfety (high cost) and
another for normal process operation (low cost). This ensures thabiml| system is

designed for required SIL within the given project cost.

The manufacturing system used for this work consists of two rodads a conveyor
controlled by a PLC-based control system. Hence, it is considerbé@ tan example of
machine safety so the high-demand mode or continuous-demand modee @athe

safety-related system.

Based on above discussion, the following factors are consideretkatiisg the safety PLC
based control architecture:
e The overall calculated SIL (SIL-3).
e The safety-related system needs to perform multiple sad&dted functions
simultaneously.
e Distributed control architecture required to provide connectivity Wik safety

sensors that are physically distributed across the Robotic cell.
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e Requirement for independent control systems to control the cost of the project.

A non-safety system is used to control the robots and conveyotoapdrform normal

operations. The safety system is used to perform safetyetdlatetions only. In this case,
the safety system has a priority in operation. Non-safetyiumectannot be performed if the
safety functional requirements are not satisfied. The primary objectiiesdafety system is

to shutdown the faulty system whenever faults are detected.
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Chapter 6

Description of the “After Case” System
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6. Description of the “After Case”

System

6.1 Introduction

A Siemens safety PLC system was used to implement th& Sélfety-related system in the
robotic manufacturing cell. Based on conclusions derived in Chaptesd&ety PLC with

distributed control architecture was designed to cover all four test cases.

This safety system was implemented separately with thetimgxinon-safety PLC control
system. This safety system is designed to control the Robot OE&ligital input), Robot 2
ESTOP (digital input) and power to the motor. The manipulator poweRdétot 1 and
Robot 2 can be turned on using RSView 32 HMI only if the fault conditwashot present
and/or ESTOP 12 or ESTOP 3 or ESTOP ALL pushbuttons are not adti@ateilarly, the
conveyor can be turned on only if the fault conditions related tac#ésst 3 are not present
and/or ESTOP 12 or ESTOP 3 or ESTOP ALL push buttons are not adtivgipendices
19, 20, 21, 22, 23 and 24 show the display screens developed using RSView 32 ithdl f

“After case” system.
For designing SIL-3 safety-related system, all componentsft@®dsensor to actuator have

to be certified for SIL-3. Figure 6.1 shows various components reqoineaptement SIL-3

control circuit and necessary SIL levels to achieve SIL-3 for the entitgtc
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SIL-3

SIL-3 SIL-3
Programmable Logic
<:I| Device with I/O <:|

modules

- Dual channel outputs
- Power supply failure diagnostics

- Faults generation
- Faults acknowledgment Software Commu-

blocks nication

- Internal power signals
- Readback signals

-1002, 2003 voting logic - Fail-safe controller

- Wire break - High speed I/O scanning

- Open/Short circuit diagnostics - Safety certified communication

- Overrange/ Underrange - Safety certified programming blocks

- Fault generation (int. CPU, I/O, - IEC 61131-3 certified software languages
communication, power supply) - High speed fault monitoring

- Faults acknowledgment
- Troubleshooting is easy
- Less wiring and maintenance cost

Figure 6.1: SIL-3 safety-related system components and safety yleggls.

The implemented safety system is divided into three panels. Raswisists of the safety
CPU rack with safety /0O modules, Panel 2 consists of distdbsaéety rack with safety and
general purpose I/0 modules and Panel 3 is used as the operatotopaerti START,
STOP and Acknowledge (ACK) commands. The controls mounted on an opesatsr
provide functionality to start and stop all three operational compoiiRotsot 1, Robot 2
and the motor). In the beginning, it is required to press ACK buttéoreb@ressing the
START button. The ACK button is provided to acknowledge the fault conditiatil the
fault is acknowledged after clearing the fault condition, tbped system can not be turned

on. The non-safety PLC program is modified to remove the “softE&EOP” function.
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This program now checks for the safety signals provided by they $af€t before starting
the normal operations. Three hardwired ESTOP functions are provid#usirsystem.
Appendix 25 shows the list of Siemens Safety /O modules and Siesafatg sensors used
to implement safety-related system for all four cases. Appetsligresents the 1/O list for
safety PLC and associated sensors connections. Appendix 27 shows thedmifadilist

after implementation of the “After Case” system.

As shown in figure 6.1, SIL-3 safety circuits are designeduBing safety-certified
components. The components used are configured for safety as follows:
1. Safety Sensors:
¢ All the sensors used are certified for SIL-3 configuration.
e Dual signals are generated by these sensors.

e These sensors are powered by using external power supply.

2. Safety Input Modules:
e All safety input modules are certified for SIL-3 configuration.
¢ Unique module address is set for each safety input module.
e 1002 voting logic is used for all the safety signals.
e Discrepancy time error is monitored for all 1002 connections.
e Behavior at discrepancy time is defined.
e Channel level fault diagnostics are enabled.

e Behavior after channel fault is defined.
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3. Safety PLC:
e Safety CPU is certified for SIL-3 configuration.
e Safety operating mode is activated.
e Safety-certified software programming blocks are used.
e OB 35, the organization block for safety, is added.
e Safety program call structure is used via FCL1.

e Fault reintegration logic is developed in FC2.

4. Safety Output:
e All safety output modules are certified for SIL-3 configuration.
e Unique module address is set for each safety input module.
e Feedback circuit is implemented through safety contactors.
e Channel read-back time is defined.
¢ Channel level wire-break fault diagnostics are enabled.

e Behavior after channel fault is defined.

A safety-related function is designed and implemented sepafatetach test case. Figure

6.2 shows the implemented safety system for the robotic manufacturing cell.
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O™ =g [Eae (Eo
Panel Panel Panel
ESTOP 12

R2 work
envelope

R3 work envelope

R1 work envelope

Conveyor

CASE-2A .
CASE-1 Light curtains
Door guard to Trans_mitter &
control access in the CASE- 3 Receiver
R1 work envelope . Safety PLC Panel
Magnetically operated

switches (2 nos.) for a
glass enclosure on the motor

<

1 %3 ML START Aii STiP
M2 M4 G
ESTOP ALL

Operator Control panel
Figure 6.2: Implemented safety system architecture for the “&fse” Robotic manufacturing cell.
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The safety control system implementation and its operation for each teareabscussed in

the following sections:

6.2 Description of the Safety-Related system for TestC ase 1

In test case 1, the fault condition “Operator enters the robotik wall near the Robot 1
work envelope” is detected when the door gate switch is unpluggegdBm this fault
detection signal, Robot 1 operation is controlled. A dual channel doatt gataty sensor is
used to detect the operator presence in the Robot 1 work envelope.WAfthtdne fault
condition occurs, Robot 1 is turned off. The Robot 1 operation is turned effibghing the
Robot 1 ESTOP digital input to 0. This digital input is driven by d&dtacts of two safety
contactors (K11 and K12) connected in series. The NC contacts otthr@setors (K11_NC
& K12_NC) are monitored in the PLC system with a logical ANdDdegoperation and used as
a feedback signal in the software program. The absence of di@ofaglt signal supplies the
power to these two safety contactors that are connectedies.seEhe presence of door gate
fault signal disconnects the power to these safety contactaspdvieer to the contactors is
controlled under following conditions:

e Door gate fault signal status.

e Safety contactor feedback status signal.

e Emergency stop signal activated via ESTOP 12 or ESTOP 3 or EALQ push

buttons.

When the fault conditions related to test case 1 are not prd3&nhealthy signal is

generated by the safety system. This signal is sent toaheafety PLC system for HMI
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display. Once this signal is detected as high, only then can Robaniputator power, be
turned on. Appendix 28 presents the FB1 programming block which showH_ therfied

programming blocks used to implement test case 1 safety functions.

6.3 Description of the Safety-Related system for Test C  ase 2A

In test case 2A, the fault condition “Operator intrusion in taga 2 pallet area” is detected
when the operator breaks the light barrier. Based on thisdatdttion signal, the Robot 2
operation is controlled. A dual channel light curtain safety seissaised to detect the
operator presence in the Station 2 pallet area. Whenever this fault conditios) toelrRobot
2 is turned off. The Robot 2 operation is turned off by switching toR2 ESTOP digital
input to 0. This digital input is driven by NO contacts of two safetgtactors (K21 and
K22) connected in series. The NC contacts of these contactdiis C & K22 NC) are
monitored in the PLC system with a logical AND gate operatind used as a feedback
signal in the software program. The absence of the light cudalhsignal supplies the
power to these two safety contactors that are connectediéis.SEne presence of the door
gate fault signal disconnects the power to these safety ctorga The power to the
contactors is controlled under following conditions:

e Light curtain fault signal status.

e Safety contactor feedback status signal.

e Emergency stop signal activated via ESTOP 12 or ESTOP 3 or ERLQ push

buttons.

This case is implemented with MUTING operation mode. The lightath can be muted

whenever required by using four toggle switches. The togglersegt(M1, M2, M3 & M4)
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are mounted on the new operator panel. In case the operator nesa$ ¢o Unload pens in
the pen feeder station, muting mode is activated so that evenapénator breaks the light
barrier, the Robot 2 is still operational. The MUTING operatioodencan be dangerous
when the Robot 2 is in operation. Therefore, the muting lamp mountdtk orewv operator
panel is turned on and remains on until the muting mode is activatedh iMselamp is
turned on, the pen feeder is getting restocked and hence, no datagpcoimand is
supplied to the Robot 2 from HMI. When the fault conditions related tcéss 2A and 2B
are not present, R2_healthy signal is generated by the sgftgm. This signal is sent to the
non-safety PLC system for HMI display. Once this signal teded as high, only then can
Robot 2 manipulator power, be turned on. Appendix 28 presents the FB2 prograsiookng
which shows the SlL-certified programming blocks used to implenasttcise 2A safety

functions.

6.4 Description of Safety-Related system for Test Case 2B

In test case 2B, the fault condition “Robot 2 ESTOP relay failisrefetected because of the
wire-break diagnostics available in the safety output module. Tieéygsalated system to
perform this safety function is implemented with the test @#séor Robot 2 and with the
test case 1 for Robot 1. The NC contacts, K11 _NC & K12 _NC in caBelmft 1 and NC
contacts, K21_NC & K22 _NC in case of Robot 2 are connected wighal input modules
of safety PLC. These signals are read and monitored throughe8ifiecdd programming
block, F_Feedback. The Robot ESTOP relay circuit is replacdd the two safety
contactors. The Robot ESTOP digital input is now read through NOatanstead of NC

contacts. With this type of connection, the ESTOP relay fadanglition is avoided. A wire-
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break diagnosis is provided through the safety digital output moduleul dmnal is
generated in case of wire-break. This fault signal geneaafaslt in safety CPU and stops
the Robot operation. The wire-break diagnosis information is alstablain the CPU. This
information is displayed in S7 software project and is used for #shbbting such faults
easily. Appendix 28 presents the OB1 organization block which shows hofegettieack
signal is generated for Robot 1 and Robot 2. Appendices 28 and 29 show h8W.-the
certified feedback programming block is used with the feedbackl gjgnarated by OB1 for

Robot 1 and Robot 2.

6.5 Description of Safety-Related system for Test Case 3

In test case 3, the fault condition “Operator reaches near th@ngotaotor and running
conveyor is detected” when the operator opens the glass door egd¢lusimotor. Based on
this fault-detection signal, the motor operation is controlled. A mstenclosed by a door.
A pair of safety magnetic door switches is mounted on the opening side of the dodoofhe
has to be opened to access the motor and its gearbox. Whenever tieeapmored, a fault
signal is generated by these magnetic door switches. Whethévdault condition occurs,
the Motor is turned off. The motor is driven by NO contacts of twWetgaontactors (K31
and K32) connected in series. The NC contacts of the same contactors (K31_BIC B®&)
are monitored in the PLC system with a logical AND gateatpmn and used as a feedback
signal in the software program. The closing of this door suppligsaWwer to the motor. The
opening of this door gate generates a fault signal and disconnects the power to th&haotor
power to the contactors is controlled under following conditions:

e Magnetic door switches (opening or closing of the door).
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e Safety contactor feedback status signal.
e Emergency stop signal activated via ESTOP 12 or ESTOP 3 or ERLQ push
buttons.
When the fault conditions related to test case 3 are not presetdr Mealthy signal is
generated by the safety system. This signal is sent toahesafety PLC system for HMI
display. Once this signal is detected as high, only then can motomiael on. Appendix 28
presents the FB3 programming block which shows the SIL-cerfiftegramming blocks

used to implement test case 3 safety functions, and OB1 shows héeediack signal is

generated for the motor control.
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Chapter 7
Safety Validation, Conclusion and

Recommendations for the Future Work
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/. Safety Validation, Conclusion and
Recommendation for the Future
Work

7.1 Introduction

Once the safety-related system was implemented in the Rabatufacturing cell, it was
necessary to evaluate its performance. This process igl ¢8lidety Validation.” The four
test cases identified in chapter 5 were analyzed by usikg@reph and FMEA analysis and

compared with results presented in chapter 5.

7.2 Comparative Analysis between “Before Case” and “Aft er
Case” Systems

Table 7.1, 7.2, 7.3 and 7.4 show a comparative analysis of the sysfwnge for each test
case. The response of the “After Case” system is compatiedhe response of the “Before
Case” system. The response of the “Before Case” system shewbserved behavior of the
robotic manufacturing cell with no safety-related system acegal The response of the “After
Case” system shows the observed behavior of the robotic manufaatetingith SIL 3
certified safety-related system. The “After Case”tays responses were tested with an
operator. From this comparison, it can be seen that the detectionltosigmal plays an
important role in minimizing the probability of occurrence and timesgossible hazardous

event.
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No. Fault Mode of Response of the “Beforg  Expected response of the safety | Response of the “After Case” system
Condition Operation Case” system system
Normal Detects the presence of the operater Does not allow operator to enter
Operation in Robot 1 work envelope directly into the Robot 1 work
Stop the Robot 1 envelope
Fault not detected '
Waits for error clear signal e Operator has to open the door switch
Does not check for _
Restarts the operation from Home  to enter the area
Operator error acknowledgmen _ _
¢ Opening of the door switch stops th
enters the or reset _
Robot 1 operation
Robotic )
e Acknowledgement is mandatory to
work cell
1 clear the error and restart the Robot 1
near the :
Robot Teaching Fault not detected Detects the presence of the operator
obo
Does not check for in Robot 1 work envelope
1work Same as above
error acknowledgment ¢ Generates an alarm
envelope
or reset
Maintenance Fault not detected Detects the presence of the operator

