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Preface

WBF working groups provide an unbiased means for the investigation and development of work items of interest to the members.  People of like interests meet (in person or electronically) in order to delve into specific topics.  Although the topics addressed will be determined by each working group possible topics are:

· XML based batch data exchange formats

· Exception handling

· Continuation or publication of EBF working group results

· Process plant analysis based on ISA-88

· Procedure Function Chart examples

· Good practices

· Benchmarks
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Introduction

The ANSI/ISA-88.01-1995 standard does not provide much information for the specification of Control and Equipment modules boundaries. However, it provides quite consistent guidelines to define the upper entities of process and procedural models. 
Although ISA-88 helps a lot in clarifying batch control, it can only be successfully implemented by experienced batch experts. First implementations are proven to be always difficult and time consuming before taking all the benefit of ISA-88 concepts.
Among other difficulties, exception handling is often allocated as much as 80% of the design effort, leading to a huge number of discrete interlocks to prevent wrong operations.
Thus, many ISA-88 implementation reports raise the issue of Process Cell breakdown into its lower level components (i.e. Units, Equipment Modules and Control modules) and exception handling. From the “Top-Down” to the “Bottom-Up” through the mixed approaches, each project involves user preferences through specific, often inconsistent guidelines. 
According to Spiro Georgakopoulos and Robert Price (see 2.2 Other documentation)
“S88.01 – LIMITATIONS AND SOLUTIONS

The S88.01 standard explicitly excludes offering any specific guidance in the area of low level

decomposition. It expressly draws a line above the protective layer - “total explanation of process

segmentation is beyond the scope of this standard”. At the same time, the standard recognises the difficultly and importance of decomposition to the whole modelling exercise -“Effective subdivision of the process cell into well defined equipment entities is a complex activity, highly dependent on the specific environment in which the batch process exists.”

A poor decomposition can be recognised by a high number of dangling control modules that the batch

server must monitor and manage. In addition, methodologies which treat the protective layer separately from the process result in a large number of interlocks that need to be enabled or defeated with each phase. Either way, the modularity aspect of S88 which promises so much is compromised in a tangle of “special cases”.
There is a clear need of more practical guidelines to build applications “off the shelves”.
Flow Analysis aims at supporting efficient modularization in a way that simplifies modules interactions, improves operation safety and dramatically reduces exception handling overhead.

The purpose of this report is to introduce within the ISA-88 models the critical elements of this method to enforce physical and equipment procedural model design.

This work is intended to help people from process design, operation and process control communities to well understand these concepts and to communicate together, producing robust and safe applications on a consistent basis. 

It should also help vendors to develop supporting tools based on consensual concepts.

Vision

The method addresses very practical issues and is mainly used to design process control system applications. However, it has serious impact on projects development, process design, operation and safety. Also, it is important that process control design view is shared between Process, Operational and Control parties on a common approach and terminology.

Automation Vision

Process control engineers that are not trained in flexible batch control tend to design control based on product processing requirements, extensive experience, process and operational people audit and available instruments. ISA-88 implies a radical change for most of them, thinking equipment capabilities on one hand, product processing using these equipment capabilities on the other hand. Flow Analysis method goes further in focusing on equipment layout and inherent capabilities without taking care about instruments at first. The lack of understanding of this basics lead to projects uncertainties.

· Well presented, the method will help process control engineers to think Process first, Control next, improving communication with others and reducing project failures.

· It will also clearly define the domain of responsibility of Process control engineers against process control global design

· Because it addresses shaded area of ISA-88, the method will help ISA-88 understanding and implementation for newcomers

· The consistent design induced by the method is a key for validation. Objects are appropriately demarcated: process design changes are exactly mirrored in the control system; side effects of changes are limited as much as possible. 

Control System design vision

Flow Analysis projects have often been confronted to implementation difficulties. Specific “Engines” had to be developed in order to support basic mechanisms expected from the method concepts. The main concern is the lack of clear requirements for these mechanisms. The goal is to provide consistent requirement specification to allow adequate implementation in any control system.

Process design vision

Process engineers are much well prepared to understand and apply ISA-88 modelling concepts. However, they are not interested in control details and ordinary suffer of many specific questions from PCS engineers. The method should make them comfortable with Control design because it exactly sticks on equipment engineering.  

Operational vision

Operators and operational management often complain about unexpected, inappropriate or incomplete behaviours of the control system. The method should help them to contribute to build and validate detailed specifications and make them confident in the control system design.
Business vision

The method addresses a subset of ISA-88 implementation issues. The intended benefits are those of ISA-88. Particularly, the method impacts on:

· Object Oriented Design benefits: objects independency, reusability. The gain is for subsequent projects following a first “template”. It also ensure knowledge retention within the company.
· Dramatic simplification of control design: most of exception handling and interlocks are inherently provided by the method, reducing the cost of implementation

· Clarity of specifications that accompany all the PCS lifecycle: Requirement specification, Validation tests, and Operational guide.

BATCH CONTROL

ISA-88 Modeling using Flow Analysis

1 Scope

 Flow Analysis addresses:
· Process cell breakdown at the Equipment Modules and Control Modules levels 
· Equipment Coordination, Basic and Procedural Control design
· Exception handling within equipment domain
· Actuators Interlocks and modes

The expected results will be an ISA-88 compliant guideline to address specific issues encountered in actual implementations of the standard.

The expected benefits are:

· A consistent set of common sense breakdown rules that leads to a standardized modularisation within a particular context.

· Enabling a higher level of reusability because of modularisation consistency

· Improving of operation safety 

· Making Exception Handling easier


2 references

2.1 Normative references

The following normative documents contain provisions, which through reference in this text, constitute provisions of this part of this report. At the time of publication, the editions indicated were valid. All normative documents are subject to revision, and parties to agreements based on this part of this standard are encouraged to investigate the possibility of applying the most recent editions of the normative documents indicated below. Members of IEC and ISO maintain registers of currently valid normative documents.

IEC60902:1987, Industrial-process measurement and control : Terms and definitions
IEC61512-1:1997, Batch control- Part 1:  Models and terminology
ANSI/ISA-88.01-1995, Batch control- Part 1:  Models and terminology

ANSI/ISA-88.00.02-2001, Batch control - Part 2: Data Structures and Guidelines for Languages.
2.2 Other documentation

The following documents are related to ASTRID or DELTA NODE methodologies. Although the present report uses fundamental elements from this documentation, it does not comply with the terminology and additional features used or expressed in them. However, the reader may find helpful information about the genesis of the methodology.

· “Methodological guide for the analysis of multipurpose batch process plants” RHONE-POULENC N° 501/93.875 - GET 5/EM/519/97/1119 - GT ASTRID
· “DELTA NODES Automated flows methodology” JMR Conseils N° JMR86/R01-2001_v3
· “A Flow Stream Approach for Process Cell Modularization” - By François Lebourgeois (Rhône Poulenc), Jean Michel Rayon (JMR Conseil) and Jean Vieille (Consultant) - Presented at the World Batch Forum Conference in Atlantic City (NJ, USA) on 23/04/2000

· “The Missing Link – A generic process control model” - By Spiro Georgakopoulos and Robert Price (Quemm Associates Pty Ltd) – Presented at the 6th World Congress of Chemical Engineering in Melbourne, Australia on 23-27 September 2001
3 Definitions

For the purposes of this part of this report, the following definitions apply. Definitions of ISA-88 are included when clarification or interpretation are suggested.

All terms defined here are italicized in the text when their use corresponds to the definition.

