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1. Executive Summary

Since its inception, the Packaging Machine Language (PackML) group has been using a variety of information sources and technical documents to define a common approach, or machine language, for packing machines.  The primary benefits being to encourage a common “look and feel” across a plant floor, and to enable, encourage and focus on industry innovation.  The PackML group consists of Control Vendors, OEM’s and End Users, which collaborate on definitions that endeavour to be consistent with ISA S-88, and consistent with the technology and the changing needs of a majority of packaging machinery.

Using the above as a basis, these ideas have led to the following:

1. Definition of machine state types

2. Definition of machine operating modes

3. Definition of machine mode manager

4. State models, State descriptions and transitions

Machine State Types

A Machine State completely defines the current condition of a machine.  Three machine state types are proposed: 

·  No Command State is one which, after completing its own logic, forces automatic transition to a Final State.  An example is STOPPING.

· Final State represents a safe state, i.e. no moving parts, STOPPED.

· Acting State, which was previously a Transient State, is one which represents some processing activity, ie STARTING, HOLDING,
· Wait State, which was previously a Quiescent, or Steady State, is used to identify that a machine has achieved a defined set of conditions, ie ABORTED, HELD, SUSPENDED, IDLE.

· Dual State which was not previously described in PackML is defined as wait state that is causing the machine to appear as an acting state.  There is currently only one Dual state: EXECUTE. 

From the state diagram (Fig 1) it should be clear that Acting states are followed by Wait States or a Dual State. 
Machine Operating Modes

There are two classes of defined Modes: unit control modes and procedural modes. Unit control modes are referenced to the machine entity and are contextually referenced in packaging systems, and in previous PackML versions, as “mode”.  In this document unit control modes are referred to as “unit mode”, “mode”, or “machine mode”.  Procedural modes are referred to as “procedural mode” only.  Modes are defined in more detail in section 3.2.
In PackML V3.0 there exist an unlimited number of unit modes. Unit modes are reference to an operating condition of the machine such as AUTOMATIC, MANUAL, TRIMSET, SETUP, MAINTENANCE.  A UNIT Mode determines how a machine will operate in response to the commands which are issued to it.  

Procedural modes are typically referenced in batch systems as to a logical operating condition of the machine. Procedural modes are referenced to the operating condition of a procedure or software routine, such as the software being in AUTOMATIC, SEMI-AUTOMATIC, or MANUAL.  

Machine Mode Manager

With the addition of multiple machine modes, a machine mode manager is introduced for PackML V3.0 for the machine designer to manage unit mode transitions.  Procedural mode management is not required as a separate logical routine, it is typically integrated into, or referenced directly by the unit mode or could be a “built-in” controller function.

Specification on transitions between modes is left to the user, but typical transition points are at wait states.  The specification of the mode manager is such that no state or control functions are carried out in this upper level routine.  The intent of the mode manager is to logically supervise when a change in mode can be done, and command a mode change and report status of the change request. 

For each defined UNIT mode there is a State model.  The states proposed, and widely used are generally applicable to all machine modes; details of the states and the conditions which force transition between states have been provided, as an example. Common synonyms and the arrangement of the states provide the flexibility required for most packaging machinery.

The concepts proposed use previous PackML work as its foundation and set out to further enhance the work done to date.  All previous work and versions of PackML will be backwards compatible. The ability to collapse PackML V3.0 to PackML V2.2 is noted in Section 7 of this document.
Personnel and Environmental Protection

The Personnel and Environmental Protection control activity provides safety for people and the environment. No control activity should intervene between Personnel and Environmental Protection, and the field hardware it is designed to operate with. Personnel and Environmental Protection is, by definition, separate from the higher level control activities in this document. It may map to more than one software level of the equipment as desired.
A complete discussion of personnel and environmental protection, the classification of these types of systems, and the segregation of levels of interlocks within these systems is a topic of its own and beyond the scope of this document. 

2. Introduction

The objective of this document is to provide a definition of packing machine (unit) modes and states as well as state models corresponding to the different machine operating modes.  It builds on previous machine state definition work carried out by the PackML group.  All information and guidelines are backwards compatible with previous versions of PackML.