Does not check for
error acknowledgmen

or reset

in Robot 1 work envelope
Stops the Robot 1

Waits for error clear signal to resta

Same as above

art

Table 7.1: Comparative Analysis of the “Before Case” and “AfteeC8gstem Responses in case of fault condition for test case 1.
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No. Fault Mode of Response of the “Before | Expected response of the safefy Response of the “After Case” system
Condition Operation Case” system system
Normal e Detects the intrusion, stops Does not allow operator to enter direct
Operation the Robot 2 into the Robot 2 work envelope
e Waits for error clear signal If operator breaks the light barrier, Roh
Fault not detected _ .
e Restarts the operation from 2 is stopped
Does not check for errorf _ .
Home In case of intrusion, acknowledgemen
acknowledgment or
mandatory to clear the error and restar
reset
Operator the Robot 2
intrusion in Intrusion is only allowed during the
2A | the station controlled muting mode
2 pallet Teaching Fault not detected ¢ Detects the intrusion
area Does not check for errof ¢ Generates the alarm

ot

Lis

acknowledgment or

reset

Same as above

Maintenance

Fault not detected
Does not check for erro
acknowledgment or

reset

r e

Detects the intrusion
Generates the alarm
Possible to disable it

temporarily

Same as above

Table 7.2: Comparative Analysis of the “Before Case” and “AfteeC&gstem Responses in case of fault condition for test case 2A.
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No. Fault Mode of Response of the “Before Expected response of Response of the “After Case” system
Condition Operation Case” system the safety system
Normal Robot 2 is still in operation Detects the failure of ESTOP Relay is removed to avoid the rels
Operation unexpectedly the signal through failure
Failure is not detected wire-break circuit test| e Wire break is detected by safety PLC and
Diagnostics not available Voting logic can be Robot 2 is stopped
Does not check for error implemented to Fault is generated in safety PLC and this
acknowledgment or reset improve the reliability |  diagnostic information is used for
of the signal troubleshooting
Robot 2 Diagnostic Two safety contactors are used to improve
ESTOP information is used to|  the reliability of the output signal and to re
2B relay troubleshoot the fault the output signal as a feedback
failure Acknowledgement is mandatory to clear th

error and restart the Robot 2

ty

1Y

e

Maintenance

Robot 2 does not start
Diagnostics not available,
difficult to troubleshoot this
fault

Does not check for error

acknowledgment or reset

Diagnostic
information is
available to

troubleshoot the fault

Same as above

Table 7.3: Comparative Analysis of the “Before Case” and “AfteeC&8gstem Responses in case of fault condition for test case 2B.
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eSS

]

e

e Does not check for error

acknowledgment or reset

Access control such &
gate switch protects
the operator

Stops the motor and

conveyor

No. Fault Mode of Response of the “Before Expected response of Response of the “After Case” system
Condition Operation Case” system the safety system
Normal Detects the presence Does not allow direct access to the motor
Operation of the operator throughe Operator has to open the door gate to acc
door gate the motor connections and its components
e Fault not detected
Access control such ase Opening of the door gate stops the motor
¢ Does not check for error )
gate switch protects operation
Operator acknowledgment or reset
the operator Acknowledgement is mandatory to clear th
reaches
Stops the motor and error and restart the motor
near the
. conveyor
3 rotating :
Maintenance Detects the presence
motor and
_ of the operator through
running
door gate
conveyor e Fault not detected

Same as above

Table 7.4: Comparative Analysis of the “Before Case” and “AfteeC&agstem Responses in case of fault condition for test case 3.
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7.3 Qualitative Risk Assessment for “After Case”

Once the responses are compared, risk assessment methods sakhGaaph Analysis and
FMEA are applied to calculate the level of safety required for theefAase” system. These
risk assessments are required to ensure that all the necea$atyrelated systems are

implemented and no additional safety is required to operate the system in safe mode.

7.3.1 Risk-Graph Analysis

The Risk-Graph analysis is applied to the “After Case” sysi2@ue to the 100% detection of
the fault provided in the “After Case” system, the extentarhage (C) is reduced to the
level that is less than the lowest level of extent of dam@ge.ight injury of a person, small
environmental damage). According to figure 2.6, no special safetgisred when the C is
less than € This means that the safety requirement for the “After Castf'ss than SIL-1,
the lowest level of safety requirement that can be calculateithéb Risk-Graph analysis.
Therefore, it can be concluded that no additional safety is requaedhé& robotic
manufacturing cell to operate in a safe mode and the highestdeveluired safety is

achieved in “After Case” system. To verify this conclusion, the FMEA is used.

7.3.2 Function-based FMEA

Table 7.5 shows the FMEA analysis performed for the “AftaseC system. It can be
observed that, due to the highest level of detection and decreased piyob&bitcurrence,
the RPN value with respect to each cause of failure is caflgtreduced compared to the

“Before Case” FMEA analysis. The Pareto-Chart for theaéACase” is shown in figure 7.1.
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This chart shows that the RPN for all causes of failureds than 100. Compared to the
“Before Case,” this number is much lower. Based on this, it ifieerihat the highest level
of required safety is achieved in the “After Case” system, amdadditional safety

implementation is required to operate the robotic manufacturing cellamsade.
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Sr. | Function/R- Potential Potential Occurrence | Local | End Effects on Product,| Severity | Detection | Detection | RPN =
No. | equirement Failure Causes of (O) Effects User, other systems (S) Method/ (D) (OxSx
Modes Failure (2-10) (2-10) | Current (2-10) D)
Controls (1-1000)
Generates Robot 1 error
(moves out of work
Operator . o
. L Hit by a | envelope, severe injury 1o
Intrusion in No
3 Robot 1 | the operator, 9 . 1 27
Robot 1 work . . : Detection
arm unintentional dropping of
envelope h b b f
Operator hit the substrate because o
Robot 1 work the air pressure release
1 by Robot
envelope Generates Robot 1 error
arm
Operator (moves out of work
trying to Hit by a | envelope, severe injury 1o No
empty or 3 Robot 1 | the operator, 9 . 1 27
: . , Detection
change paper arm unintentional dropping of
container the substrate because of
the air pressure release
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2A

Robot 2
Work
envelope

Generates Robot 2 error
(moves out of work

Operator hit .Opera_ltor. Hit by a | envelope, severe injury 1o
intrusion in No
by Robot Robot 2 | the operator, . 27
Robot 2 work : . : Detection
arm arm unintentional dropping of
envelope 1.
the pen because of the air
pressure release
Pinch
Operator points Generates Robot 2 data
Pinch point | trying to due to error, severe injury to the No
at station 2 | adjust a pallet Robot's | operator because of the . 27
Detection
pallet area | or a substrate moveme | forceful movement of the
on a pallet ntinZz Robot's end effector
axis
Operator Generates Robot 2 data
trying to error, severe injury to the
adjust the pen| Cut by operator because of the No . 27
. the tool Detection
in the end forceful movement of the
Cut by end | ottector Robot's end effector
effector tool Operator
at station 2| —P Generates Robot 2 data
trying to e
pallet area error, severe injury to the
chang or Cut by operator because of the No 27
restock the the tool P Detection

pen in the pen
feeder

forceful movement of the
Robot's end effector
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LED

Hit by a | System running in unsafe L
_ 2 indication
Relay failure Robot 2 | state, severe injury to the on the 9
arm operator
relay
LED
Robot 2 Signal _not PLC output Hit by a | System running in unsafe indication
2B ESTOP recognized 2 on the
: channel Robot 2 | state, severe injury to the 9
operation by Robot . PLC
failure arm operator
output
module
Hit by a | System running in unsafe No
Wire break Robot 2 | state, severe injury to the . 54
Detection
arm operator
Open moving : Severe injury to the
Pinch No
parts of the , operator, motor may not . 8
points Detection
rotor rotate
Open gearbox Multiple | Severe injury to the No . 4
cuts operator Detection
Operator Entanglement
Move the hurt by the gen Severe injury to the
: of a cloth in Entangle No
3 | palletonthe| rotating . operator, conveyor may . 8
moving ment Detection
conveyor parts of the not move
conveyor
motor
. Severe
Electrical clectric
shock due to Severe injury to the No
’ shock to - 9
live AC the operator Detection
wiring
operator

Table 7.5: The FMEA analysis for the “After Case” system.
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RPN

Pareto Chart- After Case FMEA

Causes of failure

Cum RPN%

B RPN = (0O x S x D)
—o— Cum RPN %

Figure 7.1: Pareto-Chart for “After Case” FMEA Analysis.
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7.4 Conclusion

The Robotic Manufacturing Cell was set up by using non-safe@ lilsed control system.
This system is referred as “Before Case” system. Inliteeature search, many safety
analysis methods are discussed but there is no example to demeohetkathe results of
these analyses can be used for a PLC based control systenvafowree of the authors
suggested that the conventional methods of safety analysis candéuse PLC based
control system. To test this idea, four test cases were igentd represent the functional
safety needs of a “Before Case” system. FMEA, also knowmnasof the qualitative risk
assessment techniques, was applied to these four cases. The ak&tMEA provided
different safety requirements for each test case. A P&iedot was used to determine the
approximate safety requirement for each cause of failure assdavith every test case. The
Risk-Graph analysis was used to verify the result of FMiIB@ Pareto-Chart. The Risk-
Graph results were used to calculate the exact level ofysafpirement for each test case.
At the end, considering the common operational components, the SIL\Bisgdgtity level
requirement was decided for the total system. With this esegritiis demonstrated how the
gualitative risk assessment techniques were selected and applidentified functional
safety needs to determine the safety integrity level reqemeraf a PLC based control

system.

In the literature published by many PLC manufacturers, it W@asd that these
manufacturers promote totally integrated solutions for a prawegsol and safety. This may
not be the most effective solution for some applications. However,6lE3D8 standard

recommends the implementation of independent process control and ssesfetyis. Based
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on this recommendation, two different PLC control systems wegpkeimented. A non-safety
PLC based system was implemented for executing normal operatidressafety PLC based
system was implemented for executing safety-related functidiie IEC 61508
recommendation was used with various other factors to select thepapge safety control
system architecture. With this implementation, it was demdedtrAow a customized
solution is designed by using two products from different manufasttweachieve desired

level of safety.

This work includes various phases mentioned in an overall safetydie of IEC 61508. It
includes overall scope definition, hazard and risk analysis, ovefeily saquirements, safety
requirement allocation, safety-related system implementatiidnoaerall safety validation.
Therefore, this work can be used as a guideline to design and iemlesafety-related

systems for any industrial application.

7.5 Limitations

In this thesis, only four test cases were considered to repitbgehuinctional safety needs.
The scope of work is limited to four test cases due to time audgvhee resource constraints.
The scope can be expanded to identify and study all possible funciadegl seeds (test
cases) and the safety-related system can be implemented tftoese cases with additional

resources.
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Due to the discrete nature of the control signals, the Robotic MantifecCell was used as
an example of Machine Safety. This setup does not include any contprnosesses. Hence,

the Process Safety implementation could not be demonstrated in this setup.

Redundancy is an important availability factor that could have bemomstrated at various
levels. Due to the limited hardware resources, implementationdahdancy at CPU, 1/O
and communication level could not be achieved. This implementation corddokan used

to demonstrate how the availability affects the safety in case of continuoussa®ce

The Siemens safety systems are capable of controlling iladgstrial applications. Due to
the small laboratory setup, the Siemens technology could not berepd its full potential.
However, this thesis can be applied to the real-life manufactapptication to demonstrate

the safety capabilities of Siemens “Safety Integrated” technology.

7.6 Recommendations for Future Research

In this work, a safety-related system is implemented for M&ebafety mode of operation.
This work can be expanded by adding continuous processes to implengerinalyze
Process-safety mode of operation. This exercise will provide an topfgrto compare

requirements of the safety system implementation for two different nobdgeration.

Due to the implementation of safety PLC, diagnostic informatdeted to each fault event
can be recorded. These records contain information such as eventhuref fzauses of

failure, and number of times the operator entered in a hazardous warkdavianufacturing
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Execution System or Enterprise Resource Planning application$S (MEERP) can be
interfaced with the safety PLC to access these records.iffbignation can be used to
calculate near misses, maintenance costs, system downtimeo drgeht fault and total
productivity of the system. This exercise will provide an opportunitglate the safety with
productivity of the manufacturing system. There is huge potdntid@monstrate how safety

affects the productivity in any manufacturing environment.

108



Appendices

109



Appendix 1: Summary of Risk Assessment methods based on their scae principles

Analysis Method Purpose, Scope Principle

Hazard and operabilityHAZOP is widely used fof HAZOP studies the potential

study (HAZOP) hazard identification indeviations from the intended
process industry in order tmperation conditions. The studies
discover potential hazardsare carried out by A

and operability problems

multidisciplinary team, and th
key words are used to guide t

analysts.

Action error analysis (AEA

AEA

operational,

considers the
maintenanc
control and supervisio
actions performed by
human being. The potenti
individua|

mistakes in

actions are studied.

2 A checklist is used. The effects
eeach potential mistake on safe
nand on system performang
arecognition of the mistake, ar

~

apotential countermeasures 3

planned

Fault tree analysis (FTA)

FTA models
sequence
TOP event.
used as

the ca
leading to th
FTA can b
a quantitativ

method

u3de
idackwards, and the probability

causes are model
ethe TOP event is assessed on
ebasis of this model and reliabilit

figures of the system component

the
y

Software fault tree analys
(SFTA)

SSFTA is an extension d
FTA where the TOP ever
is critical software fault

fThe software studies backwar
th

software inputs. SFTA attempts

ithrough the program to

prove that the program will not i

any environment allow

particular unsafe output to occur

ds
e
to

n

Event tree analysis (ETA)

ETA models the sequenc
of potential consequence

of a hazardous situation

&= TA works forward starting fron

bdlazardous  situation, and t

A

bpotential consequences 3

—

ne

\re
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event. ETA can be used as

guantitative method

5 godeled

Failure mode and effeq
analysis (FMEA)

ttin - FMEA the possible

failures of the systen
components or subsyster
and the consequences :
analyzed systematically
FMEA is commonly use(
electrica

for mechanical,

and electronic components

» The components of the system 3
ntheir failures and failure mode
nare listed on a tabular she
A€@hecklists can be used to supp
ythe analysis.
)

al

Reliability assessment

Reliability assessn
means quantitative studig
on potential component ar
the

equipment failures,

causes and consequences

eBibck diagram or FTA is used as
The

aneasures in reliability assessmg

ePasis. most  importa

rare failure rate and time concept

As Low As Reasonabl
Practicable (ALARP)

y ALARP defines the tolerabl

risk as that risk wher
additional spending on ris
reduction would be in
disproportion to the actuall

obtainable reduction of risk.

eALARP takes into account bof

erandom and systematic errors g

but th
ymanagement of the safety activiti

1 requirements, also to

for the whole safety lifecycle.

kgives emphasis not only to technic

nd

2S

D

ort

a
nt
2Nt

S.

h
nd
al
ne

es
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Appendix 2: IEC 61508, 7 part framework

I[EC 61508 Part Number

Contents

Scope and Purpose

IEC 61508-1

General requirements

Tells us how to manage the
overall safety project by

using the safety life cycl

D

approach. It uses the safety
life cycle as a framework
for a set of requirements o
be carried out at each phase

of the project.

IEC 61508-2

Requirements for electric
electronic/  programmabl

electronic safety-relate

systems.

alefines SIS design
erequirements and the
ddetailed procedures to be

observed in developing

building and testing th

112

equipment.

IEC 61508-3

Software requirements

Details the software
engineering practices that
must be observed for |a
programmable system to

qualify for safety duties. |
scales the special
engineering  requirements
against the SILs. This part
is largely aimed
developers of operating
systems for safety-certified

components

IEC 61508-4

Definitions

abbreviations

an

dProvides definitions o

terms
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IEC 61508-5

Examples of methods f{
the determination of safet

integrity levels

dProvides advice on methogs
yof determining the SIL
requirements from
information obtained from
hazard studies. It also
defines various methods of
guantitative and qualitative
analysis including  risk

graphs.