Abbreviations are included in the definitions. They are capitalized in the text

3.1 Adjacent (Control Module)

Control Modules that Flow Breaking Device links to its owning Control Module are “adjacent” to it.  When defined, this adjacency is used to support the application services based on Flow Analysis.
3.2 CM - Control Module (ISA-88 Control Module as an elementary Equipment Entity)

ISA-88 definition: “The lowest level grouping of equipment in the physical model that can carry out basic control.

NOTE — This term applies to both the physical equipment and the equipment entity.”   


As an Equipment Entity, it represents the Equipment itself AND its associated Control.

Flow Analysis consider CM as the smallest physical element (elementary Equipment Entity ) of the production system that carries a material or energy flow.

It has to be differentiated from the atomic level corresponding to an individual instrument (see Device Module bellow) which cannot carry any flow by itself.
3.3 DM – Device Module (ISA-88 Control Module as individual instrument) 

Device Module corresponds to a commonly used definition of Control Module. It represents the instrument (sensor, actuator) and the associated software that performs its basic control: instrument failure detection, information standardization, manual / auto operating mode (for actuators), instrument dedicated interlocks…

A Device Module is always part of a Control Module and definitively attached to it.

Device Modules play a particular role in Flow Analysis when dealing with Flow Breaking Devices. 

3.4 EPE - Equipment Procedural Entity
Equipment Procedural Entity is extensively addressed in ISA-88 part 2. However, it is not formally defined in the current edition of ISA-88.
Equipment Procedural Entity is an element of the procedural model, which is part of the equipment control. It can by either a procedure, a unit procedure, an operation, a phase or any user defined procedural entity.
Its equivalent in the recipe side is the Recipe Procedural Entity.

3.5 

3.6 FBD - Flow Breaking Device

Flow Breaking Devices mark the limit between Control Modules. As a Device Module, a Flow Breaking Device is part of its owning Control Module. Other Control Module that are in contact with it are adjacent to it.

Flow Breaking Devices may support inherent interlocks that prevent erroneous automatic or manual handling according the safety needs.  

3.7 FA - Flow Analysis

Flow Analysis is a methodology based on analytical review of processing equipment in order to specify process oriented equipment capabilities.

It is safety-focused, providing self-immune environment against automatic control and manual operation errors regarding material and energy handling.

3.8 Flow

A Flow
 is the stream of product or energy that takes place within a set of equipment working together on it

· 

3.9 Path

A Path is the actual set of adjacent Control Modules that:

· is involved in a flow
· supports an Equipment Procedural Entity
It may corresponds to an Equipment Module
3.10 Recipe Procedural Entity

Recipe Procedural Entity is extensively addressed in ISA-88 part 2. However, it is not formally defined in the current edition of ISA-88.

Recipe Procedural Entity is an element of the procedural model, which is part of the Recipe or process control. It can by either a procedure, a unit procedure, an operation, a phase or any user defined procedural entity.

Its equivalent in the equipment side is the Equipment Procedural Entity.

3.11 Other ISA-88 definitions

The following terms are defined in ISA-88.01 and ISA-88.02 standard. They are not repeated here, the reader should refer to the original documentation

· Unit

· Process Cell

· 
· Phase

· Operation

· Unit Procedure

· Procedure

· Procedural Control

· Recipe
· Control Recipe
· Coordination Control

· Basic Control

· Exception Handling

· Procedural Model

· Process Model

· 
4 Overview of Flow analysis
4.1 A constraints based modeling

Process equipment is selected and installed with a clear expectation of the purpose it will serve in terms of the physical and chemical processes it is to encounter. A process modeling exercise must recognize those constraints and incorporate them.

The most fundamental of all constraints is the requirement that material be constrained with in the process boundary. The identity of the boundary is often dynamically changing as material is transported through the process from unit to unit. One of the key performance measures of an operating process plant is how well material is contained with in the process.

In selecting the equipment a number of physical and safety constraints are imposed, beyond which it cannot operate. In a plant as a whole additional constraints derived from the interaction of equipment come in to play.

These constraints can be categorized as equipment based or Product based.

1. Equipment constraints may be physical things like volume, maximum operating temperature, pressure, volume or flow. Or they may be a chemical (material) constraint – a vessel must never process material with pH less than 5. Or they may relate to hygienic status, etc. 

Corresponding parameters are attached to the equipment
2. Product constraints include things such as maximum temperature, blending compatibility.

Corresponding parameters are attached to the product

4.2 Operational safety






The simple example bellow illustrates the difficulties that have to be faced of when dealing with such flexible process cells to avoid any cross contamination or pollution by opening a valve which does not contribute to the intended functionality (here, transferring from T2 to T8).
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Figure 2 – Flow integrity concern with complex networked process cells
We do need to implement a low level protective layer, which must be efficient when the operator manually controls the plant as well as in automated operation.
In order to protect the circuit “A” transferring product from T2 to T8, valves Vo1a, Vo2b, Vo3a, Vo4a, Vi5a, Vi6a, Vi7a, Vi8b are to be forced to their closed position.

A conventional approach begins by a very detailed risk analysis and ends by a huge list of interlocks such as :

IF PHASE “TRANSFER T2->T8” IS ACTIVE THEN


Vo1a FORCED CLOSE


Vo2b FORCED CLOSE


…
an equivalent set of starting conditions for phases:

INITIALIZING PHASE “TRANSFER T2->T8”


CHECK Vo1a CLOSED


CHECK Vo2b CLOSED


…

and do not forget stopping the phase if one of these valves fail!

This extensive analysis, specification and coding must be performed for each combination.
It is possible to dramatically simplify this design by interlocking phases instead of valves. However, this method will not prevent a wrong manual operation and initial conditions / actuators failures are to be controlled anyway.
As an example, the following values were noted in a typical multipurpose chemical process cell :

· Number of units / shared equipment modules: 34

· Number of instruments: 600

· Number of interlocks: 1700

· Number of interlocks combinations: 13000
These numerous interlocks are supposed to provide the same level of circuit integrity control than Flow Analysis does without coding a single interlock. Because of this complexity, conventional methods seldom reach this level of safety.
Also, these interlocks may be dramatically affected when adding new equipments or defining new phases. The number of combinations corresponds to the number of cases that are to be considered when adding/modifying equipment or phases.

Finally, the validation effort is directly affected by the number of checks to ensure the system will behave as designed. Replacing discrete interlocks by a single validated FA mechanism significantly reduces this effort.
Smarter designers implement matrices to define these interlocks. Coding becomes better, however other issues remain.
4.3 Production Plant from Flow Analysis point of view

Flow analysis is directed at looking at physical flows. 
Note :

Data or Information flows will be later considered based on this physical approach. 
· A production plant uses, moves, acts on 2 basic flows:

· Material Flow
· Energy Flow
· … using suitable equipment

· Liquid material: Pumps, valves, pipes, vessels

· Solid or Packed material: conveyors, lifts

· Powdery material: roots, pipes, conveyors

· Electrical energy: cables, bus bars, transformers, breakers

· Thermal Energy (i.e. steam):  pipes, exchangers…

· Mechanical energy: agitators

· …

· … performing specific or more complex actions 
· Charging, Emptying, Filling, Distillation, Filtering

· Heating, stirring, 

· …

These actions 
· may have an implicit (i.e. charge a vessel) or an explicit ending (heating, stirring…). 
· may act on a single flow (charge, stirring), on several flows (in-line mixing)

· may use one flow to act on another one (heating)
Whatever is the part of the plant to be considered, any production system can be viewed as follow:
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Figure 4 – Flow Analysis conceptual view

The considered part of the plant (the studied production system) appears as a set of material and energy networks:

· Sources and sinks are the connection points that limit the scope of the analysis

· Holding / Transformation nodes are the place were material or energy is transformed or stored. They are equipment such as vessels, reactors, transformers, exchangers.