Section 3 provides a series of definitions which are used later in this document.  Four different state types are described and named and four example operating modes are proposed.

A state model for a unit mode, “automatic”, machine operation is proposed in section 4.  A diagrammatic representation of the state model is provided along with a more detailed description of each state and the conditions that force transition between states.

Maintenance operations are described in section 5.  This defines two machine-operating modes that are envisaged for the performance of maintenance operations.  Where appropriate a diagram of the proposed state model has been provided.  State transition matrices have been defined for the Automatic Modes in section 4.

The major differences between this document and "PackML V2.2" are discussed in section 7. This briefly describes the proposed changes which have been included.  Conclusions are summarised in section 8.

3. definitions

This section provides descriptions of some of the terms that are used throughout the document.  Section 3.1 provides definitions of machine states; this illustrates the different types of states and how transitions between states are forced.  In Section 3.2 machine operating modes are discussed.  And in section 3.3 the mode manager is described.

3.1. States

A State can consist of one or more commands to “control object(s)”1, or consist of the status of a “control object(s)”, or both. Each state has a functional definition as part of a machine mode.  In performing the function specified by the state, the state will issue a set of commands to the machine “control object(s)” which in turn can report status.  The state will perform conditional logic which will either lead to further execution within the current machine state or cause an enabling transition to another state.  States are arranged in an ordered fashion that is consistent with the specified operation / unit mode of the machine.  There are a fixed number of states.  These states are:  Stopping, Stopped, Aborting, Aborted, Resetting, Idle, Starting, Execute, Suspending, Suspended, Unsuspending, Holding, Held, UnHolding Clearing, Completing, Complete.  A representative definition of theses states is give below, but these definitions will vary depending on the machine, the definition, and function of the mode. The number of these states required for a particular mode is also dependent on the machine and the function of the mode.
· A State completely defines the current condition of a machine.

· The function of a state is defined by the process requirement of the control object(s) in the mode that the state resides in.

· States consist of an ordered list of commands to control object(s), responses (status) from control objects, conditions, & transitions.

· Transitions between States occur as result of:

· Operator Intervention
· Response to the status of one or more “control objects”.
· A Mode state complete, defined as the completion of all operating steps within a defined state. 
· A acting State is one which represents some processing activity.  It implies the single or repeated execution of processing steps in a logical order, for a finite time or until a specific condition has been reached

· A Wait State is used to identify that a machine has achieved a defined set of conditions.  In such a State the machine is holding or maintaining a status until transition to a Acting State.

· Dual state is defined as a machine actively executing in the chosen mode.  Execute is the only defined Dual State.  The dual state is representative of a machine state that can be continuously transitioning between acting and waiting, and looping, as defined by the logical sequence required.
3.2. Unit Modes

A Unit Mode consists of various states; the states are arranged in an ordered fashion that is consistent with the specified operation of the machine.  Unit Modes define how a machine operates.  There can be any number of modes, but typically there are a fixed number of states, as noted above.  Typical unit modes are Automatic, Semi-Auto, Manual, Index, Jog, Clean, Dry Cycle, etc.  The distinguishing elements between these unit modes are typically the commands given to the control elements by the states within the unit modes.  The definition (command, responses, conditions, & transitions) of the state within each mode will be unique for the unit mode that the state resides in.  For example in the Automatic unit mode the definition of “executing” in a filling machine will mean it is “producing” product.  In the Manual Unit Mode the definition of the “executing” state may be dry cycling, or jogging / indexing.  Although each unit mode has a “executing” state the state definition is mode dependent.  The unit mode and state functional definitions differ along machine lines as well.  

· A Unit Mode completely defines the current operating condition of a machine

· Unit Modes consist of an ordered set of states.

· Transitions between Unit Modes occur:

· As a result of an operator command

· As a result of a State change.  This is generated by change of state of one or a number of machine conditions, either directly from I/O or completion of a logic routine

· At only pre-programmed states.