IEC 61508-6

Guidelines on th
application of IEC 61508-
and IEC 61508-3

é’rovides guidance on how
A10] carry out the
requirements defined in
parts 1, 2 and 3. In
particular, this part contains
useful sections on how to
do the reliability
calculations used to
evaluate the SIL of a

proposed design

IEC 61508-7

Overview of measures ad

techniques.

ndrovides references (o
further reading and

techniques used in support

of the SIS design work.
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Appendix 3: List of the pins on the DI/ DO C2 connector and their fungbn

Digital Inputs Digital Outputs

Pin Description Pin Description

A DIO1 (Note 1) e Cycle Running (Note 6)

B DIO2 (Note 2) f Error (Note 7)

C DIO3 g At home (Note 8)

D DI04 h Unable to move home (Note 9)
E DIO5 | Common fore, f, g, h

F DI06 k Common forq,r, s, t

G DIO7 m Common fory, z, AA, AB

H DIO8 n Common for AC, AD, AE, AF
J DI09 p Common for u, v, w, X

K DI10 q DOO01 (Note 10)

L DI11 r DO02 (Note 11)

M DI12/ Command bit O S DOO03

N D113/ Command bit 1 t DO04

O D114/ Command bit 2 u DOO05

P DI15/ Command bit 3 % DO06

R D116/ Command bit 4 w DOO07

S DI Ground X DOO08

T DI Ground y DO09

U DI Ground z DO10

V DI Ground AA DO11/ Manipulator power

W Inhibit move to home (Note 3) AB DO12/ Online

X Emergency stop (Note 4) AC DO13/ Manual Mode

Y Manipulator power (Note 5) AD D014/ Cycsle stopping

Z Manipulator power (Note 5) AE DO15/ Overtime

a Not Used/ Command Strobe AF DO16/ Op Panel disabled
b Not used AG Controller frame ground (Note 12
Cc Not used
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Not used

Note 1 Can only be used for Z axis down

Note 2 Can only be used for Z axis up

Note 3 Connecting this point to DI ground will inhibit movement to home position (See note 9)
Note 4 Connecting this point to DI ground will provide an emergency stop function

Note 5 Connecting points Y and Z together will provide a manipulator power ON function
Note 6 DO point is ON during auto mode

Note 7 DO point is ON during error condition

Note 8 DO point is ON when arms at home position

Note 9 DO point is ON when return Home key is pressed and point W is connected to ground
Note 10 | Can only be used for moving Z axis

Note 11 | For gripper, if installed

Note 12 | Controller frame ground
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Appendix 4: List of 5-bits command codes and applicable function

Command Code

DI #

14

=
w

=
(o]

Function

Auto Mode

Disable operator panel

Enable operator panel

Recall memory

Reset Error

Return home

Select application 1

Select application 2

Select application 3

Select application 4

Select application 5

Start cycle

Step

Stop and memory

R R R O k| o Rl O Rl R o o R o o

o k| o o k| k| o o r| o Rl o R K, Rk
o| o r| o k| Rr| R L O o o r| Ll R o

R R R R o o o o o o Rl R, kL R O

ol k| Rr| R Rl O O R O Rl o o o r| K

Stop cycle
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Appendix 5: 1/0O list for PLC, Robot and sensors connection

Rack #2 Connections:

RACK#2 (ROBOT 1) DC Module

Datafile (Octal) PLC Rack Description Type External Device
1:020/0 1:020/0 R1 Cycle Done Robot Output Robot DO 001 (q
1:020/1 1:020/1 R1 Inspection Done Robot Output Robot DO 002 (r
1:020/2 1:020/2 End Effector Error Robotl1: Send Robot Output Robot DO 003 ($)
1:020/3 1:020/3
1:020/4 1:020/4
1:020/5 1:020/5
1:020/6 1:020/6 Cycle Running- Robot 1 Robot DO (e)

Robot Internal Status
1:020/7 1:020/7 Error - Robot 1 Output bit Robot DO (f)
1:020/10 1:020/8 At Home - Robot 1 Robot DO (g)
1:020/11 1:020/9 Unable to move Home - Robot 1 Robot DO (h)
1:020/12 1:020/10 Manipulator Power ON - Robot 1 Robot Internal Output Robot DO11 (AA
1:020/13 1:020/11 Online - Robot 1 Robot DO12 (AB)
1:020/14 1:020/12 Manual Mode - Robot 1 Robot DO13 (AC)
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1:020/15 1:020/13 Cycle stopping - Robot 1 Robot DO14 (AD)
1:020/16 1:020/14 Overtime - Robot 1 Robot DO15 (AE)
1:020/17 1:020/15 Op Panel Disabled - Robot 1 Robot DO16 (AF
Datafile (Octal) PLC Rack Description Type External Device
0:020/0 0:020/0 R1 Error Clear Robot Input Robot DI 001(A)
0:020/1 0:020/1 R1 Start Cycle Robot Input Robot DI 002(B)
0:020/2 0:020/2
0:020/3 0:020/3
0:020/4 0:020/4
0:020/5 0:020/5
0:020/6 0:020/6
0:020/7 0:020/7 Inhibit Move to Home - Robot 1 Robot DI (W) (Grnd)
0:020/10 0:020/8 Emergency Stop - Robot 1 Robot Internal Input | Ropot DI (X) (Grnd)
0:020/11 0:020/9 Manipulator Power(Y&Z)- Robot 1 Robot DI (Y,2)
0:020/12 0:020/10 Command Strobe - Robot 1 Robot DI (a)

Robot Internal
0:020/13 0:020/11 Command Bit O - Robot 1 Command Input bits | Robot DI 012 (M)
0:020/14 0:020/12 Command Bit 1 - Robot 1 Robot DI 013 (N)
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0:020/15 0:020/13 Command Bit 2 - Robot 1
0:020/16 0:020/14 Command Bit 3 - Robot 1
0:020/17 0:020/15 Command Bit 4 - Robot 1

Robot DI 014 (O)

Robot DI 015 (P)

Robot DI 016 (R)

End Effector Robotl

Robot D1 003 (C)

Input Ground Robot 1

Robot DI (S, T, U, V)

Output Ground Robot 1

Robot DO (j, k, I, m, n, p)

Controller Frame Ground Robot 1

Robot (AG)

Rack #4 Connections

RACK#4 (ROBOT 2) DC Module

Datafile (Octal) PLC Rack Description Type External Device
1:040/0 1:040/0 R2 Cycle Done Robot Output Robot DO 001 (q)
1:040/1 1:040/1 Pen picked (Done) Robot Output Robot DO 002 (r)
1:040/2 1:040/2 Char Done Robot Output Robot DO 003 (s)
1:040/3 1:040/3 End Effector Error Robot2: Send Robot Output Robot DO 004 (t
1:040/4 1:040/4

1:040/5 1:040/5
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F)

1:040/6 1:040/6 Cycle Running - Robot 2 Robot DO (e)

Robot Internal Status
1:040/7 1:040/7 Error- Robot 2 Output bit Robot DO (f)
1:040/10 1:040/8 At Home- Robot 2 Robot DO (g)
1:040/11 1:040/9 Unable to move Home -Robot 2 Robot DO (h)
1:040/12 1:040/10 Manipulator power ON- Robot 2 Robot DO 011 (AA)
1:040/13 1:040/11 Online- Robot 2 Robot DO 012 (AB)
1:040/14 1:040/12 Manual Mode- Robot 2 Robot Internal Output| gopot DO 013 (AC)
1:040/15 1:040/13 Cycle stopping- Robot 2 Robot DO 014 (AD)
1:040/16 1:040/14 Overtime- Robot 2 Robot DO 015 (AE)
1:040/17 1:040/15 Op Panel Disabled- Robot 2 Robot DO 016 (A
Datafile (Octal) PLC Rack Description Type External Device
0:040/0 0:040/0 Char bit 0/ Pen select 1 Robot Input Robot DI 001 (A
0:040/1 0:040/1 Char bit 1/Pen select 2 Robot Input Robot DI 002 (B
0:040/2 0:040/2 Char bit 2 Robot Input Robot DI 003 (C)
0:040/3 0:040/3 Char bit 3 Robot Input Robot DI 004 (D)
0:040/4 0:040/4 Char bit 4 Robot Input Robot DI 005 (E)
0:040/5 0:040/5 Read Next Char Robot Input Robot DI 006 (F)
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0:040/6 0:040/6 R2 Error Clear: end effector Robot Input Robot DI 009 (1)
0:040/7 0:040/7 R2 Start Cycle/Pen check done Robot Input Robot DI 007 (G)
0:040/10 0:040/8 Emergency Stop - Robot 2 Robot Internal Input Robot DI (X) (Grnd)
0:040/11 0:040/9 Manipulator Power(Y&Z) - Robot 2 Robot DI (Y,2)
0:040/12 0:040/10 Command Strobe - Robot 2 Robot DI (a)
0:040/13 0:040/11 Command Bit O - Robot 2 Robot DI 012 (M)
0:040/14 0:040/12 Command Bit 1 - Robot 2 Robot Internal Robot DI 013 (N)

) Command Input bits
0:040/15 0:040/13 Command Bit 2 - Robot 2 Robot DI 014 (O)
0:040/16 0:040/14 Command Bit 3 - Robot 2 Robot DI 015 (P)
0:040/17 0:040/15 Command Bit 4 - Robot 2 Robot DI 016 (R)

End Effector Robot 2

Robot DI 008 (H)

Input Ground Robot 2

Robot DI (S, T, U, V)

Output Ground Robot 2

Robot DO (j, k, m, n, p)

Controller Frame Ground Robot 2

Robot (AG)
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Rack #1 Connections

RACK#1 (ROBOT 3) DC Module

Datafile (Octal) PLC Rack Description Type External Device
1:010/0 1:010/0 R3 Cycle Done Robot Output Robot DO 001 (q)
1:010/1 1:010/1 FrrEREN O useqrHrrrkiix
1:010/2 1:010/2 End Effector Error Robot 3 Robot Output Robot DO 002 (r)
1:010/3 1:010/3
1:010/4 1:010/4
1:010/5 1:010/5
1:010/6 1:010/6 Cycle running- Robot 3 Robot DO (e)

Robot Internal Status
1:010/7 1:010/7 Error- Robot 3 Output bit Robot DO (f)
1:010/10 1:010/8 At home- Robot 3 Robot DO (g)
1:010/11 1:010/9 Unable to move Home -Robot 3 Robot DO (h)
1:010/12 1:010/10 Manipulator power ON- Robot 3 Robot DO 011 (AA)
:010/13 :010/11 Online- Robot 3 Robot Internal Output| gopot DO 012 (AB)
1:010/14 1:010/12 Manual Mode- Robot 3 Robot DO 013 (AC)
1:010/15 1:010/13 Cycle stopping- Robot 3 Robot DO 014 (AD)
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1:010/16 1:010/14 Overtime- Robot 3 Robot DO 015 (AE)
1:060/17 1:010/15 Op Panel Disabled- Robot 3 Robot DO 016 (AF)
Datafile (Octal) PLC Rack Description Type External Device
0:010/0 0:010/0 Start Cycle to Robot 3 Robot Input Robot DI 001 (A)
0:010/1 0:010/1 Error Clear : Robot 3 Robot Input Robot DI 002 (B)
0:010/2 0:010/2 Bad from Vision system (1/0) Camera output Robot DI 003 (C
0:010/3 0:010/3 Good from Vision system (1/0) Camera output Robot DI 003 (D
0:010/4 0:010/4

0:010/5 0:010/5

0:010/6 0:010/6 Inhibit Move to Home - Robot 2 Robot DI (W) ( Grnd)
0:010/7 0:010/7 Inhibit Move to Home - Robot 3 Robot Internal Input Robot DI (W) (Grnd)
0:010/10 0:010/8 Emergency Stop - Robot 3 Robot DI (X) (Grnd)
0:010/11 0:010/9 Manipulator Power(Y&Z) - Robot 3 Robot DI (Y,2)
0:010/12 0:010/10 Command Strobe - Robot 3 Robot DI (a)
0:010/13 0:010/11 Command Bit 0 - Robot 3 Robot Internal Robot DI 012 (M)
0:010/14 0:010/12 Command Bit 1 - Robot 3 Command Input bits Robot DI 013 (N)
0:010/15 0:010/13 Command Bit 2 - Robot 3 Robot DI 014 (O)
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0:010/16 0:010/14 Command Bit 3 - Robot 3

0:060/17 0:010/15 Command Bit 4 - Robot 3

Robot DI 015 (P)

Robot DI 016 (R)

End Effector Robot 3

Robot D1 004 (D)

Input Ground Robot 3

Robot DI (S, T, U, V)

Output Ground Robot 3

Robot DO (j, k, m, n, p)

Controller Frame Ground Robot 3

Robot (AG)

Rack #6 Connections

RACK#6 (Conveyor) DC Module

Datafile (Octal) PLC Rack Description Type External Device
1:060/0 1:060/0 Pallet Present @ Station O
1:060/1 1:060/1 Pallet Present @ Station 1
1:060/2 1:060/2 Pallet Present @ Station 2 -
Proximity sensor
1:060/3 1:060/3 Pallet Present @ Station 3 On Conveyor
1:060/4 1:060/4 Pallet Present @ Station 4
1:060/5 1:060/5 Pallet placed correctly
1:060/6 1:060/6 Pallet present before stO .
Light beam sensor
1:060/7 1:060/7 Paper Stack Empty On Paper Feeder
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1:060/10 1:060/8 Pen present 1 @ feeder 2

1:060/11 1:060/9 Pen present 2 @ feeder 2 On Pen Feeder

1:060/12 1:060/10 Pen present 3 @ feeder 2

1:060/13 1:060/11 output 1: pass Vision System
1:060/14 1:060/12 output 2: busy

1:060/15 1:060/13

1:060/16 1:060/14

1:060/17 1:060/15

Datafile (Octal) PLC Rack Description Type External Device
0:060/0 0:060/0 Motor Running Relay Logic motor

0:060/1 0:060/1 Trigger

0:060/2 0:060/2

0:060/3 0:060/3

0:060/4 0:060/4

0:060/5 0:060/5

0:060/6 0:060/6

0:060/7 0:060/7
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0:060/10 0:060/8

0:060/11 0:060/9

0:060/12 0:060/10
0:060/13 0:060/11
0:060/14 0:060/12
0:060/15 0:060/13
0:060/16 0:060/14
0:060/17 0:060/15

Rack #3 Connections

RACK#3 (Conveyor) AC Module

Datafile

PLC Rack

Description

Type

External Device

1:030/0

1:030/1

1:030/2

1:030/3

[:030/4

[:030/5

IVLO0 se JANVS

Motor Input

relay logic

From the start and stop switches
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1:030/6

1:030/7
1:030/10
1:030/11
1:030/12
1:030/13
1:030/14
1:030/15
1:030/16
1:030/17
Datafile PLC Rack Description Type External Device
0:030/0 Stopper at Station0
0:030/1 0 Stopper at Station1
0:030/2 :‘§> Stopper at Station2
0:030/3 g Stopper at Station3 -, On Conveyor
0:030/4 8 Stopper at Station4
0:030/5 N Clamp at Stationl
0:030/6 " Clamp at Station2
0:030/7 Pneumatic Clamp at Station3
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0:030/10