· Flow vectors are the part of the equipment that allows flows to occur and holding / transformation nodes to be linked. They are equipment such as pipes, cables, conveyors, carriers…

4.4 Physical view: Equipment entities
These 2 last elements are Equipment Entities.

Any production system (i.e. a process cell) can be considered as a set of “closed sections” regarding the different material or energy flows that can occur into it. These closed sections are identified when all Flow Breaking Devices are operating accordingly. 
Note :

Some parts of the Process Cell cannot be considered as closed, but rather as infinite capacities that supply or consume product or energy. They represent Process Cell connections to raw or finished material, ancillary fluid or utilities (Sources and Sinks on the diagram). 

These closed sections are Equipment Entities. Looking at such defined equipment entities may let think about different elements of ISA-88 physical hierarchy: they may look like Control Modules, Equipment modules or even Units. 
However, because 
· no further breakdown is allowed, 
· we will need to consistently associate them to a particular physical model level, 
· the nature of these entities,
they are considered as Control Modules, the lowest level of physical equipment modeling. Thus:
· Control Modules can represent containers (the equipment itself) as well as their content (the product or energy inside). They hold the associated equipment information (equipment status, product id…). 

· When not running, the production system is basically considered as a collection of static, independent Control Modules. From the control point of view, unused (non operating) equipment lies disconnected on the workshop floor. It is not presumed to be assembled in a particular shape until it is used to make something.
4.5 

· 
· 
· 
· 
· 
4.6 Functional view: Equipment Process Functionalities 

In order to make product, a production system must:

1. Provide the required basic process functionalities its equipment can capable of doing (Equipment Procedural Entities). 

2. Orchestrate these process functionality following the product processing rules (Recipes)
This is the ISA-88 concept of separation between equipment control and process control. Flow Analysis interprets the process equipment functionality as follow:

· In order to provide a specific process functionality or EPE, the production system (initially considered lying dismantled on the floor) needs to assemble one or several Control Modules to establish a Path. 

· Control Modules within a Path are adjacent by definition enabling one or more Flows. 

· Material or Energy within a Flow shall be homogeneous: Material and energy flows cannot be mixed.

· In simple cases, one Control Module only deals with one Flow. In other situations, several Flows can merge into or/and can diverge from a single Control Module

· Any combination of flows is allowed from the control point of view; however, it should be consistent with the mechanical reality.

· The set of Control Modules assembled for specific process functionality is exclusive of it. It represents the physical extent of its execution. The same Control Modules may be part of several Flows (possibly identical) built for different process functionalities.

· A process functionality can execute only if the corresponding Control Modules  are available to its use (not currently used by another process functionality or explicitly disabled)

4.7 Flow Breaking Devices
Equipment confinement is the key for operation safety: 
Control Modules that are not part of a Flow that is assembled for a specific functionality may need to be prevented to “leak” to or from external Control Modules. 

Each CM boundary device plays a special role in FA. They form the basis of protective layer that operate in any conditions (manual or automated operation). Efficient interlock mechanisms prevents any wrong operation from:
· the operator in manual

· an erroneously written phase

· an inconsistent  recipe
Flow breaking Devices must take into account their actual operating context of all its ends: 

· Functional context (Instance of process functionality being executed, procedural status Batch Id…)

· Equipment status (maintenance status, hygiene status, actual / available capacity…)

· Content status (contained fluids and energy, lot number…) 

· Flow direction

· Locked state (what is the desired actuator state when the constraint is not fulfilled)
Taking advantage of this information, Flow Breaking Devices operation can be conditioned by evaluating the contextual compatibility of the Control Modules they link. This provides the inherent low-level protection layer.

Note :

FBDs are not always an identified instrument: removable pipes and blind flanges are valid ways to establish / break flows. 
4.8 Summary

The figure bellow shows on a simple example how Flow Analysis 
· Models a production system into equipment entities demarcated by Flow Breaking Devices,
· Associates Paths to Equipment Procedural Entities,
· Embeds the protection layer into FBDs.

[image: image5.wmf]A

B

FBD2

FBD3

CM

3

CM

4

CM

2

CM

1

FBD1

FBD5

FBD6

FBD4

CM

5

CM

6

Equipment Procedural Entity

«

FEED A

from

S1

» 

=>

owns

and controls

{CM1, CM3} 

that make 

up 

the implied 

Path

FBD1 control 

is enable

because:

=>

same CM’s owner

at

both

sides

Other

FBDs 

are

disabled

because:

Þ

CMs

not 

owned 

or allocation 

is

different at both sides

Additional Flow consistency 

mechanisms 

are 

defined 

in 

FBDs

S1

S2

S3

S4

FEED A 

from 

S1


Figure 6 Applied Flow Analysis 
To sum up, “The Flow Analysis approach is 
a methodology that aims at modeling equipment entities in a way that allows generic mechanisms to impose critical actuators to operate within specified constraints”.
5 FA based modelling
Overview
When dealing with an actual application, designers may take benefit of Flow Analysis to help modeling and implementation. An example of a possible methodology to develop applications using Flow Analysis and applications examples are given in annexes.
This section presents the detailed FA elements in order to facilitate design and implementation.
5.1 Control Modules 
FA only helps physical modeling for defining Control modules. It has no influence of higher physical levels modelling (Equipment modules, Units, Process Cells). 

















































































CM identification is based on physical equipment only, regardless the possible instrumentation.
Flow Analysis is based on material or energy Flows supported by Paths. A CM represents a part of a Path. The breakdown of the facility into CMs is made by applying precise rules. Because CM is the lowest level equipment entity, the breakdown is independent of the higher level modelling (e.g. CM represents an elementary piece of equipment that can always be completely embedded within an upper level equipment entity). 
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Figure 10 Flows within a Control Module
As the lowest level equipment entity, a Control Module only deals with elementary, consistent Flows.
5.1.1 Types of CMs
Several types of CMs have been identified. Because FA was mainly applied to batch chemical processes, other types may be defined or current types may have extended definitions. The distinction in types may be used to differentiate the modeling rules and implementation constraints within a particular implementation.
	CM Type
	Description
	Examples

	Material
	Participates to the product transformation or movement 
	Pipe, tank, reactor, transfer line, conveyor, product side of an exchanger…

	Energy
	Controls energy through the process cell
	Reactor heating jacket, energy side of an exchanger, vacuum system, agitator

	Sky
	Deal with 2-chemical phases equipment in order to allow parallel control using separate phases. This help to deal with CMs allocation constraint that prevents 2 phases to use the same CM. This type is bio-chemical specific. Other additional type may be defined for other processes.
	The liquid side (lower part) of a reactor is member of the “Material” CM that can hold the product, while the gaseous upper part of the reactor is member of the “Sky” CM controlling the pressurization.

	Utility
	This kind of CM corresponds to common resources delivering or receiving fluids or energy to or from the process cell. It has no direct contact with the product being manufactured. It is generally shared by several Units or Process Cells
	Compressed Air supply, N2 distribution, waste collection, venting system

	…
	User may define new types
	

	
	
	


Table 1 Types of Control Modules
5.1.2 
5.1.3 
5.1.4 
5.1.5 
5.1.6 
5.1.7 
5.1.8 
5.1.9 
5.1.10 
5.1.11 
5.1.12 CMs Breakdown rules

The following rules are applied to identify CMs. 2 groups of rules are defined:

· Breakdown rules (BK) give guidance to split the process cell in CMs. Strictly applied, these rules leads most refined breakdown and results in the highest number of CMs

· Aggregation rules (AG) give guidance to possibly reduce the number of CMs in grouping equipment entities that form a set of equipment which works independently.
	Rule
	Type
	BK
	AG
	Description, Comments

	Flow isolation
	Material

Sky
	X
	
	Flows cannot be merged within a CM.