· Unit Modes use a common base model but are functionally defined by the process of the machine 
· Unit modes can use a subset of states identified in the base model.
Conversely, procedural modes describe the way the logic, or machine code / procedure operates.  Procedural modes, from S-88, are Automatic, Semi-Automatic, and Manual, and are built in methods the machine operator can use to manipulate the machine logic.  An example of the procedural mode may be semi-automatic such that it allows a machine operator to single step through the states of a particular unit mode.  The primary difference between procedural and unit mode is that the program, or procedure from unit mode to unit mode is different, where the program code for different procedural modes has not changed, although the method in which the code is executed has changed. 

Switching from one to procedural mode to another can be independent of the state the machine is in.  This is converse to switching unit modes, which typically occurs at wait states or just in the STOPPED state.

These are examples of unit / machine modes:

Automatic Mode

This represents the mode which is utilised for routine production.  The machine executes relevant logic in response to commands which are either entered directly by the operator or issued by another supervisory system.

Maintenance Mode

This mode allows, may allow suitably authorised personnel, the ability to run an individual machine independent of other machines in a production line.  This mode would typically be used for faultfinding, machine trials or testing operational improvements.  This mode would also allow the speed of the machine to be adjusted (where this feature is available).

Manual

This provides direct control of individual machine axes.  This feature is available depending upon the mechanical constraints of the mechanisms being exercised.  This feature would be typically used for the commissioning of individual drives, verifying the operation of synchronised drives, testing the drive as a result of modifying parameters etc.

3.3. Unit Mode Manager

Packaging machinery has unit modes other than “automatic”, as noted above.  Each unit mode is a defined by its own state model.  In order to manage the change from one mode to the next a procedure known as a “mode manager” must be defined.  The mode manager determines how, and in what state a machine may change unit modes; ie. the mode manager includes interlocks that prevent the machine changing at inappropriate states. 
Specification on transitions between modes is left to the user, but typical transition points are at wait states, and in particular the STOPPED state.  The specification of the mode manager is such that no state or control functions are carried out in this upper level routine.  The intent of the mode manager is to logically supervise when a change in mode can be done, and command a mode change and report status of the change request. 

Tag names will also be mode literal, and the mode manager will be responsible for not only managing the commanded mode, but also report mode status and time within a unit mode.

4. automatic operation state model

The proposed Machine State model for the operation of a machine in Automatic mode is depicted in the figure below:
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Figure 1: Machine State Model for Automatic Mode Operation

For some machine states an alternative state name has been included below, this refers to state names proposed in a previous PackML documents on machine states. A brief description of the individual machine states appears in Table 1 below.

Table 1 : Automation Operations Machine States 
	State Name
	Description

	OFF
	State Type: Final

All power to machine switched off.  This state is assumed if there is no response from the machine.  

This State was part of V2.2 but is being deleted as part of V3.0

	STOPPED

{Down}
	State Type: Wait
The machine is powered and stationary.  All communications with other systems are functioning (If applicable).  



	STARTING

{STARTUP}
	State Type: Acting
This state provides the steps needed to start the machine and is a result of a starting type command (local or remote).  Following this command the machine will begin to “execute”.

	IDLE

[READY]


	State Type: Wait
This is a State which indicates that RESETING is complete.  This state maintains the machine conditions which were achieved during the RESET state.



	SUSPENDING
	State Type: Acting

This state is a result of a command change from the EXECUTE state.  This state is typically required prior to the SUSPENDED wait state, and prepares the machine (ie stops glue cycles, stops carton feeds, etc) prior to the SUSPEND state.

	SUSPENDED
[RUNNING]

{STANDBY}
	State Type: Wait
The machine may be running at the relevant setpoint speed, there is no product being produced.  

This state can be reached as a result of a machine status, and differs from HELD in that HELD is typically a result of an operator request.

	UNSUSPENDING
	State Type: Acting

This state is a result of a request from SUSPENDED state to go back to the EXECUTE state.  This actions of this state may include: ramping up speeds, turning on vaccums, the re-engagement of clutches.  This state is done prior to EXECUTE state, and prepares the machine for the EXECUTE state.

	EXECUTE
[PRODUCING]

{RUN}
	State Type: Dual State
Once the machine is processing materials it is deemed to be Executing or in the EXECUTE state.  Execute refers to the mode in which the machine is in.  If the machine is in the “Clean Out” mode then “execute” refers to the action of cleaning the machine.