0:030/11

0:030/12

0:030/13

0:030/14

0:030/15

0:030/16

0:030/17
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Appendix 6: The wiring schematic for the connection between Ralh I/Os and PLC
I/Os

Robot DI/ DO Integration with PLC:

Connection from PLC DO to Robot DI:

PLC DO
RET 24Vdc Relay
+ - Robot DI
Vdc 24Vdc
Al DI
11l NO
y \/
I DI GND
i C
A2 I A_
DO NC

Connection from Robot DO to PLC DI:

PLC DI

24Vdc - A=

4r/T7 o

DO Com

Robot DO
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Appendix 7: List of the sensors and actuators and their location

Sensors:

Sr. | Sensor Input Type of sensor PLC Make

No. Interface

1 Pallet placed correctly before| Proximity Sensor DI Banner

station 0 Engineering

2 Pallet Present @ Station 0 Proximity Sensor DI Banner
Engineering

3 Pallet Present @ Station 1 Proximity Sensor DI Banner
Engineering

4 Pallet Present @ Station 2 Proximity Sensor Dl Banner
Engineering

5 Pallet Present @ Station 3 Proximity Sensor DI Banner
Engineering

6 Pallet Present @ Station 4 Proximity Sensor DI Banner
Engineering

7 Paper Stack Empty Photo Beam Sensor DI Banner
Engineering

8 Pen 1 present @ Pen Feeder Photo Beam Sensor Dl Banner
Engineering

9 Pen 2 present @ Pen Feeder Photo Beam Serjsor DI Banner
Engineering

10 | Pen 3 present @ Pen Feedef Photo Beam Sensor DI Banner
Engineering

11 | START Momentary Push Hardwired | Allen-Bradley

Button- Green
12 | STOP Momentary Push Hardwired | Allen-Bradley

Button- Red
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Actuators:

Sr. Actuator Output Type of sensor PLC Make
No. Interface

1 Stopper at Station0 Pneumatic Solenoid Relay DO SMC
2 Stopper at Stationl Pneumatic Solenoid Relay DO SMC
3 Stopper at Station2 Pneumatic Solenoid Relay DO SMC
4 Stopper at Station3 Pneumatic Solenoid Relay DO SMC
5 Stopper at Station4 Pneumatic Solenoid Relay DO SMC
6 Clamp at Stationl Pneumatic Solenoid Rellay DO SMC
7 Clamp at Station2 Pneumatic Solenoid Rel’ay DO SMC
8 Clamp at Station3 Pneumatic Solenoid Relay DO SMC
9 Conveyor Motor Hardwired Leeson
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Appendix 8: The wiring schematic of the motor control operation

HARDWARE CIRCUIT

Yz

. 120VAC
START Momentary PB STOP Momentary PB Siemens Relay
With NO With NC INO |
- - — 1Com m
M)
¥
120VA I |
OVAC Conveyor running Al 120VAC
l 0: 060/0 I |
2NO
2Com
LADDER LOGIC
HMI START bit 1:030/0 0:060/0
|| [ ji
|| Lt
HMI START bit 0:060/0
L~
(v }——
1:030/0

PLC Digital AC Input
Module
I: 030/0

132



Appendix 9: Flow chart for Robot 1

( START )

A 4

Move the Robot
Arm to FH1 position

A

Robolstart
=1

Move to Paperpick
position

v

Extend the arm to
pick the paper

v

Grasp the paper by
using vaccum cups

v

Retract the arm and
hold the paper

v

Carry the paper to
Station 1 pallet
position

v

Place the paper on
the pallet

v

Retract the arm

v

Send Roboldone
signal to PLC

\ 4

END
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Appendix 10: Flow chart for Robot 2

( START )

»)
<
y

Y

If
Robo2start
=1

Calculate the selected pen
no.

\ 4

Goto selected pen location
and grasp a pen

A 4
Send Penpickdone = 1 to the

PLC
; ©

Calculate the home position
based on value of the
“printed characters” counter

A 4

Read the 5-bit digital code
at the digital inputs and
calculate the decimal
equivalent of the character

A\ 4
Goto the respective
character subroutine and
write a character
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®)

|

Send chardone=1to PLC
and increment the “printed
characters” counter

v

Is value of No
counter
>3%

Yes

Place the pen at its original
location on the pen feeder

\ 4

Send the Robo2done signall
to the PLC

END
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Appendix 11: Robot 1 AML program

-** POINTS DECLARED **--
FH1: NEW PT(12,22,0,0);
PAPERPICK: NEW PT(10,22,0,0);
DOWN: NEW -5;

UP: NEW 0;

DROP1: NEW PT(-10,20,0,0);
_________ *kkkk Dl DECLARED *kkkk%k

ROBO1START: NEW 2; --INPUT--
ERRORCLEAR: NEW 1; --INPUT--
_________ *xkkk DO DECLARED ******

ROBO1DONE: NEW 1; --OUTPUT--
ROBOI1INSPECDONE: NEW 2; --OUTPUT--
SENDERROR: NEW 3; --OUTPUT--

MAIN: SUBR;
WRITEO(ROBO1DONE,0);
PMOVE(FH1);

LABEL2;
TESTI(ROBO1START,1,LABEL1);
BRANCH(LABEL2);

LABEL1:

PMOVE(PAPERPICK);
ZMOVE(DOWN);

GRASP; --PAPER GRASPED FROM THE FEEDER STACK--

ZMOVE(UP);
PMOVE(DROP1);
PAYLOAD(L);
ZMOVE(DOWN);

RELEASE; -- PAPER PLACED ON THE PALLET--

ZMOVE(UP);
WRITEO(ROBO1DONE,1);
END;
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Appendix 12: Robot 2 AML program

RESULT: STATIC COUNTER;
CHARNUM: STATIC COUNTER;
PENRESULT: STATIC COUNTER;
PENDOWNDONE: STATIC COUNTER,;
PT1: NEW 0.2;

PT2: NEW 0.4;

PT3: NEW 0.6;

PT4: NEW 0.8;

PT5: NEW 1.0;

PT6: NEW 1.2;

UP: NEW O;

DOWN: NEW -0.327;

PENDOWN: NEW -3.841;

HP1: NEW PT(-1.9,23.5,0,-60);

HP2: NEW PT(-0.2,23.450,0,-60);

HP3: NEW PT(1.1,23.450,0,-60);

FH2: NEW PT(20,12,0,-60);

PICKPEN1: NEW PT(10,16.5,0,-60);
PICKPEN2: NEW PT(13,16.520,0,-60);
PICKPENS3: NEW PT(16.750,16.60,0,-60);

NEXTCHAR: NEW 6; --DIO06(F) INITIALIZED--
ROBO2START: NEW 7, --DIO07(G) INITIALIZED--
ENDEFFECTOR: NEW 8; --DIO08(H) INITIALIZED--
ERRORCLEAR: NEW 9; --DI009(I) INITIALIZED--
__________________ *xkk DO DECLARED****--ocmocmmmmccmmeeee -
ROBO2DONE: NEW 1, --DO001(Q) INITIALIZED--
PENPICKDONE: NEW 2; --DOO002(R) INITIALIZED--
CHARDONE: NEW 3; --DO003(S) INITIALIZED--
SENDERROR: NEW 4; --DOO004(T) INITIALIZED--
_________________ rekrek MAIN PROGRAM ***#%% .
MAIN: SUBR,;

-------------- rrekxxk TESTDIS SUBROUTINE ****%% oo
TESTDIS:SUBR(FIRST,LAST);
SETC(RESULT,0);
LOOP:
COMPC(FIRST LT LAST, DONE);
SETC(RESULT,2*RESULT+TESTI(FIRST));
DECR(FIRST);
BRANCH(LOOP);
DONE:
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END;

NUM: SUBR;
TESTC(CHARNUM,1,HOME1);
TESTC(CHARNUM,2,HOME2);
TESTC(CHARNUM,3,HOME3);
HOME1:

PMOVE(HP1);
BRANCH(DONE1);

HOME2:

PMOVE(HP2):
BRANCH(DONEL);

HOMES3:

PMOVE(HP3);

BRANCH(DONE1);
DONE1:

END;

---------------- weeekD|CK PEN SUBROUTINE ##0% oo

PICKPEN:SUBR(ONE, TWO);

SETC(PENRESULT,0);

LOOP:
COMPC(ONE LT TWO, DONE);
SETC(PENRESULT,2*PENRESULT+TESTI(ONE));
DECR(ONE);
BRANCH(LOOP);

DONE:
END;

PENDROP: SUBR;
TESTC(PENRESULT,1,PEN1DROP);
TESTC(PENRESULT,2,PEN2DROP);
TESTC(PENRESULT,3,PEN3DROP);

PEN1DROP:

PMOVE(PICKPENL1);
DELAY(1);
ZMOVE(PENDOWN);
DELAY(1);

RELEASE;

DELAY(1);

ZMOVE(UP);

DELAY(1);
PMOVE(FH2);
BRANCH(ROBODONE);

PEN2DROP:

PMOVE(PICKPEN2);
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DELAY(1);

ZMOVE(PENDOWN);

DELAY(1);

RELEASE;

DELAY(1);

ZMOVE(UP);

DELAY(1);

PMOVE(FH2);

BRANCH(ROBODONE);
PEN3DROP:

PMOVE(PICKPEN3);

DELAY(1);

ZMOVE(PENDOWN);

DELAY(1);

RELEASE;

DELAY(1);

WRITEO(PENPICKDONE,0);

ZMOVE(UP);

DELAY(1);

PMOVE(FH2);

BRANCH(ROBODONE);
ROBODONE:

END;

START:
WRITEO(CHARDONE,0);
WRITEO(PENPICKDONE,O);
WRITEO(ROBO2DONE,0);
TESTI(ROBO2START,1,PENSELECT);
BRANCH(START);
PENSELECT:

PICKPEN(2,1);
TESTC(PENRESULT,1,P1);
TESTC(PENRESULT,2,P2);
TESTC(PENRESULT,3,P3);
BRANCH(PENSELECT);

P1:

PMOVE(PICKPENLY);
ZMOVE(PENDOWN);
BRANCH(PENPICKED);

P2:

PMOVE(PICKPEN2);
ZMOVE(PENDOWN);
BRANCH(PENPICKED);
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P3:

PMOVE(PICKPEN?3);
ZMOVE(PENDOWN);
BRANCH(PENPICKED);

PENPICKED:

DELAY(1);

GRASP;

DELAY(1);

ZMOVE(UP);
WRITEO(PENPICKDONE,1);
PMOVE(HP1);
SETC(CHARNUM,1);
LINEAR(D);

LABELS:
TESTI(NEXTCHAR,1,LABEL1);
BRANCH(LABELS3);

LABEL1:

NUM;

LABEL2:

TESTDIS(5,1);

WRITEO(CHARDONE,1);
TESTC(RESULT,0,LABEL?2);
TESTC(RESULT,1,A);
TESTC(RESULT,2,B);
TESTC(RESULT,3,C);
TESTC(RESULT,4,D);
TESTC(RESULT,5,E);
TESTC(RESULT,6,F);
TESTC(RESULT,7,G);
TESTC(RESULT,8,H);
TESTC(RESULT,9,I);
TESTC(RESULT,10,J);
TESTC(RESULT,11,K);
TESTC(RESULT,12,L);
TESTC(RESULT,13,M);
TESTC(RESULT,14,N);
TESTC(RESULT,15,0);
TESTC(RESULT,16,P);
TESTC(RESULT,17,Q);
TESTC(RESULT,18,R);
TESTC(RESULT,19,S);
TESTC(RESULT,20,T);
TESTC(RESULT,21,U);
TESTC(RESULT,22,V);
TESTC(RESULT,23,W);
TESTC(RESULT,24,X);
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TESTC(RESULT,25,Y);
TESTC(RESULT,26,2);
DONEZ2:
WRITEO(CHARDONE,0);
INCR(CHARNUM);
COMPC(CHARNUM <=3,LABELJ3);
WRITEO(ROBO2DONE,1);
LINEAR(O);
PENDROP;
WRITEO(PENPICKDONE,0);
BRANCH(OVER);
A:
ZMOVE(DOWN);
DPMOVE (<PT2,PT6,0,0>);
DPMOVE (<PT2,-PT6,0,0>);
ZMOVE(UP);
DPMOVE (<-PT3,PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT2,0,0,0>);
ZMOVE(UP);
BRANCH(DONEZ2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>):
DPMOVE(<PT3,0,0,0>):
DPMOVE(<PT1,-PT1,0,0>);
DPMOVE(<0,-PT1,0,0>);
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<PT1,-PT1,0,0>);
DPMOVE(<0,-PT1,0,0>):
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<-PT3,0,0,0>):
ZMOVE(UP);
DPMOVE(<0,PT3,0,0>):
ZMOVE(DOWN);
DPMOVE(<PT3,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<PT4,PT1,0,0>);
ZMOVE(DOWN);
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<-PT2,0,0,0>);
DPMOVE(<-PT1,PT1,0,0>);
DPMOVE(<0,PT4,0,0>);
DPMOVE(<PT1,PT1,0,0>);

141



DPMOVE(<PT2,0,0,0>);
DPMOVE(<PT1,-PT1,0,0>);
ZMOVE(UP);
BRANCH(DONE2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>):
DPMOVE(<PT3,0,0,0>):
DPMOVE(<PT1,-PT1,0,0>):
DPMOVE(<0,-PT4,0,0>):
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<-PT3,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<PT4,0,0,0>):
ZMOVE(DOWN);
DPMOVE(<-PT4,0,0,0>):
DPMOVE(<0,PT6,0,0>);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
DPMOVE(<-PT4,-PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT3,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
DPMOVE(<-PT4,-PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT3,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<PT4,PT5,0,0>);
ZMOVE(DOWN);
DPMOVE(<-PT1,PT1,0,0>);
DPMOVE(<-PT2,0,0,0>):
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<0,-PT4,0,0>);
DPMOVE(<PT1,-PT1,0,0>);
DPMOVE(<PT2,0,0,0>);
DPMOVE(<PT1,PT1,0,0>);
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DPMOVE(<0,PT2,0,0>):
DPMOVE(<-PT1,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>);
ZMOVE(UP);
DPMOVE(<PT4,0,0,0>);
ZMOVE(DOWN);
DPMOVE(<0,-PT6,0,0>);
ZMOVE(UP);
DPMOVE(<0,PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<-PT4,0,0,0>);
ZMOVE(UP);
BRANCH(DONEZ2);

ZMOVE(DOWN);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<-PT4,0,0,0>):
ZMOVE(UP);
DPMOVE(<PT2,0,0,0>):
ZMOVE(DOWN);
DPMOVE(<0,-PT6,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
DPMOVE(<-PT1,0,0,0>):
ZMOVE(DOWN);
DPMOVE(<0,-PT5,0,0>):

DPMOVE(<-PT1,-PT1,0,0>);

DPMOVE(<-PT1,0,0,0>):
DPMOVE(<-PT1,PT1,0,0>):
DPMOVE(<0,PT1,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

K.