Only internal paths and associated connections that may participate to establish a given flow are part of a CM. 

Strictly applied, this rule may lead to an unneeded complexity. 

	Closed section 
	All
	X
	
	A CM is limited by flow breaks up

This rule is mentally applied to piped installation by “blowing” in any part of the cell while the flow breakers are operating (valves are closed). The identified CM is the under-pressure part of the cell.

	Flexibility


	
	
	X
	Aggregation should not contradict flexibility objectives
If a bigger CM are defined, it is important to consider the required flexibility by checking if different parts of the same CM would be used by different phases at the same time.

	Inter-CMs Constraints 

	
	
	X
	Aggregation releases constraints enforcement between aggregated entities
A coarse breakdown may lead to lose the benefit of secured operation, which is basically  the intent of the Flow Analysis.

	Reusability
	
	
	X
	Combined equipment may not be the best choice if similar but different equipment of such a sort can be found in the plant. Reusability may suggest to isolating equipment subsets that are fully standards and match the actual equipment once assembled.

	Virtuality

	
	X
	
	Non equipment oriented CMs

Extra CMs that do not correspond to an actual physical equipment entity may be identified. That could be the case for controlled physical measurement that are not part of any mechanical part of the equipment acting on one or several actuators. Example : a remote vision system coupled with a controller acting on some instrument somewhere in an upstream part of the system.


Table 2 Control Modules breakdown rules






5.2 
5.2.1 Example of CM breakdown
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Figure 11 Typical Reactor
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Figure 12 FA physical Modularization
5.2.2 Control Modules Attributes

This clause is based on ANSI/ISA-88.00.02-2001 “Batch Control Part 2: Data Structures and Guidelines for Languages”.
It provides a set of attributes that can be handled by Control Modules. Extensions or usage restrictions shall be defined  to fit the actual design needs.
Editor’s note: this clause may needs some workout to possibly fit with ISA 88.02 and WBF XML WG work
5.2.2.1 Equipment Entity Attributes
Equipment attributes identify and describe the Control Module itself by considering two point of view:

· Configured static engineering information

· Dynamic current statuses.
	Attribute
	State machine / Values
	Set by / related to
	

	EquipmentEntityID
	
	Config
	Provides unique identification of control module

	Description
	
	Config
	

	EquipmentLevel
	“Control Module”
	Config
	Specifies the physical hierarchy level. Here, it is a Control Module

	ContainedIn
	
	Config
	Equipment element this EE is contained in (should be a UNIT or an Equipment Module)

	ProcStatus
	PROC_STAT
	State Machine
	Procedural Status

	SanStatus
	SAN_STAT
	State Machine
	Sanitary Status

	SupplyStatus
	SUP_STAT
	State Machine
	Can Supply status

	ReceiveStatus
	REC_STAT
	State Machine
	Can Receive status

	
	
	
	


Table 3 Equipment Entity Attributes
5.2.2.2 Equipment Properties
Equipment Properties are additional information that describes:

· The physical and chemical design limits within the equipment may operate 
· The actual values of the corresponding data
Editor’s note: does the actual information attached to the product or to the equipment…
	Property
	Design
	Min
	Max
	Actual
	UOM
	

	Capacity
	Config
	Config
	Config
	(from DM)
	Config
	Weight, level, volume…

	Flow
	Config
	Config
	Config
	(from DM)
	Config
	

	Pressure
	Config
	Config
	Config
	(from DM)
	Config
	

	Temperature
	Config
	Config
	Config
	(from DM)
	Config
	

	…
	
	
	
	
	
	Other chemical – physical attributes: PH, Size, Length,…

	
	
	
	
	
	
	


Table 4 Equipment Properties
5.2.2.3 Material information
Material information identify the actual product, which actually resides inside the equipment.
It can be set by 2 ways:

· By the owning EPE (Charging CM from an undefined source)
· By propagating the data from the Upstream CM.
	Attribute
	State machine / Values
	Set by / related to
	

	ProdID
	PROD_ID
	Upstream / EPE
	Product ID

	ProdStatus
	PROD_STAT
	Upstream / EPE
	Product Status

	
	
	
	


Table 5 Material Information
5.2.2.4 Material Requirements

This information comes from the owning EPE. Critical information about Material Requirement shall propagate from the Recipe Execution domain to the operating EPE and finally to the acting CM.
	Property
	Min
	Max
	

	Capacity
	Min
	Max
	

	Pressure
	
	
	

	Temperature
	
	
	

	Flow
	
	
	

	…
	
	
	Other chemical – physical properties


Table 6 Material Requirement
5.2.2.5 Procedural information
Procedural information is about the current operating conditions.

This information is passed by the owner to the Control Module

	Attribute
	State machine / Values
	Set by / related to
	

	BatchID
	-
	Owner
	Batch identifier

	OperatorID
	-
	Owner
	Operator Identifier

	Owner
	-
	Owner
	Allocating EPE, maintenance, operator


Table 7 Procedural Information
5.2.3 Equipment Procedural Elements association

Editor’s note: might be useful to deal with EPE at the CM level. For example, having constraints that apply differently depending of the owning EPE?
5.2.4 State machines - Enumeration sets
5.2.4.1 CM_PROC

	State
	Description
	Features

	FREE
	The Resource is Free and can be allocated by an EPE
	All attached DMs are released

Exceptionally a logic may be executed leading to activate DMs.

Internal data are not implicitly reset. They keep their last actual value. 

	(ALLOCATED)
	The Resource is allocated by an EPE
	This state does not exist by itself. An allocated CM has one of the following states. 

	RUNNING
	The allocating EPE has asked the CM to RUN 
	DMs are activated following the defined behaviour and commands from allocating EPE

	STOPPED
	- The default state when CM is allocated.

- The allocating EPE has asked the  CM to STOP
	All attached DMs are released

Stopping logic may be needed

Internal data are not implicitly reset

	FAULT
	One CM exception is active
	The attached DMs are positioned according the state’s logic (generally, all DMs are released)

The allocating EPE switch to its FAULT state


Table 8 CM_PROC States
5.2.4.2 SAN_STAT

5.2.4.3 SUP_STAT

5.2.4.4 REC_STAT
5.2.4.5 PROD _STAT
5.2.4.6 PROD_ID
5.3 Device Modules
Devices modules can be classified as follow:
Mode of operation
The mode of operation is the way the device is controlled. Unlike many other methods, Flow Analysis is concerned by all actuators regardless they are connected to the control system or not.
	DM mode
	Description
	Examples

	Controlled
	A DM which is driven by the control system
	Automatic On-Off isolating valve

	Manual
	A DM which is driven by the operator (no connection with the control system)
	Manual shut-off valves


Table 9 Device Modules Modes of operation
Flow Influence
Device modules have not all the same role regarding Flow control. The notion of Flow Breaking Device has already be introduced earlier.
	DM Type
	Description
	Examples

	Inflow
	A DM which is statically embedded into their owning CM.
	A control valve on a pipe which do not act as an isolating device, a centrifugal pump

	FBD
	A Flow Breaking Devices connects 2 or more CMs. It is not always exclusively owned by one CM.
	Any isolating device


Table 10 Device Modules Flow influence
FBD type

FBDs do not look all the same. Isolating valves are common example; other situations exist:
	FBD Type
	Description
	Examples

	Fixed
	An FBD which statically links CMs. This common situation implies that material connections are fixed and cannot be changed at set-up time or during the operation.
	Shut-off valve between 2 control modules on a un-removable pipe.