	STOPPING

{RUNOUT}
	State Type: Acting
This state executes the logic which brings the machine to a controlled and safe stop

	ABORTING
	State Type: Acting
The ABORTED state can be entered at any time in response to the Abort command  or on the occurrence of a machine fault.  The aborting logic will bring the machine to a rapid, controlled safe stop.  Operation of the Emergency Stop will cause the machine to be tripped by its safety system it will also provide a signal to initiate the ABORTING State.



	ABORTED
	State Type: Wait
This state maintains machine status information relevant to the Abort condition.  The Stop command will force transition to the Stopped state

	HOLDING
	State Type: Acting
When the machine is in the EXECUTE state the Hold command can be used to start HOLDING logic which brings the machine to a controlled stop or to a state which represents HELD for the particular machine mode. 

	HELD
	State Type: Wait
The HELD state would typically be used by the operator to hold the temporarily hold the machine's operation whilst material blockages are cleared, or to stop throughput whilst a downstream problem is resolved.

	UNHOLDING
	State Type: Acting

The UNHOLDING state is typically a response to an operator command to resume EXECUTE state.  UNHOLDING prepares the machine to re-enter the EXECUTE state.

	COMPLETEING
	State Type: Acting

This state is typically an automatically response from the EXECUTE state.  Normal operation has run to completion, ie. processing of material at the infeed will stop.

	COMPLETE
	State Type: Wait
The machine has finished the COMPLETEING state and is now waiting for a STOP command that will cause a transition to the STOPPED state

	RESETTING
	State Type: Acting
This element is the result of a RESET command from the STOPPED state.  RESETTING will typically cause a machine to sound a horn and place the machine in a state where components are energized awaiting a START command.

	CLEARING
	State Type: Acting
The procedural element has received a command to clear faults that may have occurred when ABORTING, and are present in the ABORTED state before proceeding to a STOPPED state.


4.1. Automatic Mode State Transition Matrix

The State transition matrix for Automatic Mode is shown below. 
	 
	 
	 
	 
	 
	 
	State Commands
	 
	 
	 
	 
	State

	Current State
	Start
	Complete
	Reset
	Hold
	Un-Hold
	Suspend
	Un-Suspend
	Clear
	Stop
	Abort
	Complete
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	STARTING
	
	
	
	
	
	
	
	STOPPING
	ABORTING
	 

	STARTING
	
	
	
	
	
	
	
	
	STOPPING
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	STOPPING
	ABORTING
	SUSPENDED
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	UN-SUSPENDING
	
	STOPPING
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	STOPPING
	ABORTING
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	STOPPING
	
	
	
	
	
	
	
	
	
	ABORTING
	STOPPED

	STOPPED
	
	
	RESETTING
	
	
	
	
	
	
	ABORTING
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	ABORTING
	
	
	
	
	
	
	
	
	
	
	ABORTED

	ABORTED
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Table 2 : Automatic Mode State Transition Matrix Example of Machine Commands
	 
	 
	 
	 
	 
	 
	Example Machine Commands
	 
	 
	 
	 
	 

	Current State
	Operator Start
	Carton Magazine Low
	Carton Magazine Full
	Downstream Not Ready
	Downstream Ready
	E-Stop
	No Product Present
	Product Present
	Operator Stop
	Product Count Reached
	Clear Faults

	IDLE
	Start
	
	
	
	
	Abort
	
	
	Stop
	
	 

	STARTING
	
	
	
	
	
	Abort
	
	
	Stop
	
	 

	EXECUTE
	
	Hold
	
	Suspend
	
	Abort
	Suspend
	
	Stop
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	Clear

	CLEARING
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4.2. Automatic Mode Comments

Some further explanatory notes have been included to further clarify some elements of the State Model.

The Auto state diagram has been clarified in version 3 with each wait state preceded, and followed, by an acting state.  The only exception to this is the dual state of EXECUTE.  In order to progress to a wait state the machine must go through a change in state or some action.
All PackML mode models or state diagrams can be derived from the super-set of states shown above in the Auto Mode diagram.  The Auto Mode diagram above is collapsible, and downward compatible to the V2.2 model as shown in section 7. 