ZMOVE(DOWN);
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DPMOVE(<0,PT6,0,0>);
ZMOVE(UP);
DPMOVE(<0,-PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT4,PT3,0,0>):
ZMOVE(UP);
DPMOVE(<-PT4,-PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT4,-PT3,0,0>);
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>);
ZMOVE(DOWN);
DPMOVE(<0,-PT6,0,0>);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>):
DPMOVE(<PT2,-PT2,0,0>);
DPMOVE(<PT2,PT2,0,0>):
DPMOVE(<0,-PT6,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>);
DPMOVE(<PT4,-PT6,0,0>);
DPMOVE(<0,PT6,0,0>);
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<PT3,0,0,0>);
ZMOVE(DOWN);
DPMOVE(<-PT2,0,0,0>):
DPMOVE(<-PT1,PT1,0,0>);
DPMOVE(<0,PT4,0,0>);
DPMOVE(<PT1,PT1,0,0>);
DPMOVE(<PT2,0,0,0>);
DPMOVE(<PT1,-PT1,0,0>);
DPMOVE(<0,-PT4,0,0>);
DPMOVE(<-PT1,-PT1,0,0>);
ZMOVE(UP);
BRANCH(DONE2);
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ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>):
DPMOVE(<PT3,0,0,0>):
DPMOVE(<PT1,-PT1,0,0>):
DPMOVE(<0,-PT1,0,0>):
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<-PT3,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<PT3,0,0,0>);
ZMOVE(DOWN);
DPMOVE(<-PT2,0,0,0>);
DPMOVE(<-PT1,PT1,0,0>):
DPMOVE(<0,PT4,0,0>);
DPMOVE(<PT1,PT1,0,0>):
DPMOVE(<PT2,0,0,0>);
DPMOVE(<PT1,-PT1,0,0>):
DPMOVE(<0,-PT4,0,0>);
DPMOVE(<-PT1,-PT1,0,0>);
ZMOVE(UP);
DPMOVE(<0,PT1,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT1,-PT1,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

ZMOVE(DOWN);
DPMOVE(<0,PT6,0,0>):
DPMOVE(<PT3,0,0,0>);
DPMOVE(<PT1,-PT1,0,0>);
DPMOVE(<0,-PT1,0,0>);
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<-PT3,0,0,0>);
DPMOVE(<PT4,-PT3,0,0>);
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<PT4,PT4,0,0>);
ZMOVE(DOWN);
DPMOVE(<0,PT1,0,0>):
DPMOVE(<-PT1,PT1,0,0>):
DPMOVE(<-PT2,0,0,0>):
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<0,-PT1,0,0>):
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DPMOVE(<PT1,-PT1,0,0>):
DPMOVE(<PT2,0,0,0>);
DPMOVE(<PT1,-PT1,0,0>);
DPMOVE(<0,-PT1,0,0>):
DPMOVE(<-PT1,-PT1,0,0>);
DPMOVE(<-PT2,0,0,0>):
DPMOVE(<-PT1,PT1,0,0>):
DPMOVE(<0,PT1,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
DPMOVE(<-PT2,0,0,0>):
ZMOVE(DOWN);
DPMOVE(<0,-PT6,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<0,-PT5,0,0>):
DPMOVE(<PT1,-PT1,0,0>):
DPMOVE(<PT2,0,0,0>):
DPMOVE(<PT1,PT1,0,0>):
DPMOVE(<0,PT5,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT2,-PT6,0,0>);
DPMOVE(<PT2,PT6,0,0>):
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT1,-PT6,0,0>):
DPMOVE(<PT1,PT3,0,0>):
DPMOVE(<PT1,-PT3,0,0>);
DPMOVE(<PT1,PT6,0,0>):
ZMOVE(UP);
BRANCH(DONE2);
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DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<PT4,-PT6,0,0>);
ZMOVE(UP);
DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<-PT4,-PT6,0,0>);
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<PT2,-PT3,0,0>);
ZMOVE(UP);
DPMOVE(<-PT2,-PT3,0,0>);
ZMOVE(DOWN);
DPMOVE(<PT4,PT6,0,0>);
ZMOVE(UP);
BRANCH(DONE2);

DPMOVE(<0,PT6,0,0>):
ZMOVE(DOWN);
DPMOVE(<PT4,0,0,0>):
DPMOVE(<-PT4,-PT6,0,0>);
DPMOVE(<PT4,0,0,0>):
ZMOVE(UP);
BRANCH(DONE2);
OVER:

DELAY(2);

WRITEO(ROBO2DONE,0);

END;
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Appendix 13: Flow chart for Main program

Is R1 and No ‘
R2 ON?

Call R1 Startup
and R2 Startup
subroutines

A 4

Read motor start signal
from HMI screen

:

Check the Hardwired Start
and Stop conditions to
operate the motor

A 4
Read the pallet present at
Station 0 signal and stop all
the pallets at station 0

A 4

Release the pallet from
station 0, read the pallet
present at station 1 signal and
stop and hold the pallet at
station 1

;

®)

148



&)

l

Release the pallet from
station 0, read the pallet

present at station 1 signal and

stop and hold the pallet at

station 1
|

Send Robot 1 start signal to

Robot 1 and wait for Robot 1

done signal from Robot 1

|

Send chardone= 1 to PLC
and increment the “printed
characters” counter

A4

Release the pallet from
station 1 when Robot 1 is
done and the station 2 does
not have any pallet

\4

Read the pallet present at

station 2 signal and stop and

hold the pallet at station 2

A 4

Read the Enter Data signal

from HMI
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Call Checkdata
subroutine

\ 4

Call Pencheck
subroutine

\ 4

Send Robot 2 start signal to

Robot 2 and wait for Robot 2

done signal from Robot 2

\ 4

Call Sendchar
subroutine

\ 4

Perform data reset in case @
Robot 2 error or Robot 2
ESTOP

END
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Appendix 14: Flow chart and function details for R1 Startup subroutine

Functions:

Initialize the Robot 1
Return to Home position
Change to Auto mode
Select the application
Start the application
Reset internal Error
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Flow Chart

No

Initiate Return to
Home command

Is R1 Home
=1?
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Initiate Move to Auto

mode command

Is R1 Auto
Mode =17

Initiate Select Application
1 command

A

Is R1
Application 1
selected

No

v
Initiate Start Cycle
command

A

No

Is R1
Application
started

Return to the
Main Program
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Appendix 15: Flow chart and function details for R2 Startup subroutine

Functions:

Initialize the Robot 2
Return to Home position
Change to Auto mode
Select the application
Start the application
Reset internal Error

154



Flow Chart:

No

Initiate Return to
Home command

Is R2 Home
=1?
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Initiate Move to Auto

mode command

Is R2 Auto
Mode =17

Initiate Select Application
1 command

A

Is R2
Application 1
selected

No

v
Initiate Start Cycle
command

A

Is R2 No

Application
started

Return to the
Main Program
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Appendix 16: Flow chart and function details for Pen Check subroutine

Functions:

Reads the selected pen data from HMI screen

Checks if the selected pen is available on the Pen feeder station

If not, generate the pen absent signal

In case the pen is not available, sends the default pen value to the file

Flow Chart

Read the pen color
information

Is the selected
Pen present?

lNo

Select the next available
Pen

»)
<

\ 4

Return to Main
Program
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Appendix 17: Flow chart and function details for Pen Check subroutine

Functions:
e Reads the characters entered from the HMI screen

e Validates the entered value
e Converts this information into the decimal number
e Loads the validated values into the file

Is EnterData
signal =1?

Read the character data
string

Split the string and convert
the data into usable decima
format

\ 4

Read the pen color data and
covert into usable decimal
format

A 4

Store all three characters and
pen color data into the file

Return to Main
Program
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Appendix 18: Flow chart and function details for Send Char subroutine

Functions:
e Unloads all three characters subsequently

e Sends the equivalent binary count to the Robot 2
e Synchronizes the charactering sending with Robot 2 chardone and nextchar

signals

Flow Chart

Is Pen pick
done=17

Unload a character and send
nextchar=1 to the Robot 2

Wait for chardone from
Robot 2

Are all No

characters sent
to the Robot 2

! ves

Return to Main
Program
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Appendix 19: HMI Display Screen- Main
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Appendix 20: HMI Display Screen- Station 1

9 RSView32 Works 100K

Motor Healthy
ERobot 1 Healthy

S[(=1[Ed

STATION -1

Mamipulator Power OIN

(=)

==
Project

Clear Al
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Appendix 21: HMI Display Screen- Station 2

Y7 RSView32 Works 100K

STATION -2

Homing

4

Manipulator Power ON

g

Eobot 2 Healthy

Clear Clear Al
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Appendix 22: HMI Display Screen- Station 1 Status
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Appendix 23: HMI Display Screen- Station 2 Status
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Appendix 24: HMI Display Screen- Data Entry

= Data Entry - Display

Enter Your Name:

RIT

QlwlE [[YMUE 1800
TR L
ZJE Jle v ][BJ[NJ[MJ

Enter the string ' Enter l

Select Pen Color:

C @& @
Gl o
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Appendix 25: List of Siemens Safety /0 modules and Siemens safety sers

Safety I/Os:

Safety system Module No. Module Name Module Type Part No.

Rack

Safety CPU Rack PS307-5A Power Supply, 5A General Purpose 6ES7 307-1EA00-0A/
CPU 315F-2PN/DP CPU Safety 6ES7 315-2FH13-0ABO
Safety Protector Safety Protector Safety 195-7KF00-0XA0
SM 326 DI 24 X DC24V| 24 ch Digital Input Module Safety 6ES7 326-1BK01-0ABO
SM 326, 8 DO; DC 24V | 8 ch Digital Output Module Safety 6ES7 326-2BF40-0ABO

Distributed Safety

I/0 Rack

IM 151- 3 PN Distributed I/O Head Module|  General Purpose 6ES7 151-3BA22-0AB(
PM-E 24V Power Terminal Module General Purpgse 6ES7 138-4CA50-0ABC
2DI-HF- 1 2 ch Digital Input Module General Purpose 6ES7 131-4BB01-0ABO
2DI-HF- 2 2 ch Digital Input Module General Purpose 6ES7 131-4BB01-0ABO
2DI-HF- 3 2 ch Digital Input Module General Purpose 6ES7 131-4BB01-0ABO
PM-E 24V Power Terminal Module General Purpgse 6ES7 138-4CA50-0AB(
4/8 F-DI- 1 4/ 8 ch Digital Input Module Safety 6ES7 138-4FA03-0ABO

4/8 F-DI- 2 4/ 8 ch Digital Input Module Safety 6ES7 138-4FA03-0ABO

PM-E 24V Power Terminal Module General Purpgse 6ES7 138-4CA50-0AB(
4 F-DO 4 ch Digital Output Module Safety 6ES7 138-4FB02-0AB0
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PM-E 24V Power Terminal Module General Purpgse 6ES7 138-4CA50-0AB(
2 DO-HF- 1 2 ch Digital Output Module General Purpgse 6ES7 132-4BB01-0AB(
2 DO-HF- 2 2 ch Digital Output Module General Purpgse 6ES7 132-4BB01-0AB(
2 DO-HF- 3 2 ch Digital Output Module General Purpgse 6ES7 132-4BB01-0AB(
Terminator Terminator Module General Purpgse
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Safety Sensors:

Test case 1:
Sensor Name Description Sensor Type Part No.
K11 Contactor with Permanent Aux Contacts Safety 3RT1015-1BB44-3N
K12 Contactor with Permanent Aux Contacts Safety 3RT1015-1BB44-3N
DG 5-way actuation Position Switch with 2 NC contacts Safety 3SE3 200-6XX13
Test case 2A+2B:
Sensor Name Description Sensor Type Part No.
K21 Contactor with Permanent Aux Contacts Safety 3RT1015-1BB44-3N
K22 Contactor with Permanent Aux Contacts Safety 3RT1015-1BB44-3N
LCT Transmitter for Light Curtains Safety 3RG78454DB00
LCR Receiver for Light Curtains Safety 3RG78454DB01
Test case 3:
Sensor Name Description Sensor Type Part No.
K31 Contactor with Permanent Aux Contacts Safety 3RT1015-1BB44-3MA0
K32 Contactor with Permanent Aux Contacts Safety 3RT1015-1BB44-3MAOQ
Mag. Door 1 Magnetically operated switch Safety 3SE6 704-2BA
Safety 3SE6 604-2BA
Mag. Door 2 Magnetically operated switch Safety 3SE6 704-3BA
Safety 3SE6 605-3BA
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Common:

Sensor Name Description Sensor Type Part No.
START Green ILPB with NO Contact General Purpose  3SB30010AA41
STOP Red ILPB with NC Contact General Purpose  3SB30010AA21
ACK Blue ILPB with NO Contact General Purpose¢  3SB30010AA51
Muting Lamp Indicator Light with holder, Clear General Purpose  3SB30016AA70
MS 11 Toggle switch General Purpose
MS_12 Toggle switch General Purpose
MS 21 Toggle switch General Purpose
MS_22 Toggle switch General Purpose
ESTOP 12 SIGNUM 3SB3 ACTUATOR EMERGENCY-STOP with [2Safety 3SB35001FA20

NC contacts
ESTOP 3 E-Stop Pushbutton Station with 2 NC contacts Safety 3SB38010DG3
ESTOP ALL E-Stop Pushbutton Station with 2 NC contacts Safety 3SB38010DG3
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Appendix 26: The 1/O list for safety PLC and associated sensors connecton

Signal Name | Module No. 10 Channel | Voting Address
Type No. Configuration
START SM 326 DI 24 X DC24V | Dl 0 lool 10.0
ACK SM 326 DI 24 X DC24V | DI 1 lool 10.1
STOP SM 326 DI 24 X DC24V | Dl 2 lool 10.2
MS_11 SM 326 DI 24 X DC24V | Dl 12 lool 11.4
MS 12 SM 326 DI 24 X DC24V | Dl 13 lool 1.5
MS_21 SM 326 DI 24 X DC24V | Dl 14 lool 1.6
MS_22 SM 326 DI 24 X DC24V | Dl 15 lool 1.7
ESTOP-ALL | SM 326 DI 24 X DC24V | DI 6, 18 1loo02 10.4
OSSD SM 326 DI 24 X DC24V | Dl 7,19 1002 0.7
Mag. Door SM 326 DI 24 X DC24V | Dl 8, 20 1002 11.0
Muting Lamp | SM 326, 8 DO; DC 24V DO 0 Readback Q 10{0
START SM 326, 8 DO; DC 24V DO 1 Readback Q10.1
Lamp
ACK Lamp SM 326, 8 DO; DC 24V DO 4 Readback Q 10/4
STOP Lamp | SM 326, 8 DO, DC 24V DO 5 Readback Q 10.
K11_NC 2DI-HF-1 DI 0 lool 142.0
K12_NC 2DI-HF-1 Dl 1 lool 142.1
K21 _NC 2DI-HF- 2 Dl 0 lool 143.0
K22_NC 2DI-HF- 2 DI 1 lool 143.1
K31_NC 2DI-HF- 3 Dl 0 lool 1 37.0
K32_NC 2DI-HF- 3 Dl 1 lool 137.1
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Appendix 27: The modified I/O list after implementation of the “After Case” system

Rack #2 Connections:

RACK #2 (ROBOT 1) DC Module

Datafile (Octal) | PLC Rack Description Type External Device
1:020/0 1:020/0 R1 Cycle Done Robot Output Robot DO 001 (q)
1:020/1 1:020/1 R1 Inspection Done Robot Output Robot DO 002 (r)
1:020/2 1:020/2 End Effector Error Robotl: Send Robot Output Robot DO 003 (s)
1:020/3 1:020/3 R1_Healthy

1:020/4 1:020/4 Motor_Healthy

1:020/5 1:020/5

1:020/6 1:020/6 Cycle Running- Robot 1 Robot Internal StatusRobot DO (e)

1:020/7 1:020/7 Error - Robot 1 Output bit Robot DO (f)
1:020/10 1:020/8 At Home - Robot 1 Robot DO (g)
1:020/11 1:020/9 Unable to move Home - Robot 1 Robot Internal Output Robot DO (h)
1:020/12 1:020/10 Manipulator Power ON - Robot 1 Robot DO11 (AA)
1:020/13 1:020/11 Online - Robot 1 Robot DO12 (AB)
1:020/14 1:020/12 Manual Mode - Robot 1 Robot DO13 (AC)
1:020/15 1:020/13 Cycle stopping - Robot 1 Robot DO14 (AD)
1:020/16 1:020/14 Overtime - Robot 1 Robot DO15 (AE)
1:020/17 1:020/15 Op Panel Disabled - Robot 1 Robot DO16 (AF)
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d)

Datafile (Octal) | PLC Rack Description Type External Device
0:020/0 0:020/0 R1 Error Clear Robot Input Robot DI 001(A)
0:020/1 0:020/1 R1 Start Cycle Robot Input Robot DI 002(B)
0:020/2 0:020/2

0:020/3 0:020/3

0:020/4 0:020/4

0:020/5 0:020/5

0:020/6 0:020/6

0:020/7 0:020/7 Inhibit Move to Home - Robot 1 Robot Internal Input Robot DI (W) (Grn
0:020/10 0:020/8 Robot DI (X) (Grnd)
0:020/11 0:020/9 Manipulator Power(Y&Z)- Robot 1 Robot DI (Y,2)
0:020/12 0:020/10 Command Strobe - Robot 1 Robot Internal Robot DI (a)
0:020/13 0:020/11 Command Bit O - Robot 1 Command Input bits | Robot DI 012 (M)
0:020/14 0:020/12 Command Bit 1 - Robot 1 Robot DI 013 (N)
0:020/15 0:020/13 Command Bit 2 - Robot 1 Robot DI 014 (O)
0:020/16 0:020/14 Command Bit 3 - Robot 1 Robot DI 015 (P)
0:020/17 0:020/15 Command Bit 4 - Robot 1 Robot DI 016 (R)

End Effector Robotl

Robot D1 003 (C)

Input Ground Robot 1

Robot DI (S, T, U, V)
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Output Ground Robot 1

Robot DO (j, k, I, m, n, p)

Controller Frame Ground Robot 1 Robot (AG)

Rack #4 Connections:

RACK #4 (ROBOT 2) DC Module

Datafile (Octal) | PLC Rack Description Type External Device
1:040/0 1:040/0 R2 Cycle Done Robot Output Robot DO 001 (q)
1:040/1 1:040/1 Pen picked (Done) Robot Output Robot DO 002 (r)
1:040/2 1:040/2 Char Done Robot Output Robot DO 003 (s)
1:040/3 1:040/3 End Effector Error Robot2: Send Robot Output Robot DO 004 (t
1:040/4 1:040/4 R2_Healthy

1:040/5 1:040/5

1:040/6 1:040/6 Cycle Running - Robot 2 Robot Internal Status Robot DO (e)

:040/7 :040/7 Error- Robot 2 Output bit Robot DO (f)
1:040/10 1:040/8 At Home- Robot 2 Robot DO (g)
1:040/11 1:040/9 Unable to move Home -Robot 2 Robot Internal Output Robot DO (h)
1:040/12 1:040/10 Manipulator power ON- Robot 2 Robot DO 011 (AA
1:040/13 1:040/11 Online- Robot 2 Robot DO 012 (AB)
1:040/14 1:040/12 Manual Mode- Robot 2 Robot DO 013 (AC)
1:040/15 1:040/13 Cycle stopping- Robot 2 Robot DO 014 (AD)
1:040/16 1:040/14 Overtime- Robot 2 Robot DO 015 (AE)
1:040/17 1:040/15 Op Panel Disabled- Robot 2 Robot DO 016 (AF)
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Datafile (Octal) | PLC Rack Description Type External Device
0:040/0 0:040/0 Char bit 0/ Pen select 1 Robot Input Robot DI 001 (A)
0:040/1 0:040/1 Char bit 1/Pen select 2 Robot Input Robot DI 002 (B)
0:040/2 0:040/2 Char bit 2 Robot Input Robot DI 003 (C)
0:040/3 0:040/3 Char bit 3 Robot Input Robot DI 004 (D)
0:040/4 0:040/4 Char bit 4 Robot Input Robot DI 005 (E)
0:040/5 0:040/5 Read Next Char Robot Input Robot DI 006 (F)
0:040/6 0:040/6 R2 Error Clear: end effector Robot Input Robot DI 009 (1)
0:040/7 0:040/7 R2 Start Cycle/Pen check done Robot Input Robot DI 007 (G
0:040/10 0:040/8 Robot Internal Input Robot DI (X) (Grnd)
0:040/11 0:040/9 Manipulator Power(Y&Z) - Robot 2 Robot DI (Y,2)
0:040/12 0:040/10 Command Strobe - Robot 2 Robot Internal Robot DI (a)
0:040/13 0:040/11 Command Bit 0 - Robot 2 Command Input bits  "Ropot DI 012 (M)
0:040/14 0:040/12 Command Bit 1 - Robot 2 Robot DI 013 (N)
0:040/15 0:040/13 Command Bit 2 - Robot 2 Robot DI 014 (O)
0:040/16 0:040/14 Command Bit 3 - Robot 2 Robot DI 015 (P)
0:040/17 0:040/15 Command Bit 4 - Robot 2 Robot DI 016 (R)

End Effector Robot 2

Robot DI 008 (H)

Input Ground Robot 2

Robot DI (S, T, U, V)

Output Ground Robot 2

Robot DO (j, k, m, n, p)

Controller Frame Ground Robot 2

Robot (AG)
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Rack #1 Connections:

RACK #1 (ROBOT 3) DC Module

Datafile (Octal) | PLC Rack Description Type External Device
1:010/0 1:010/0 R3 Cycle Done Robot Output Robot DO 001 (q)
1:010/1 1:010/1 FhrERRRRENOL uSed itk

1:010/2 1:010/2 End Effector Error Robot 3 Robot Output Robot DO 002 (r)
1:010/3 1:010/3

1:010/4 1:010/4

1:010/5 1:010/5

1:010/6 1:010/6 Cycle running- Robot 3 Robot Internal Status Robot DO (e)

1:010/7 1:010/7 Error- Robot 3 Output bit Robot DO (f)
1:010/10 1:010/8 At home- Robot 3 Robot DO (g)
1:010/11 1:010/9 Unable to move Home -Robot 3 Robot Internal Output Robot DO (h)
1:010/12 1:010/10 Manipulator power ON- Robot 3 Robot DO 011 (AA
1:010/13 1:010/11 Online- Robot 3 Robot DO 012 (AB)
1:010/14 1:010/12 Manual Mode- Robot 3 Robot DO 013 (AC)
1:010/15 1:010/13 Cycle stopping- Robot 3 Robot DO 014 (AD)
1:010/16 1:010/14 Overtime- Robot 3 Robot DO 015 (AE)
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=

1:060/17 [:010/15 Op Panel Disabled- Robot 3 Robot DO 016 (AF)
Datafile (Octal) | PLC Rack Description Type External Device
0:010/0 0:010/0 Start Cycle to Robot 3 Robot Input Robot DI 001 (A)
0:010/1 0:010/1 Error Clear : Robot 3 Robot Input Robot DI 002 (B)
0:010/2 0:010/2 Bad from Vision system (1/0) Camera output Robot DI 003 (C)
0:010/3 0:010/3 Good from Vision system (1/0) Camera output Robot DI 003 (D
0:010/4 0:010/4

0:010/5 0:010/5

0:010/6 0:010/6 Inhibit Move to Home - Robot 2 Robot Internal Input Robot DI (W) ( G
0:010/7 0:010/7 Inhibit Move to Home - Robot 3 Robot DI (W) (Grn(
0:010/10 0:010/8 Emergency Stop - Robot 3 Robot DI (X) (Grnd)
0:010/11 0:010/9 Manipulator Power(Y&Z) - Robot 3 Robot DI (Y,2)
0:010/12 0:010/10 Command Strobe - Robot 3 Robot Internal Robot DI (a)
0:010/13 0:010/11 Command Bit O - Robot 3 Command Input bits Robot DI 012 (M)
0:010/14 0:010/12 Command Bit 1 - Robot 3 Robot DI 013 (N)
0:010/15 0:010/13 Command Bit 2 - Robot 3 Robot DI 014 (O)
0:010/16 0:010/14 Command Bit 3 - Robot 3 Robot DI 015 (P)
0:060/17 0:010/15 Command Bit 4 - Robot 3 Robot DI 016 (R)
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End Effector Robot 3

Robot D1 004 (D)

Input Ground Robot 3

Robot DI (S, T, U, V)

Output Ground Robot 3

Robot DO (j, k, m, n, p)

Controller Frame Ground Robot 3 Robot (AG)

Rack #6 Connections:

RACK #6 (Conveyor) DC Module

Datafile (Octal) | PLC Rack Description Type External Device
1:060/0 1:060/0 Pallet Present @ Station O On Conveyor Proximity sensor
1:060/1 1:060/1 Pallet Present @ Station 1

1:060/2 1:060/2 Pallet Present @ Station 2

1:060/3 1:060/3 Pallet Present @ Station 3

1:060/4 1:060/4 Pallet Present @ Station 4

1:060/5 1:060/5 Pallet placed correctly

1:060/6 1:060/6 Pallet present before st0 Light beam sensor
1:060/7 1:060/7 Paper Stack Empty On Paper Feeder

1:060/10 1:060/8 Pen present 1 @ feeder 2 On Pen Feeder

1:060/11 1:060/9 Pen present 2 @ feeder 2

1:060/12 1:060/10 Pen present 3 @ feeder 2
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1:060/13 1:060/11 output 1: pass Vision System
1:060/14 1:060/12 output 2: busy

1:060/15 1:060/13

1:060/16 1:060/14

1:060/17 1:060/15

Datafile (Octal) | PLC Rack Description Type External Device
0:060/0 0:060/0 Motor Running Relay Logic motor
0:060/1 0:060/1 Trigger

0:060/2 0:060/2

0:060/3 0:060/3

0:060/4 0:060/4

0:060/5 0:060/5

0:060/6 0:060/6

0:060/7 0:060/7

0:060/10 0:060/8

0:060/11 0:060/9

0:060/12 0:060/10
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0:060/13 0:060/11
0:060/14 0:060/12
0:060/15 0:060/13
0:060/16 0:060/14
0:060/17 0:060/15

Rack #3 Connections:

RACK #3 (Conveyor) AC Module

Datafile

U
[y
(@]
Y
)

3}

~

Description

Type

External Device

1:030/0

1:030/1

1:030/2

1:030/3

[:030/4

[:030/5

1:030/6

1:030/7

1:030/10

1:030/11

1VLO0 Sse JNVS

Motor Input

relay logic

From the start and stop switchg
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1:030/12

1:030/13

1:030/14

1:030/15

1:030/16

1:030/17

Datafile PLC Rack Description Type External Device
0:030/0 (:Q Stopper at StationO Pneumatigs  On Conveyor
0:030/1 I_Zn Stopper at Stationl

0:030/2 % Stopper at Station2

0:030/3 (_7| Stopper at Station3

0:030/4 |:(2 Stopper at Station4

0:030/5 Clamp at Stationl

0:030/6 Clamp at Station2

0:030/7 Pneumatic Clamp at Station3

0:030/10

0:030/11

0:030/12

0:030/13

0:030/14
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0:030/15

0:030/16

0:030/17
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Appendix 28: Safety PLC Program
Main Project 1\ SIMATIC 300 (2)\ CPU 315F- 2 PN /DP\ S7 Program (1)

Safety program 'S7 Program(1)' - Offline

Collective signature

F blocks with F attribute of the block container: 23647BEA

Safety program: 23647BEA
Distributed Satety Version

Version |D: V5.4+8P3

Current generation

Generation time:

Blocks in safety program

10/01/2009 11:58:52 AM

F block Symbalic name Function in safety program Signature Initial value
signature

FC1 F_CALL F-CALL G29A

FC2 F_Reintegration F-FC D30E

FC10 Safety_Prgm F-program block CCzC

FB1 F_FEEDBACK F-FB 2401 5904

FBz2 F_Light Curtain F-FE C371 5904

FBa F_Mator Control F-FB aDa3 5a04

FE1g88 F_TOF F application block 14B4 ge0D

FBE189 F_MUTING F application block BO0EE AF14

FE216 F_FDEACK F application block F521 Foes

FB1838 F_IO_CGP F-system block EDAZ DC2F

FE1839 F_CTRL 1 F-system block 5040 EEDS

FE1640 F_CTRL_2 F-system block 40BA SE40

FE1641 FITOF F-system block GI9AF 3326

FB1g42 FIMUTING F-system block DsFa BoC4

FE1643 F_DIAG_N F-system block 9aCA 3612

FB1g44 Automatically generated F block AD73

FE1g45 Automatically generated F block AB34

FB1646 Automatically generated F block B541

FE1647 Autormnatically generated F block 70F8

FBic4s Automatically generated F block ASEZ

FE1649 Automatically generated F block EOAD

DB1 Instanz_FB1 I-DB for F-FB 5904

DBz Instanz_FB2 [-DE for F-FB 5304

DBz Instanz_FB3 I-DB for F-FB 5004
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DE189 Ingtanz_FB189 I-DB for F-application block DDA4
DE21& Ingtanz_FB21&R1 I-DB for F-application block Ba1F
DB217 Instanz_FB216R2 [-DB for F-application block Ba1F
DE218 Instanz_FB21&Motor I-DB for F-application block BaiF
DB818 F_GLOEDE F shared DB BCEE
DBg19 Fooooo_Dl24xDC24V F IO DB coa7
DBE820 Foo010_DO8xDC24V_2A FVODE Feal
DBs21 Fooo15_4_& F DI_DGC24V F VO DB DB75
DB&zz2 Foooz1_4 & F DI_DC24V FVO DB Ce73
DBs23 Foooz7_4_F_DO_DC24V_2A F 'O DB 8202

DEs24 Automnatically generated F block aD3D
DBg2s Automatically generated F block 2685

DEsg26 Autornatically generated F block a7BC
DBs27 Automnatically generated F block 4D5E
DE&28 Automnatically generated F block 61CC
DBg2g Autornatically generated F block 3108

DEg30 Autornatically generated F block 61CC
DB&31 Automnatically generated F block 81CC
DB&3z2 Autornatically generated F block a720