	Virtual
	An FBD which results of a process point where the flow can be broken without any action from the control system.
	Outlet of a glass oven of a optical fiber draw tower

Removable connection between a feeding hopper and the receiving vessel

	Configurable
	An FBD which do not always connect the same CMs. One of its ends is statically attached to one CM however
	Manifold valves or blind flanges which can connect to removable pipes


Table 11 Flow breaking devices types
5.3.1 DM linkage

Each DM is statically attached to the CM it is physically connected to.

5.3.2 FBD linkage and attachment Rules
Flow Breaking Devices are in a particular situation: they are at the boundary between 2 or more CMs and represent the actual physical connections.

FBD are attached to all CMs they are in touch with. By this way, the control system is aware of all links (existing paths and active flows) that exist in the process cell.
This attachment may engineering-fixed or it may be modified or defined at run time.
A strict arbitration makes that only one CM can control an FBD at a time, depending of the actual flows to perform.
The following rules define which linked CM shall drive an FBD:
	Driving CM
	CM Type
	Comment

	Upstream driven
	Material

Sky
	FBD is attached to the upstream CM considering the flow direction.

 If this FBD operate in several directions, it has to be attached to all corresponding CMs.

	Process side driven
	Energy Utility
	This rule applies to FBD that link a shared utility CM to the process.

If this FBD may operate in several directions, it remains exclusively attached to the process side whatever the direction of the utility fluid is.


Table 12 FBD attachment rules
5.4 Constraints Settings

…
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8 Exception handling

8.1 Overview

Designing a control system in order to address its intended purpose (i.e. make product) when everything happens as it should is the easy part of the job.

However, dealing with undesirable situations often requires an more important effort. Unexpected situations management is an even more challenging issue.

Exception handling corresponds to this part of control that deals with all these abnormal situations. Some authors state that 50 to 80 % of control design is consumed by exception handling.

Fortunately, S88 provide a suitable basic framework for dealing with exception handling. Consistent modular control is one of the keys to facilitate exception handling: 

· An object (such as RPE, EPE or Phases, Control Modules and Device modules) reacts to the events they monitor within their area of control. 

· These events may correspond to normal, expected changes, to simple alarms that do not need to be notified to other objects or to exceptions that may need to be considered from outside the originating context. 

· Any object may have a “FAULT” state that may be further qualified in order to refine the internal exception handling
· Fault states are generally propagated up within the control hierarchy: the supervising object reacts to exceptions born in dependent objects

Several kind of exception can be considered:

· Personnel and environment safety exception

· Product related exception 

· Equipment malfunction (inability to function due to physical failing ) exception

Depending how the exception is managed, exception can be managed

· Within equipment control

· Within recipe procedural control
· Independently. This is often the case for safety related exceptions which result from risk analysis and what-if review that do not presume a specific procedural stage of the process. In this case, exceptions lead to specific actions on devices regardless the current operating control. The effect on normal equipment control gets “command discrepancies”

8.2 FA exception handling 

8.2.1 
Application based on Flow Analysis benefits of a consistent basis to deal with exception at the actuator level as much as possible.

· because of the actuator control uniqueness, exceptions from DMs may be propagated up to the controlling phase (through CM)

· Interlocks at the DM level cover most of the equipment and processing failure related exception handling
· Manual control does not need specific attention

· Flow Breaking Devices are specifically managed regarding adjacent CMs

· Because of CM allocation, there is no need to define phase interlocks that would prevent erroneous phase activation (by recipe procedure or by operator)

· Secured manual control allows to give the operators the responsibility of dealing with exceptions instead of defining automatic recovery at first. Later, exception handling may be further automated according the actual process operation experience.

The following standard rules have been identified:

· Fault from an FBD switch the owning CM to its “FAULT” state: this is a normal bottom-up propagation because a faulty FBD affects the area of control extent defined for the acting phase

· Fault from an FBD switch all adjacent CMs to their “FAULT” state: because a faulty FBD may affect the flow integrity, adjacent CMs share the same concern about this DM that the owning one. Remember that the rule for attaching an FBD to a bounding CM rather another one is arbitrary. The role of the FBD regarding the flow control is the same for all concerned CMs.

· Faults from non-FBD DMs only raise local alarms that may be propagated as information only to upper supervising objects. 
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Figure 16 – DMs fault propagation

8.2.2 
8.2.3 
8.2.4 
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Figure 18 – General Fault propagation

To be continued…
9 Objects design considerations

This section provides detailed information in order to facilitate FA implementation in control systems.

9.1 Device Module design

9.1.1 Overview

The following figure shows the overall control links that drive a DM in the particular case of Flow Breaking Devices.

· Manual commands from Operators

· Auto Commands from the owning Control Module
· Inherent FA interlocks (Flow Integrity, Content Compatibility, Capacity Constraints)

· Non-contextual Interlock Tasks that protect equipment and product

· Non-contextual Safety Tasks that protect personnel & environment 
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Figure 20 – Device Module control

9.1.2 









9.2 Control  Modules design

This section discusses the features and attributes and roles of CM. 

9.2.1 Purpose of CMs

CM is the mandatory interface between the processing equipment and the functionality to be expressed by this equipment. 

It helps to level differences between similar set of equipment: phases drive CMs by sending verbs that more generically link to the process than acting on single devices. 

Example: “Pump to Process”, “Recirculate”

1. CM has a state machine that allows deterministic control. 

2. CM should not be directly handled by the operator. However, DM can. 

This policy was agreed on to simplify operator interface. DM (the actuator itself) is where the operator wants to act when normal or exceptional manual action is required. CM concept is transparent for operation, although it takes part in prevention of wrong operation.

3. CM cannot support an EPE by itself. 

9.2.2 
	
	
	

	
	
	



	
	
	

	
	
	

	
	

	



	
	
	



9.2.3 CM control

CM deals with Basic Control. It clarifies the phase description and lighten the overall system code be delegating this control to a lower level. 

For example several phases can ask a particular CM to simply “Pump to Process”, while the corresponding functionality is extensively described only once in the CM.

· CM supports the very basic services provided by the considered equipment entity. 

· Some CMs do not embed any functionality excepted individual actions on each attached device. 

Example: a piece of pipe supporting a single valve, an equipment that does not support predefined behaviors…

· Others support complex control strategies that are strictly equipment dependent and that can simply be called by phases.

Example: reactor jacket temperature control

· Sequential control may exceptionally appears in CM Control as long as it is necessary for a proper equipment handling

Example: “pump to process” may request first to simultaneously start the pump and open the inlet valve, then wait the pressure has risen before opening the outlet valve.

9.2.4 

Annex A: Origin of Flow analysis
(informative)

Rhône Poulenc (ASTRID)
In 1986, the French chemical giant RHONE POULENC Health, Safety and Environment Management department in collaboration with Jean-Michel RAYON began to develop a formal control design methodology to ensure the operation safety of its hazardous chemical plants, and particularly multipurpose process cells. 
They considered that safe operation should be enforced by the control system in allowing an isolating actuator to be open only when proper conditions are met. This isolating actuator is supposed to be driven by several “actors” as shown on the figure:
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Figure 22 - Decision actors in plant operation

They also recognized that discrete, exhaustive explicit interlocks may be impossible to specify and lead to cumbersome programming when process cell becomes complex and polymorphic.