The OFF state from V2.2 has been eliminated in V3.0 because although the state does exist it could not be shown due to a paradox in the definition at the local level, and the value of an OFF state could not be justified.  The OFF state represented a loss of machine power and therefore could not be displayed at a local level.

Notes about Machine Start Up 

In order to start a machine from the STOPPED state the operator needs to issue the RESET command and once the machine is IDLE the Start Command will allow the machine to start (EXECUTE).  On some lines a single operator may be responsible for the supervision of a number of machines which may all be locally started.  On one pass down the line he/she can reset all of the machines for operation and once all are confirmed (IDLE) he will then be able to start individual machines in the correct order. For those lines which have supervisory control, the Reset command can be issued at all machines at once and then the correct starting sequence can be initiated once all are confirmed IDLE.
5. Maintenance Operations 

Automatic mode has been defined in order to deliver control of routine processing and production.  It is recognised that machines require maintenance, calibration and setting up.  To address this requirement two additional modes of operation are proposed, Maintenance and Manual.

5.1. Maintenance Mode

This mode allows suitably authorised personnel the ability to run an individual machine independent of other machines in a production line.  This would typically be used for faultfinding, machine trials or testing operational improvements.  It is expected that, because the machine will perform its usual operations, it will need to undergo some or all of its routine starting up procedures.  Maintenance mode operations will therefore follow a recognised state model.

By way of example, one possible Maintenance Mode state model is shown in Figure 2 below.  It is recognised that individual machine manufacturers may have good reason to develop other versions of maintenance mode state models.  Typical modes, such as Maintenance are developed as subsets of the Automatic mode.  The state names remain consistent but the function of the state has been modified to be consistent with the mode function.
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Figure 2 : Maintenance Operations State Model

As can be seen from above, the state model proposed for maintenance operations is a sub set of the previously defined model for automatic operations.  The essential difference between Automatic and Maintenance modes is the absence of a SUSPENDED states in Maintenance.  It is envisaged, for certain line types, that the SUSPENDED states are not required as its function is to provide for a wait state for incoming material.  Maintenance mode is not designed for routine production and hence no SUSPENDED states are available.  The function or EXECUTE state has also taken on new meaning, in that EXECUTING production may not require the same logic as EXECUTEING in maintenance.

It is recognised that some maintenance operations will require the testing of machine performance in conjunction with packing materials.  Maintenance mode will provide this function, however it will not provide material usage data when doing so.

5.2. Manual Mode

This mode of operation provides suitably authorised personnel the ability to operate individual drives within the machine under pushbutton control.  All operations in the mode may be on a "hold-to-run" basis such that removal of the run signal will cause the drive to be stopped.  The ability to perform specific functions will be dependent upon mechanical constraints and interlocks.  This mode of operation will be of particular use for setting the machine to work.  

The predefined state model associated with this mode can again be defined as a subset from earlier modes.  Common synonyms for this mode of operation are Inch, Jog, or Index. 
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5.3. User Mode 
Any mode of operation can be defined which provides a required function for the machine.  This guideline provides suitably authorised personnel the ability to operate the machine under pushbutton control for any number of modes.  The guideline stipulates a commonality of approaches for all modes based on a given number of general machine states.  The “name” of the state(s) may be customized to provide the operator with an intuitive or descriptive name for the state, but the function of the state(s) is consistent with general nomenclature of the guideline. The predefined state model associated with this mode can again be defined as a subset from earlier modes.  

Below is a depiction of the Weihenstephan standard harmonized to the OMAC / PackML V3.0 model.  As can be seen the PackML V3 model included states that were collapsed to be consistent with the Weihenstephan standard.  
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6. MODE mANAGER

Packaging machinery has unit modes other than “automatic”, as noted above.  Each unit mode is a defined by its own state model.  In order to manage the change from one mode to the next a procedure known as a “mode manager” must be defined.  The mode manager determines how, and in what state a machine may change unit modes. 