DBg33 Autornatically generated F block 13E7

DEg34 Autoratically generated F block a720

DB&3s Autornatically generated F block 4D5E
DE&36 Autornatically generated F block 562A
DBga7 Autornatically generated F block BDBs

[..] = Block without F attribute

Data from the standard user program

Address Symbel F-runtime group
M 80,0 FEEDBACK_R1 FCA
M g0 FEEDEACK_R2 FCA
M 802 FEEDBACK_WMOTOHR FC1
M 805 COND_R1 FC1
M 810 COND_Rz2 FCI
M 8913 COND_MOTOR FC1
M a2 ACK_REQ1 FCA

Runtime group information

E-runtime aroup FCA

Number of the F-CALL:

Symbolic name:

Number of the F program block called:
Symbolic name:

Safety Prgm

FC1
F_CALL
FC10
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Number of the corresponding instance DB:
Symbolic name:
Maximum cycle time:

F-runtime group blacks:

T#200MS

F block Symbolic name Function in safety program Signature Initial value
signature

FC1 F_CALL F-CALL S929A

FC2 F_Reintegration F-FC D30E

FC10 Safety_Prgm F-program block CCaC

FB1 F_FEEDBACK F-FB 2401 5904

FE2 F_Light Curtain F-FE Cari 5004

FB3 F_Motor Control F-FB EINEE] 5904

FE186 F_TOF F application block 14EB4 980D

FB182 F MUTING F application block E06B AF14

FB218 F_FDEACK F application block Fe21 Fass

DB1 Instanz_FB1 I-DBE for F-FB 5004

DBz Instanz_FB2 [-DE for F-FB 5004

DB3 Instanz_FB3 I-DB for F-FB 5004

DE189 Instanz_FEB189 [-DE for F-apglication block DDA4

DBE216 Instanz_FB216R1 I-DE for F-application block Bo1F

DEz217 Instanz_FB216R2 [-DE for F-application block Bo1F

DB218 Instanz_FB216Motor |-DB for F-application block Bai1F

DB&19 Foooon_Diz24xDC24V FIODB Co37

DBEsz20 Fooo10_DOsxDC24V_2A FIVODB FeaD

DEsz1 Fooo15_4_8 F DI _DC24V FIVODE DE7S

DBez2 Fonoz1_4_s_F_DI_DC24V FIVODBE C573

DEsz3 Fonoz7_4_F_DO_DC24V_2A FIVODE 2292

[...] = Block without F attribute

Addressed F I/O:

Symbolic name of the F I/0 DB:
F /O DB number:

Initial Address:
Name/Description:

Module type:

F_Monitoring time:

CRC parameter:
F_Source_Address:

F_Target Address:
PROFlsafe:
Channel-granular passivation:

Symbolic name of the F /0 DB:
F /O DB number:

Initial Address:
Name/Description:

Module type:

F_Monitoring time:

FO0000_DI24xDC24V

DB&a19

0
Di24xDC24V
Input

200

3BDO

1

819

V1 -MODE
No

F00010_DO8xDC24V_2A

DB8a20

10
DO8xDC24V/2A
Output

200
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CRC parameter: 1B7A
F_Source Address: 1

F Target Address: 204
PROFlsafe: Vi -MODE
Channel-granular passivation: No

Symbolic name of the F 110 DB:

F IO DB number: DBa21

Initial Address: 15
Name/Description: 4/8 F-DI DC24V
Module type: Input
F_Meonitoring time: 120

CRC parameter: 49A2

F Source Address: 2000

F Target Address: 199

PROFlsafe: Ve-MODE
Channel-granular passivation: No

Symbolic name of the F I/O DB:

F 'O DB number: DBaz2

Initial Address: 21
Name/Description: 4/8 F-DI DC24V
Module type: Input
F_Menitoring time: 100

CRC parameter: 35EF

F Source Address: 2000

F Target Address: 1022
PROFlsate: Ve-MODE
Channel-granular passivation: No

Symbolic name of the F 110 DB:

F00027_4_F_DO_DGC24V_2A

F 'O DB number: DBa23
Initial Address: 27
Name/Description: 4 F-DO DC24V/2A
Module type: Output
F_Meonitoring time: 120
CRC parameter: 4698
F Source Address: 2000
F_Target Address: 198
PROFIsafe: V2-MODE
Channel-granular passivation: No
F-shared DB
Number of the F shared DB DBais
Symbolic name: F GLOBDB
Collective signature address of the safety program:
Absolute: DBa18.DBD 2
Symbolic: "F_GLOBDB".F_PROG_SIG
Address for reading out the operating mode:
Absolute: DB818.DBX 36.0
Symbolic: "F_GLOBDB".MODE
Address for reading out the error information:
Absolute: DBa18.DEX 36.2
Symbolic: "F_GLOBDB".ERROR
Address for reading out the compilation time:
Absolute: DBa18.DBD 38
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Symbolic:

Address for reading out RLO 0:
Absolute:
Symbolic:

Address for reading out RLO1:
Absolute:
Symbolic:

Supplementary information:

Safety mode can be deactivated:

Print created on:
Total pages printed:

"F_GLOBDB".F_PROG_DAT

DB818.DBX 36.3
"F_GLOBDB".VKEO

DB818.DBX 36.4
"F_GLOBDB".VKE1

Yes
10/13/2009 06:56:27 PM
5
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OBl - <offline>
Name : Family:
Author: Version: 0.1

Block wersion: 2

08/25/2009 05:43:34 FM
02/15/1%%6 04:51:12 FPM
polze 0002

Time stamp Code:
Interface:
Lengths (block/logic/data): 00262

TEME a.o

CB1_EV_CLASS Eyte a.o Bits 0-2 = 1 (Coming ewvent), Bits 4-7 = 1 (Event class 1)
CB1_SCAN_1 Eyte 1.0 l (Cold restart scan 1 of OB 1), 2 (Scan 2-n of CB 1)
CB1_PRICRITY EByte 2.0 Priority of OB Executicn

CBR1_CB_NUMER Byte 3.0 1 (Organization bBlock 1, CE1)

CB1_RESERVED_1 |Byte 4.0 Beserved for system

CB1_RESERVED_Z |Byte 5.0 Reserved for system

CB1_PREV _CYCLE |Int 6.0 Cycle time of previcus OBl scan (milliseconds)
CB1_MIN_CYCLE Int 8.0 Minimum cycle time of CBl (milliseconds)

CB1_MAX CYCLE Int 10.0 Maximum cycle time of CBl (milliseconds)

CB1_DATE_TIME Date_And Time|12.0 Date and time

OBl started

|Elock: OBl "Main Program Sweep (Cycle)"

|Net'.-;ork: 1

&
I142.0 M50.0
"E1l WC" — "FEEDEACE_
R1"
I42.1 -
"E12 HC" e—
Symbkel infermaticn
142,14 K11l _NC
142.1 K1Z_NC
Man. 0 FEEDBACK_R1
Wetwork: 2
M90.3
"Rl _F" M90.4
= "SE_R1"
I0.0 SR
"START" — —=
v ]
10.2
"STOPR" —
DEl.DEX4.1 i ) R
"Instanz_ -
FEL" .EN —{ —F Q)

Symbel infermatien

M0, 3 R1_P
10.0 START
10.2 STOP
DE1.DBEX4.1  "Instanz_FB1".EN
M0, 4 SE_R1
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M30.5 COND_R1

Network: 3

Q4.0
& "R1_
027.0 HEALTHY"
"R1_ =
ACTUATOR"™ — —
Symbol information
Q27.0 R1_ACTUATOR
Q4.0 R1_HEALTHY
Network: 4
&
T43.0 M90.1
"KZ1 NC" — "FEELDEACE
R2|l
T43.1 =
"KZZ_NC" — —
Symbol information
I43.0 K21_mNC
I43.1 K22_NC
M90.1 FEEDBACE_RZ
Network: 5
M90.6
mw R2_P“
P
10.0 &
" ST‘EAR'I‘“ —_ —_
I1.4
"MS_11" <
I1.5
"MS_12" -
I1.6
"MS_21" M90.7
" SR_R2|I
I1.7 SR
"MS_22" = s
=1
I0.2
"STOP"™ —
DBEZ.DBX4.1
"Instanz_
FRZ" ., FAULT —
M91.0
DBEZ.DBX4.3 "COND_R2"
"Instanz_ =
FE2".EN —(J —R Q
Symbol information
M90.¢6 RZ_P
I0.0 START
I1.4 M5_11
I1.5 M5_12
Il.6 M5_21
I1.7 M5_22
I0.2 STOP
DEZ.DB¥4.1 "Instanz_FBE2" .FAULT
DEZ.DB¥4.3 "Instanz_FE2".EN
M90.7 SE_RZ2
M31.0 COND_Rz2
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HNetwork: &

:,’ .1
& "R2_
027.1 HEALTHY"
"R2_ -
ACTUATOR" =
Symbel informaticon
027.1 R2 ACTUATOR
o4.1 EZ_HEALTHY
Network: 7
&
137.0 M90.2
"E31_WCo" — "FEEDBACK_
MOTOR™
137.1 -
"E32_NC" — —
Symbel information
I137.0 E31_NC
137.1 K32_HNC
Man, 2 FEEDEACE_MOTOR
Hetwork: &
M91.1
"MOTOR_P" MO1.2
F "3E_MOTCOR"
0.0 SR
"START" = —3
=1
10.2
"STOP™ = M81.3
TCOND_
DE3.DEX4.1 MoTOR™
"Instanz_ -
FE3I" .EN — f—iE: Q
Symbel infermaticn
M31.1 MOTOR_F
I0.0 START
10.2 STOP
DBE3.DBX4.1 "Instanz_FBE3I".EN
Mal1,2 SR _MOTOR
M31. 3 COND_MOTOR
HNetwork: 9
Q5.0
& "MOTOR
Q27.2 HERLTHY"
"MOTOR -
ACTUATOR™ —
Symbel informaticon
Q27.2 MOTOR_ACTUATOR
Q5. MOTOF_HEALTHY
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Hetwork: 10

M92.1
& "ALCE_REQLT
MO1.4 -
"ACK_REQ" — —

Symbol infeormation

M21.5 ACK_REQ
M2z, 1 ACK_REQ1
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OB35 - <offline>
Hame : Family:
Ruthor: Version:

Time stamp Code:
Interface:
Lengths (block/legic/data):

TEMP
0B35_EV_CLASS Byte
OB35_STRT_INF Byte
0B35_PRIORITY Byte
0B35_COB_NUMER Byte
0B35_RESERVED 1 Byte
0B35_RESERVED 2 Byte

CB35_PHASE_OFFSET |Word

CB35_RESERVED 3

Int

0B35_EXC_FREQ Int

0B25_DATE_TIME

0.1

Block wversion:
Q7/27/2009 0D3:16:26 PM
02/15/1996 04:51:11 FPH
ao13n

opodls

DaDzz

paazens
0.0

8

10.0

]

Date_And_ Time 12Z.0

Bits 0-3 = 1 {(Coming event), Bits 4-7 = 1

lé#3s (OB 35 has started)
Prigority of COB Execution

35 (Organizaticn block 325,

Reserved for
Reserved for
Fhase ocffset

Reserwved for

system
system
{msec)

system

{Ewvant clasz=s 1)

QOE25)

Frequency of execution (msac)

Date and time CB3S started

|Elock: OB3S5 "Cyelie Interrupt"

|Netwcrk: 1

FC1
"E_CALL"
—EN ENO—

Symbel informatieon
FCl F_CALL
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FC2 — <offline>

"F_Reintegration”

Name :
Author:

Time stamp Code:
Interface:

Family:
Version:

0.1

Block version: 2
08/24/2009 06:37:22 PM

Lengths (block/logic/data):

In

07/27/2009 02:46:04 PM
00186 0008 00000

0.0
ouT 0.0
IN_OUT 0.0
TEMP 0.0
RETURN 0.0

RET_VAL 0.0

[Block: FC2

|Netwcrk: 1

l=Acknowledgement necessary

DBB19.DEXZ2

np 3
DI24xDC24V
.ACK_REQ

MS1.6
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Symbol information

"FOO000_DI24xDCZ24V".ACK_REQ 1=ACENOWLEDGEMENT REQUEST
"FO0010_DO8xDC24V_Z2A"  ACK_REQ 1=ACENOWLEDGEMENT REQUEST
"FOO015_4_8_F_DI_DC24WV".ACK_REQ 1=ACENOWLEDGEMENT REQUEST
"FOO021_4 8 F DI_DCZ4V".ACK _REQ 1=ACENOWLEDGEMENT REQUEST
"FOO027_4_F_DO_DC24V_2A" ,ACKE_REQ 1=ACENOWLEDGEMENT REQUEST
ACK_REQ

DEB1%.DBXZ.Z
DE8BZ0.DBXZ.Z
DE8B21.DBXZ2.2
DEg22.DBX2.2
DEg23.DBX2.2
M3l.8

Network: 2

1=ACENOWLEDGEMENT FOR REINTEGRATION

DE819.DBX0

FOR
REINTEGRAT
IOM
"FODODO_
DIZ24xDC24V
" .ACE_REI

‘Y I

DE820.DBX0

KNOWLE
SEMENT
FOR
REINTEGRAT
ION
"FO00L0_
DO8xDC24V_
2A",
ACE_REI

T I

DE821.DBX0

OWLE
DGEMENT
FOR
REINTEGRAT
TIOM
"FO0015_ 4
a_F DI_
pCz4v™,
ACE_REI
¢y I

DB822.DBX0

DGEMENT
R
REINTEGRAT
ION
"FOO021_4_
8_F DI_
DC24avT,
ARCE_REI

‘Y I

DE823.DBX0

REINTEGRAT
IoN
"FOO0z7_4_
F_DO_
DCz24V_2zA".