The result was a method based on analytical check-up of material and energy flows to define elementary equipment entities and process functionalities. 
The benefits were inherent interlocks at the actuator level to enforce operation safety whatever is the operation mode and cross-contamination prevention. The method was named ASTRID (trademark owned by RHONE POULENC) for “Analyse STRucturée pour l'Industrialisation des ateliers Discontinus » in French. It can be translated by « Structured Analysis for Discontinuous Process industrialization ».
JMR Conseils (Delta Nodes)
(To be continued)
MOORE Process Automation (SureBatch)
(To be continued)
Quem Associates (Flow Methodology)
(To be continued)
Annex b: ISA-88 Physical Model in FA
(informative)

Overview

Flow analysis only impacts at the lowest level of ISA-88 physical modeling. It does not address Process Cell and Unit breakdown

However, it largely impacts on Equipment Modules (EMs) and Control modules (CMs) specification, introducing specific interpretations and rules for their identification.

ISA-88 models are either extensible or collapsible. In the standard, the figure that displays the physical model does not highlight the actual possible topologies: Control Modules are hierarchically under the dependency of Equipment Modules and Equipment Modules are hierarchically under the dependency of Units. In fact, the model is much more flexible. This section details the roles and interpretations of CMs and EMs as well as the proposed vision for supporting Flow Analysis.

ISA-88 adopts a Unit-centric approach: procedural control manages Units and executes unit procedures within these units. Procedural control bellow Unit Procedure level should not act outside the boundaries of the unit, except through the use of Equipment Modules that can be shared by several units.

Flow Analysis does not rely on that level of breakdown. Process Cells and Units may exist; however FA simply focus on actual Flows that can occur within the plant regardless its spread. When a higher-level methodology such as ISA-88 is used, it adds design constraints that do not inherently exist in FA.

Conversely, FA introduces practical rules to manage equipment entities that generally add constraints that may not be explicitly stated in ISA-88.

The result of using FA and ISA-88 together is a restricting and guiding context that should take advantage of both and do not lose their respective benefits.

Control and Device Modules

According to ISA-88, a Control Module is  “The lowest level grouping of equipment in the physical model that can carry out basic control.” 

Control Module is an elementary Equipment Entity that makes up Equipment Modules or that can be directly incorporated within Units or Process Cells, i.e.:

· A piece of pipe between manifolds without any instrumentation

· A tank with its bottom valve

· A feeding line from a manifold to the inlet valve

· A heating circuit including jacket, cold/hot fluid isolating valves and control valve, heat exchanger

· An N2 distribution line

· A Smelting furnace

· …

The model is recursive at this level: the definition encompasses individual entities as well as hierarchical aggregation of these entities.

The SP88 contributors have early felt the importance of Control Module, and its role is largely explained in the ISA-88 training courses.

However, practitioners are in the habit of considering Control Modules as the software that accompanies any instrument in order to standardize their control within the entire control system: analog input control including measure linearization and alarming, on-off actuator with 2 limit switches, variable speed motor control… 

This interpretation does not fully match the definition in the sense that it focuses on the instrument rather on the equipment while ISA-88 Equipment Entity (as CM or EM) is the combination of Equipment + Control. However, it matches well as an interface to link higher level Equipment Entities to Processing equipment. Also, ISA-88 does not address this role specifically.

As a result, actual ISA-88 implementations often ignore CMs as elementary Equipment Entities. Phases act directly on devices through CMs that appear to be only Device Modules. A matrix is described within the Phase to set the individual devices to the desired state according the Phase’s needs.

Flow Analysis explicitly distinguishes these 2 roles of CMs: 

· “Device Modules” correspond to “instruments envelopes”

· “Control Modules” correspond to elementary equipment entities.

Equipment Modules

According to ISA-88, an Equipment Module is “A functional group of equipment that can carry out a finite number of specific minor processing activities.” 

Once again, the model is recursive at this level. EM supports procedural control: A Phase may run on a specific Equipment Module.

According to the standard and looking at actual implementations, Equipment Module supports 2 usages:

· When it models an exclusive part of a Unit, it represents a breakdown of this Unit. This breakdown has several purposes:

· Reusability: a specific unit may be build up from several generic equipment modules

· Design simplification: a phase may only be allowed to act on  instruments attached to the EM

· Allocation and simultaneous phases: when a phase exclusively  allocate the target equipment entity, EM allows several phases to run on a single unit
-
When it models a set of equipment that is not an exclusive part of a Unit and that can not be qualified as Unit, it represents a stand alone equipment that is directly under the Process Cell dependency. Technically, it looks like a Unit.

Flow Analysis does not specifically address the second usage. 

However, the first usage is the primary focus of Flow Analysis. A Path is created as an Equipment Module to support a Flow and to perform an EPE. This Path represents a collection of Control Modules gathered for the functionality needs. 

In other words, the collection of CMs within a Process Cell or a Unit represents a “part list” of independent elementary Equipment Entities that connect together at run time when executing Equipment Procedural Entities: 

· One or more CMs are to be assembled to form a dedicated, unidentified Equipment Module to support a specific Equipment Procedural Entity. 
· Or: An Equipment procedural entity has to explicitly allocate one or several CMs in order to execute procedural control
Process Cell topologies

The following figure shows a possible ISA-88 compliant topology. Control Modules can be embedded within other CMs, they can be part of an Equipment Module, a Unit or a Process Cell. The role of the CM as an individual instrument (classical “flat model” interpretation) or as an Equipment Entity is not differentiated.

Also, the role of an Equipment Entity as a Unit decomposition or as a stand-alone set of equipment is not obvious.
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Figure 23 - Possible ISA-88 physical model topology

The next figure shows the simplified, typically applied physical model. Generally, only one Equipment Module level is used under the unit level. The equipment modules connect to the process through Control Modules defined as Device Modules. 

Shared Control Modules are attached to all the Equipment Modules that need to act on them. Arbitration must be mastered to avoid conflicts (often at the phase level) 
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Figure 24 - Typical ISA-88 physical model topology

The next figure shows a very simple, though very common physical model.

Control modules are directly connected to units. Equipment modules are not used within units.
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Figure 25 - Common ISA-88 physical model topology

The next figure shows the FA suggested layout. The main features are:

-
Control Modules are differentiated according the actual purpose (Device Modules become DMs, Elementary Equipment Entities remain CMs)

-
Equipment Modules that are subsets of a Unit are not explicitly identified: rather than defining an Equipment Module for the purpose of a particular set of phase, each phase is associated with the set of Control Modules it needs. This collection of CMs is allocated by the phase during its execution, creating a “dynamic Equipment Module” without the need of an explicit declaration. The phase can start only if all requested CMs are free (not allocated by another phase).

This arrangement systematically imposes the usage of Equipment Modules to support phases without constraining the flexibility.
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Figure 26 – Suggested FA - ISA-88 physical model topology
ANNEX C: Applications of flow analysis

(informative)

Flow Analysis methodology implies several protection services implementation based on its concepts. By definition, they are product-focused safety oriented.

This annex presents the historical basic applications of Flow Analysis before this WBF Flow Anlalysis working group established a more generalized approach. 
Flow Integrity Interlocking

The first historical application was the “flow interlock” that allows only specified flows to occur.

FA rules applied to CM modularization allow controlling Flows in order to prevent incompatible or dangerous device actions. That control can be effective in Auto mode against inconsistent Phases control actions or erroneous Procedural strategies as well as in Manual mode when an operator try to directly act on the device.

In the following figure, the active phase allocates CM2 and CM3 in order to fill the tank (CM3) using the bottom inlet line (CM2).

Because FBD2 sees its both bound CMs allocated by the same phase, it accepts any command from the phase (in auto mode) as well as by the operator  (in manual mode). 

However, FBD1 and FBD3 will not accept any command and will be forced in their default state because of the CMs allocation discrepancy they detect.