The mode manager is a high level routine; there is typically only one mode manager routine per machine, if a mode manager is required.  The primary function of the mode manager is to provide a means in which the machine changes its unit mode.  For instance, when changing mode from AUTO (producing) to CLEANOUT, the machine must be STOPPED, else the mode is prohibited from changing.  Wait states are typically used for mode changing, but this guideline does not restrict other mode changing states.  Below, the green arrows show typical “safe” states to transition modes.  The yellow and green arrows may be considered less “safe”.  An example function block for a mode selector is given by PLCopen Technical Committee 5, Safety Software, Technical Specification, Version 1, section 6.3, “Mode Selector”.  All considerations of a mode manager must be consistent with prevailing safe practices and standards. 
Tag names will also be mode literal, and the mode manager will be responsible for not only managing the commanded mode, but also report mode status and time within a unit mode.
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6. Comparison to PackML v2.2 and V3.0 Definition

The differences between the PackMLV2.2 and V3.0 State Definition documents are highlighted and discussed below.

State Types

This document proposes three state types instead of four: Wait, Acting, Dual; versus Final, Transient, Quiescent and No Command. The new states are descriptive of the purpose of the state.  The state diagram is now more intuitive with each wait, or dual state, preceded nad followed, if applicable, by its respective acting state.
Modes

The PackML V2.2 document defines three operating modes Automatic, Maintenance and Index.  These were redefined in the context of Unit modes for PackML V3.0. The number of modes for V3.0 are unlimited whereas the modes defined in V2.2 where limited to 3.  Procedural modes are observed in this guideline but not defined for usage.

Number of States

In PackML V2.2 Automatic Mode document defines eleven operating states, for V3.0, 17 different states are defined.  Primarily the increase in number states is due to the separation of the action and the wait state.
State Model

A wait State, IDLE, has been introduced after completing the RESETTING {Start up} state for V3.0.  This state maintains the operating conditions of the machine until the Start command is issued and essentially it represents that the RESETTING State has been completed.

The COMPLETE state, in this document, is entered on occurrence of a completed machine run, defined by the machine configuration.  Running out of packing materials will not force transition to COMPLETE unless programmed and configured.  It is proposed that COMPLETE will cause the machine to stop processing product at its infeed and be brought to a state that will no longer process materials.

The CLEARING state is a transient state used for clearing faults that may have occurred in the ABORTING state.  Generally, a machine produces faults when performing an ABORT function.

The state noted as STANDBY in the previous revision of PACKML V2.2 has been expanded to the SUSPENDING states.  It was recognized that a machine going from an OPERATING state to a STANDBY state and back again, as depicted in V2.2 was actually performing multiple actions that were state changes caused by the machine logic.  STANDBY was replaced by the acting and wait states that were represented by STANDBY.   Of course as with all PACKML V3 the SUSPENDED states can be collapsed back to the STANDBY state.  The caveat is in the placement of the STATE.  The SUSPENDING states have been placed around the EXECUTE states where the previous STANDBY state was placed prior to the EXECUTE state. The difference is programmatic rather than operational.  
Below is a pictorial comparison of PackML V2.2 to PackML V3.0.

Figure 7.1 Representation of PackML V2.2.

Included are all PackML V2.2 states with the exception of OFF.  All states within the dark Cyan box can be ABORTED, and all states within the light Cyan box can be STOPPED.  So all states can be ABORTED including STOPPING states.  
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Figure 7.2 Representation of PackML V2.2 overlaid on PackML V3.0.
As can be seen, PackML V3.0 can be collapsed to include V2.2.
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Figure 7.3 Harmonization Representation of PackML V3.0 & PackML V2.2 

The blocks shaded gray below new to PackML V3.0, names represented in parenthesis are those existing in PackML V2.2.
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Conclusions

· Three state types were defined to cover differences in the functionality of machine states

· Two distinct definitions of mode are defined, UNIT CONTROL mode and PROCEDURAL mode.  PackML defines the use of UNIT CONTROL modes.

· Different state models for Automatic and Maintenance modes are required, but others may be possible.  

· A MODE MANAGER has been included to track and manage unit mode changes.

· Previous versions of PackML are compatible with newer versions.

· The CLEARING and COMPLETE states have been added to allow a machine's harmonization with S-88

· This work uses previous PackML work as its foundation and sets out to further enhance the work done to date.

· Future work may encompass:

·  Fault Handling Systems

·  MES / Cell communication

·  Reference to safety resources

·  HMI templates
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