ACE_REI

T I

Symbol information

I0.1

ACK

DEB1%.DBX0.2 "FOOOD0_DIZ4xDC24V" . ACK_REI 1=ACENOWLEDGEMENT FOR REINTEGRATION
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DEB20.DBX0.2
DEBZ1.DEBXO. 2
DEB2Z.DBXO.2
DEBZ3.DEBXOD.Z

"FO00010_DOexDC24V_ 24" ACK REI
"F00015_4 8 F_DI_DC24V".ACEK_REI
"F00021_4 8 F_DI_DC24V".ACEK_REI
"FO0027_4_F_DO_DCz24V_2A" .ACE_REI

1=ACENOWLEDGEMENT FCR REINTEGEATION
1=ACENOWLEDGEMENT FOR REINTEGEATION
1=ACENOWLEDGEMENT FOR REINTEGEATION
1=ACENOWLEDGEMENT FOR REINTEGEATION
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FCl1l0 - <offline>

"Safety_Prgm"

Name : Family:
Author: Version: 0.1
Block version: 2
Time stamp Code: 08/25/2009 05:43:47 PM
Interface: 07/27/2009 02:53:48 PM

Lengths (block/logic/data): 00600 00490 00008

I 0.0

QuT 0.0
IN_OUT 0.0
TEMP 0.0
RELEASE |Bool 0.0
KZ1_K22 |Bool 0.1
RETURN 0.0
RET_VAL 0.0

|Bloc1c : FC10

|Netwcrk: 1
DB1
"Instanz_
FE1"
FB1
"F_FEEDEBACK"
—EN
10.1
"ACK"™ —ACK
T15.0
"ESTOP12"™ —ESTOF12
T15.1
"ESTOP3"™ —ESTOP3
10.4
"ESTOP_ 027.0
ALL" —ESTOP_ALL "R1_
Kl1_Z2-ARCTURTOR"
T15.2
"OE" —DG ENO—

Symbol information

FEL1 F_FEEDEACK
LDBL Instanz_FR1
I0.1 ACK

I15.0 ESTOP12
I15.1 ESTOP3

I0.4 ESTOFP_ALL
I15.2 DG

027.0 R1_ACTUATOR
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Network: Z

DB2
"Instanz_
FB2"

FB2
"F_Light Curtain"

—EN

I1.4
"MS_11" —MS_11

I1.5
"MS5_ 12" —ME_12

I1.6
"MS_Z21" —Ms_Z21

I1.7
"MS_ZE2" —M5_Z2

I0.7
"O55D" —OS5D
I0.1
"ACE" —ACK
I15.0
"ESTOP12" —ESTOF12 RELEASE— #RELEASE
I15.1 Q10.0
"ESTOP3" —ESTOF3 MUTING— "MOTING"
10.4 K2l 22— #K21_KZ2
"ESTOP_
ALL" —ESTOFP_ALL ENO—

Symbol information

FEZ F_Light Curtain
LE2 Instanz_FBZ2
T1.4 M5_11

I1.5 M5_12

I1.6 M5_Z21

I1.7 M5_22

I0.7 055D

I0.1 ACK

I15.0 ESTOP1Z
I15.1 ESTOP3

I0.4 ESTOP_ALL
Qlo.0 MUTING

Network: 3

&
#K21_KZ22 —
Q27.1
#RELEASE — "RZ_
ACTURTOR"
M31.0 =

Symbol information
M81.0 COND_RZ
027.1 RZ_ ACTUATOR
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Network: 4

I0.1
"ACE"™

I15.0
"ESTOFR1z2"

I15.1
"ESTOP3"

I0.4
"ESTOP_
ALL"

I1.0
"MAGDOOR"

DB3

"Instanz_
FB3"

—FEN

—ACEK

—FESTOP12

—ESTCOF3

—FESTOP_ALL

—MAGDOCR

FB3

"F Motor Control”

K21 _ K32

ENO

Symbol information
F_Motor Control
Instanz_FE3

FE3
DE3
I0.1
I15.0
I15.1
I0.4
I1.0
027.2

ACK
ESTOP1Z
ESTOP3
ESTOP_ALL
MAGDCOR

MOTOR_ACTUATOR

Q27.2
"MOTOR_
— ACTUATCOR"

Network: 5

010.2
& "ACELAME"
M92.1 =
Symbol information
Ma2.1 ACK_REQ1
Q10.2 ACKLREMP
|Network: 3
=»=1
M390.5
"COND_R1 —~
M91.0
"CoND_R2 - 010.1
"STARTLAMP
M91.3 "
_C‘ I

Symbol information

Ma0.5
Ma1.0
Ma1.3
210.1

COND_R1
COND_RZ
COND_MOTOR
STARTLAMP
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|Network: 7

&
M30.5
M31.0
Q10.3
M91.3 "STOFLAME"

Symbol information

M30.5 CoND_R1
M21.0 COND_RZ
M21.3 COND_MOTOR
Qlo.3 STOFLAMP

Network: 8

Fcz
"F_Reintegration™

—EN ENO-

Symbol information
FC2 F_Reintegration
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FBl - <offline>

"F_FEEDBACE"
Name :
Author:

Time stamp Code:

Interface:

Family:

Version: 0.1

Block version: 2
08/24/2009 06:46:23 PM
08/24/2009 05:34:35 PM

Lengths (block/logic/data): 00326 00208 00006

Data Type | Address Initial Value
IN 0.0

ACK Bool 0.0 FALSE
ESTOF1Z2 Eool 0.1 FALSE
ESTOFE3 Bool 0.2 FALSE
ESTOFP_ALL | Bool 0.3 FALSE
D Bool 0.4 FALSE
ouT 0.0
Kl_2 Bool 2.0 FALSE
IN_OouT 0.0
STAT 0.0
N Bool 4.0 FALSE
EN Bool 1.1 FALSE
ACE_REQ Bool 1.2 FALSE
ACE_NEC Bool 4.3 FALSE
ERRCER Bool 4.4 FALSE
TEME 0.0
[Block: FB1
|Netw-:-rk: 1
£N #EN
| N SR
$ACK — L
#ESTCFLZ —
DE216
$#ESTOP3 "Instanz
FE216R1"
$ESTOP_ALL
#ERROR —
#DG — of—
—EN
M30. 5 |
"coND_R1

M30.0
. ——FEEDBACK

DBE823.DBX2

F_DO_
DC24V_ZA",

QBAD —QBAD_FIO

#BCE_NEC —RACE_NEC

$ACK —ACK

T#100MS ——FLE_TIME

ERROF
ACE_REQ)
DIAG

ENC

—#ELl_2
- $ERROR
- $ACE_REQ
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Symbol information

M20.5 COND_R1

FBZle F_FDBACK F_: Feedback Moniteoring
LBz2le Instanz_FBZ1eR1l

Ma20.0 FEEDBACE_R1

DEg23.DBXZ.1 "FOO027_4_F_DO_DC24V_2A".QBAD 1=FAIL-SAFE VALUES ARE OUTPUT
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FB2 - <offline>

"F_Light Curtain”

Name :
Author:

Time stamp Code:

Interface:

Family:

Version: 0.1

Block version: 2
08/24/2009 03:09:12 BPM
08/24/2009 03:09:12 EM

Lengths (block/logic/data): 00572 00442 00008

I 0.0

ME_11 Bool 0.0 FALSE
ME_12 Bool 0.1 FALSE
ME_21 Bool 0.2 FALSE
M5_22 Bool 0.3 FALSE
Q35D Bool 0.4 FALSE
ACK Bool 0.5 FALSE
EETCF12 Bool 0.6 FALSE
ESTCE3 Bool 0.7 FALSE
ESTOF_ALL |Eool 1.0 FALSE

ouT 0.0
RELEASE Bool 2.0 FALSE
MUTING Bool 2.1 FALSE
K21_22 Bool 2 FALSE

IN OUT 0.0

STAT 0.0
ACE_REQ Bool 1.0 FALSE ACE_REQ
FAULT Bool 4.1 FALSE
i Bool 4.2 FALSE
EN Bool 4.3 FALSE
ACE_NEC Bool 4.4 FALSE
ERRCR Bool 4.5 FALSE

TEMP 0.0

Block: FB2
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Network: 1

DE823.DBX2

"EO0027_4_
F_DO_
DC24V_2A" .

QBAD —

DE820.DBX2
-1
1=FAIL-
E VALUES
ARE CUTPUT
"FO0010_
DO8xDC24V_

2A" .QBAD —

DE189
"Instanz_
FElgan
FE189
F_: Muting
"F_MUTING"
—EN
#M5_11 —M5_11
#MS5_12 —MS5_1Z2
#MS5_21 —MS5_Z21
#MS_Z2Z2 —M5_ 22
—STOP
#0S5D —FREE o
QBAD_MOT

[E—

Symbol information

DEBZ3.DEXZ.1 "FO00Z7_4_F DO_DCZ4V_2ZA"™ .QBAD 1=FAIL-SAFE

T#25 —DISCTIM1

T#25 —DISCTIMZ

T#105 —TIME_MAX

#ACK—ACK

— #+RELEASE

MOTING— #MUTING

ACK_REQ— #ACK_REQ

DIAGH

ENC-

— #FAULT

VRLUES ARE OQUTFUT

DES20.DEBXZ.1 "FOO010_DOsxDC24YV_ZA™. QBAD 1=FARIL-SAFE VALUES ARE OUTFUT
FEl18% F_MUTING F Muting
DE12% Instanz_FR18%9
Network: 2
#N #EN
| 3] | SR
#ACK — s
>=1 DB217
#ESTOP12 "Instanz_
FEZ16R2™
#ESTOP3 —C FB216
F_: Feedback
$#ESTOP_ALL Menitering
& "F_FLBACE"
#ERROR — —F o—
—EN
M91.0
— O
M90.1
—FEEDEACE
DB823.DBX2
.1
1=FATL-SAF
E VALUES
ARE CUTFUT
"FO00ZT_4_
F_DO_ O—#K21_22
DCcz4v_zam.,
QBAD —QBAD_FIO ERROR- #ERRCR
#LCE_NEC —ACE_NEC ACK _REQm#ACK_REQ
#ACK —ACK DIAGH
T#100Ms —FDE_TIME ENO—




Symbol information

M%1.0 COND_R2

FBZ1le F_FDBACK

DEZ217 Instanz_FBZ16R2
Ma0.1 FEEDBACE_RZ

DBE23.DBX2.1 "FOO027_4_F_DO_DC24V_2A"

F_: Feedback Monitoring

LQBAD 1=FATL-SAFE VALUES ARE CUTPUT
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FB3 - <offline>
"F_Motor Contreol"
Name : Family:
Author: Version: 0.1
Block version: 2
Time stamp Code: 08/24/2009 05:53:58 PM
Interface: 08/24/2009 05:53:58 BM
Lengths (block/logic/data): 0032z 00208 00008

In 0.0

ACK EBool 0.0 FALSE
ESTOF1Z2 Bool 0.1 FALSE
ESTOE3 Bool 0.2 FALSE
ESTOP_ALL |Bool 0.3 FALSE
MAGDOOR Bool 0.4 FALSE
ouT 0.0
K31 K32 Bool 2.0 FALSE
IN_QUT 0.0
STAT 0.0
il Bool 4.0 FALSE
EN EBool 1.1 FALSE
ACE_REQ Bool 4.2 FALSE
ACE_NEC Bool 4.3 FALSE
ERROR EBool 1.4 FALSE
TEME 0.0
[Block: FB3
|Netw-:—rk: 1
#H #EN
- _| N i SR

#ESTOFLZ
$ESTOF3
#ESTCE_ALL

#MAGDOOR —C

$ERROR —

M31.3 ‘

DB218

"Instanz_
FEZ1l6Motor

"

FB216

—FEEDBACK

DBE23.DBX2Z

OBAD —QBAD_FIO

#ACKE_NEC —ACE_NEC

$ACK —ACK

T#100Ms —FDE_TIME

0
ERROR
ACK_REQ)
DIAG

ENOD

—#K31_K31Z2
I~ #ERFROR
[~ #ACK_REQ
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Symbol information

M91.3 COMND_MOTCR

FEZ1e F_FDOEACK F_: Feedback Moniteoring
DB218 Instanz_FBZleMotor

Ma0.2 FEEDBACE_MOTCR

CEBZ23.DEXZ.1 "FO00Z7_4_ F DO_DCZ4V_2A" .QBAD 1=FAIL-SAFE VALUES ARE OUTFUT
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Properties of symbol table

Name:

Author:

Comment:

Created on

Last modified on:
Last filter criterion:
Number of symbols:

Symbols

08/25/2009 05:25:09 PM
08/27/2009 11:04:29 AM
All Symbols

78/78

Last Sorting: Symbol Ascending
Status [Symbol Address |Datatype |Comment
ACK | 0.1 BOOL
ACK_REQ M 918 |BOOL
ACK_REQ1 M 921 |BOOL
ACKLAMP Q 10.2 |BOOL
COND_MOTOR M 913 |BOOL
COND_R1 M 905 |BOOL
COND_R2 M 91.0 |BOOL
DG I 152 BOOL
ESTOP_ALL | 0.4 BOOL
ESTOP12 I 15.0 BOOL
ESTOP3 I 151 BOOL
F_CALL FC 1 FC 1
F_CTRL_1 FB 1639 |FB 1639
F_CTRL_2 FB 1640 |FB 1640 |F_: Test Block an Programm Run Control
F_DIAG_N FB 1643 |FB 1643 |F_: Diagnosticbuffer Message with non CPU-Stop
F_FDBACK FB 216 FB 216 F_: Feedback Monitoring
F_FEEDBACK FB 1 FB 1
F_GLOBDB DB 818 |DB 818
F_IO_CGP FB 1638 |FB 1638 |F_: Driver Block In-Qutput with Channel Granular Passivation
F_Light Curtain FB 2 FB 2
F_Motor Control FBE 3 FB 3
F_MUTING FB 185 |FB 189 |F_: Muting
F_Reintegration FC 2 FC 2
F_TOF FB 186 |FB 186 |F_: Timer Switch Off Delay
F00000_DI24xDC24V DB 819 |FB 1638
F00010_DO8xDC24V_2A DB 820 |FB 1638
F00015_4 8 F_DI_DC24V DB 821 FB 1638
F00021_4 8 F_DI_DC24V DB 822 |FB 1638
F00027_4 F_DO_DC24V_2A |DB 823 |FB 1638
FEEDBACK_MOTOR M 902 |BOOL
FEEDBACK_R1 M  90.0 |BOOL
FEEDBACK_R2 M  90.1 |BOOL
FIMUTING FB 1642 |FB 1642 |FIl: Muting
FITOF FB 1641 |FB 1641 |FI: Timer Switch Off Delay
HW_INTO OB 40 OB 40 Hardware Interrupt 0
VO_FAULT1 OB 82 OB 82
VO_FAULT2 OB 83 OB 83
Instanz_FB1 DB 1 FB 1
Instanz_FB189 DB 189 |FB 189
Instanz_FB2 DB 2 FB 2
Instanz_FB216Motor DB 218 |FB 216
Instanz_FB216R1 DB 216 |FB 216
Instanz_FB216R2 DB 217 |FB 216
Instanz_FB3 DB 3 FB 3
K11_NC I 420 BOOL
K12_NC I 421 BOOL
K21_K22 M 915 |BOOL
K21_NC I 43.0 BOOL
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Status  |Symbol Address |Datatype |Comment
K22_NC I 434 BOOL
K31_NGC I 370 BOOL
K32_NC I 374 BOOL
MAGDOOR I 1.0 BOOL
MOD_ERROR OB 122 |OB 122
MOTOR_ACTUATOR Q 272 |BOOL
MOTOR_HEALTHY Q 50 |BOOL
MOTCR_P M 911 |BOOL
MS_11 I 1.4 BOOL
MS_12 I 1.5 BOOL
MS_21 I 1.6 BOOL
MS_22 I 1.7 BOOL
MUTING Q 100 |BOOL
0ssD I 0.7 BOOL
R1_ACTUATOR Q 27.0 |BOOL
R1_HEALTHY Q 40 |BOOL
Ri1_P M 903 |BOOL
R2_ACTUATOR Q 271 |BOOL
R2_HEALTHY Q 41 |BOOL
R2_P M 906 |BOOL
RACK_FAULT OB 86 |OB 86
RELEASE M 914 |BOOL
Safety Prgm FC 10 FC 10
SR_MOTOR M 912 |BOOL
SR_R1 M 904 |BOOL
SR_R2 M 907 |BOOL
START I 0.0 BOOL
STARTLAMP Q 101 |BOOL
STOP I 0.2 BOOL
STOPLAMP Q 103 |BOOL
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