Note:

By this way, totally manual operation may be supported in a secured environment by defining empty phases that only allocate the CMs that make up the involved Flow.
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Figure 27 Flow Integrity Interlock

Content Compatibility Interlocking

Unit centric approach is generally much too coarse to deal with CIP / SIP requirement. The following example shows how content-related information may be managed and used at the CM level. 

The simplified example bellow shows a possible implementation. Each CM holds the following data:

· Actual Product : each time the CM is used and FBD operate, the product ID of the corresponding CM is updated. 

· Batch ID : Information about the current batch being produced is updated when the phase allocates the CM.

· Sanitary status : Information about the cleanness of the CM is maintained according the related events. For example:

· The “Clean” value of the status is acquired after a successful CIP procedure
· The “Dirty” value ay be set after a number of batch

The FBD will operate only if the content at both side of the FBD is compatible according a matrix:
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Figure 28 – Product Compatibility Interlock

Capacity Constraint Interlocking

Smart scheduling may define the best route to execute a Batch. However, actual usage of resources may be conditioned by its effective ability to answer a usage request.

This is often the case for expensive utilities that supply many using production systems.

Mastering flows opens an interesting mean to manage capacity constrained resources. The following figure shows a possible usage of capacity information at CM level to authorize the resource usage according its actual capability.
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Figure 29 – Capacity constrained resources interlock

ANNEX D: Production Information Management

(informative)

Production information encompasses many data related to physico-chemical, equipment and operational context.

These data may be classified in 2 categories:

· Data from related to process control execution: control recipe, status, time of execution, manual alteration of Recipe Procedural Entities, Recipe side of exception handling, identification of operator in charge of the recipe supervision

· Data related to equipment control execution: CMs operation, DMs modes of operation, identification of operators acting on actuators in manual (who may be different from the operator in charge of recipe execution), physical data trends. 

The first category is generally handled by Batch execution software that has all the needed information.   However the second category is generally not managed in the same way. The huge amount of information from the equipment can not be passed to the Batch execution software: it is simply stored in a time-stamped database. Later, this information can be retrieved using the time information to consolidate batch reports. Specific add-ons to data historian allow a smarter data collection by consolidating the information with the actual batch Id.

However, none of these approaches allows a strict and straightforward context-aware data collection. The accuracy of the context relies on system clocks and a perfect alignment between the control scheme and the data collection scheme.

Using FA requirements such as CM allocation and content management, the context of process and equipment operation information is known and deterministic. 

This allows a low-level data collection handling that enforces and guarantees the context identification:

· Data is recorded within the equipment control system with all contextual information: Operator Id, Time-stamp, Batch Id, Equipment, Acting phase , 

· The recorded information fills a local buffer: no information is lost in case of network problems or overload. 

This buffer is transferred into the data historian system at a specified rate, optimizing the network traffic.
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Annex E: SUGGESTED FA based functional specification
 
(informative)

Overview

This annex describes a possible Functional Specification methodology based on Flow Analysis. The intent is to help the understanding of Flow Analysis through an example of a practical FS development. It does not provide extensive details to support this engineering task however.

An ISA-88 project implies many tasks. One may consider the following main aspects:

· Applications specific tasks:
· Equipment Control

· Process Control (Recipes)

· Global tasks (concern many/all applications / projects for the company)

· Global development rules & policies (QA and procedures, modeling rules, specification guidelines and rules, tools, ergonomy, implementation tips, process information management, hardware & instruments issues, interfaces…)

· Control Objects repository

When considering a specific project, Process Control and Equipment control may appear intricate as shown on the following figure. However, a good understanding of ISA-88 implies that these to fundamental aspects must be de-synchronized. For example, developing a new recipe is a project that only affects Process Control (recipe): Equipment control should not be affected if the equipment is not modified.

Then only overlapping area between both Equipment and Process control domains is the list of functionalities and their parameters that Equipment may provide and Process can use.
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Figure 32 Application Project Lifecycle

Objects classes are “micro-projects” that support development and maintenance of a company-wide repository of reusable control objects as building blocks to create and maintain actual applications.
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Figure 33 Object classes lifecycle

Flow Analysis methodology will affect and support:

· Equipment Control Functional Specification
· Equipment Control Implementation
· Equipment Control Qualification
It does not directly interact with Process control and overall object oriented design. 

Functional Specification Methodology

The suggested methodology to develop functional specifications based on Flow Analysis is a 5 steps approach:
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Figure 34 Functional Specification Methodology

Related issues

These 5 identified steps are related to other tasks / issues that will not be detailed in this document:

· Process & Instrumentation diagram is the cornerstone of any control project. Creating and maintaining this documentation is outside the scope of the functional specification. However, because of its equipment focus, FA based control design often provide valuable feedback to optimize process routings and fittings.

Risk analysis is performed against a specific product to be processed by the process cell. This task defines proper protection mechanisms to lower the risk bellow an acceptable level. 

· Process definition corresponds to recipes development. This task is normally accomplished by a specific team, as a project by itself. Many process definition projects may be applied to a given process cell, releasing one or several recipes each time. They are not systematically associated with equipment modifications. The only exception is a new facility where that equipment process functionalities have to be develop at the same time that the intended first manufacturing process. 

Furthermore, Flow Analysis does not impact in any manner the development of Recipes.

Thus, this task is outside the scope of the functional specification.

· Control Safety is involved when risk analysis imposes protections that are to be implemented by the control system.  These protections force actuators in a safe position when dangerous conditions are met. Such actions contradict normal manual or automated procedural operation. The functional specification should ignore these additional control actions. However, the possible resulting discrepancy between actuators commands and actual positions must be taken into account. 

· Flow Analysis mechanisms support FA in enforcing the respect of the specified constraints in a generic way. This document should provide enough information to help vendors and integrators to develop the proper algorithms. These mechanisms are supposed to be available when implementing the specifications in a particular control system.

· Control system design is based on Functional Specifications that must be written independently of the target system. 

· Operational Qualification insure that functional specification requirements are met be the control system. Functional specification should be written in a way that allows tests performance and report. 

Note: Flow analysis may also be used as an independent tool to perform flow integrity  qualification.

· Operation should use extensively Functional Specifications for training, troubleshoot, and operational guidance.

The following section will detail each step of an FA based Functional Specification.

Annex F:  APPLICATION EXAMPLE
(Tentative on a simple example - To be developed separately)
Process cell example

This very simple example will serve as a basis for the Functional Specification to highlight the Flow Analysis practical usage. The following assumptions are assumed:

· A feeding system can only supply one vessel at a time 

· No blending is allowed

· A vessel can not be filled an drain at the same time
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Figure 35 Process Cell example

17.1 Physical modeling

Equipment identification

Physical Modeling starts by identifying Process Cells, Units and shared Equipment Modules. This part of the modeling is well described in ISA-88 standard. Flow Analysis methodology has little or no influence on this initial task. This part of the modeling is needed for consistent equipment identification as a classification header for CMs identification. It is functionally only necessary when dealing with Recipe / Equipment control mapping.

CM identification

CM identification is based on physical equipment only, regardless the possible instrumentation. This task is performed in looking at the Process & Instrumentation Diagrams and in applying the breakdown rules.

The output of this task is a list if of CMs and their marking on the P&ID.

17.1.1 Application example
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Figure 36 CMs identification

17.1.2 Worksheets

The result of CMs breakdown is a list of CMs. Depending of the overall project methodology it may have different shape. The following table present a suggested worksheet:

	Unit / EM
	Tag
	Type
	Classe
	Sclass
	Operating states
	Description

	-
	CM1
	Material
	Pipe1
	-
	-
	Feeder

	A
	CM2
	Material
	Vessel
	Simple
	-
	Mixture Vessel

	B
	CM3
	Material
	Vessel
	Simple
	-
	Mixture Vessel

	-
	CM4
	Material
	Trx1
	-
	-
	Transfer line

	C
	CM5
	Material
	Vessel
	LevelCtrl
	-
	Finishing Vessel

	D
	CM6
	Material
	Vessel
	LevelCtrl
	-
	Finishing Vessel


Table 13 Control Modules list
Unit/EM : The unit / shared Equipment Module the CM is part of (may be filled later)

Tag: a comprehensive label to uniquely identify the CM within the Unit/EM

Class: The generic object class this CM is an instance of. Classes may be defined and refined as long as applications are developed. 3 classes are defined here.

Sclass: The variant of the object class that has to be used for this CM. In this case, The Vessel Class has 2 variants, one simple Vessel, one with level measurement.

Operating states: The different basic control actions the CM has to perform. It can be used to help object class design.

17.2 Functional Modeling

Functional modeling purpose is to identify the equipment based, process oriented elementary functionality.

The output of this task is a list if of Equipment Procedural Entities (EPE) and their associated CMs.

17.2.1 EPE breakdown

These EPE can be of any procedural level: Equipment Phase, Equipment Operation, Equipment Unit Procedure or Equipment Procedure. Depending of the purpose of the defined EPE, its physical domain of action can be limited to a single unit or it can encompass the whole process cell.

The actual functionality breakdown is out of the scope of Flow Analysis: arbitration between very specific, simple EPEs and more generic, complex EPEs is a call of judgment that results from many factors. Flow Analysis will apply to all situations as well.

17.2.2 Application example
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Figure 37 EPE identification

17.2.3 Worksheet

The result Functional breakdown is a list of EPEs. Depending of the overall project methodology it may adopt a different shape. The following table present a suggested worksheet:

	Unit / EM
	Tag
	Classe
	Sclass
	CMs
	Operating state
	Description

	A
	CHARGE
	CHARGE1
	-
	CM1 CM2
	-
	Charging vessel A

	B
	CHARGE
	CHARGE1
	 
	CM1 CM3
	-
	Charging vessel B

	A C
	TRX
	TRX1
	-
	CM2 CM4 CM5
	Gravity Pumping
	Transfer vessel A -> C

	A D
	TRX
	TRX1
	-
	CM2 CM4 CM6
	Gravity Pumping
	Transfer vessel A -> D

	B C
	TRX
	TRX1
	-
	CM3 CM4 CM5
	Gravity Pumping
	Transfer vessel B -> C

	B D
	TRX
	TRX1
	-
	CM3 CM4 CM6
	Gravity Pumping
	Transfer vessel C -> D


Table 14 Equipment Procedural Entities list
Unit/EM : The Unit / shared Equipment Module / Process Cell the EPE applies on. It results of CMs allocation to EPE and CMs attachment to Units/EMs. If several units are involved, this EPE is non-ISA88 compliant and will not take benefit of standard Unit allocation to address flexibility. This is often the case in transfer phases. 

Tag: a comprehensive label to uniquely identify an EPE within this equipment

Class: The generic object class this EPE is an instance of. It may be defined and refined as long as applications are developed

Sclass: The variant of the object class that has to be used for this EPE applied on this equipment

CMs : the list of Control Modules which are involved to form the path the procedural entity run against.

Operating states: The different procedural behaviour this EPE can perform. It can be used to prevent usage of non-applicable behaviours of the class or it can be used to help object class design.

17.2.4 Functional Modelling validation

Defining EPEs is an iterative process that must take care of several other tasks and constraints:

· EPEs are instances of generic EPE classes: an identified EPE must match an existing object class or it will trigger the definition of a new class

· The defined set of EPE must allow playing the intended processes (recipes). 

At this stage of the project development, recipes are to be successfully simulated in order to verify that:

· any needed EPE exists in the target equipment

· no allocation conflicts prevent a procedural sequence to execute in the intended way

This is very important in order to only develop the needed EPEs and to ensure that all needed EPE will be defined. 

Also, this step provide the input for 

· the development of missing EPE classes 

· or the evolution of the classes repository

17.3 Device Modules & FBD linkage

This is the first time Instrumentation is considered. Device modules are to be identified in order to consolidate the whole I/O point in a comprehensive set of instruments (DMs list corresponds roughly to the instrument list). Each instrument and its corresponding I/Os is managed by its own Device Module.

This is a classical engineering task that may be performed independently. Its is not directly involved in functional specification. However, the resulting definition of instruments is mandatory to support FS description.
17.3.1 DM linkage

Each DM is statically attached to the CM it is physically connected to.

To enforce FS description consistency, DMs are tagged within the CM using an alias that allows generic CM description

FBD are attached to all CMs they are in touch with. By this way, the control system is aware of all links (existing paths and active flows) that exist in the process cell.

17.3.2 Application example: Modelled process cell

From the application example, the following figure present a model view which highlights the role of FBD between CMs.
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Figure 38 Modelled Process cell

17.3.3 Worksheet

List of DM
	Tag
	Classe
	Sclass
	CMs
	Exclus/Shared
	 
	Description

	DM1
	ONOFFV1
	FC, OC
	CM1  /CM2
	Exclus Exclus
	 
	Vessel A charging valve

	DM2
	ONOFFV1
	FC, OC
	CM1 /CM3
	Exclus Exclus
	 
	Vessel B charging valve

	DM3
	ONOFFV1
	FC, C
	CM2 /CM4
	Exclus Exclus
	 
	Vessel A drain valve

	DM4
	ONOFFV1
	FC, C
	CM2 /CM4
	Exclus Exclus
	 
	Vessel B drain valve

	DM5
	PUMP1
	FixedSeed
	 CM4
	-
	 
	Transfer pump

	DM6
	ONOFFV1
	FC, OC
	CM4 /CM5
	Exclus Exclus
	 
	Vessel C charging valve

	DM7
	ONOFFV1
	FC, OC
	CM4 /CM6
	Exclus Exclus
	 
	Vessel D charging valve

	DM8
	ONOFFV1
	FC, C
	CM5
	Exclus Exclus
	 
	Vessel C drain valve

	DM9
	ONOFFV1
	FC, C
	CM6
	 
	 
	Vessel D drain valve


Table 15 Device Modules List
FBD Constraints Settings

…

CM attributes

Objects instances

Each CM and EPE is an instance of a matching class. Proper procedures ensure that the class performs well according its usages throughout all applications that use this generic repository.

Instances must specify:

· Class reference and associated version

· Sub-class if any

· Equipment linkage (associated CMs for an EPE, 

· Allowed operating statuses

· Applicable parameters

· Additional instance specific information

· Constraints settings

Each instance has its own documentation that permits the proper referencing and testing.


Annex G:  Example of CMs

(To be developed separately)
Annexe H: Usage Questions (FAQ)

(informative)

Uniqueness of actuator control

Because of the attachment of Device Modules to Control Modules and the mandatory exclusive allocation of Control Modules by Phases, the origin of an actuator command is always known.

This constraint imposes a very strict control design where Phases control extent is explicitly limited to the considered Flow. That may impose particular implementation features to handle bumpless changes within a Flow from outside the phase (by recipe procedure). 

Example: Change a speed control strategy of an extrusion system would need a new call of the corresponding control module by the allocating phase. The previous execution instance of the phase should be killed and CM should be free before the new context is established, which normally leads to stop the driver DM during the transition and would disturbs the process.  

This may also be achieved by sending new commands to a continuing phase and proper synchronization in order to change the control strategy or set points.
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