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CHAPTER ONE

INTRODUCTION

Computer control is being implemented at all manufacturing system
levels to increase productivity and flexibility. Computer controllers
range in size from small microprocessors directing machining operations
to mainframes supervising an entire manufacturing facility. The
ultimate goal of computer control implementation is the computer-
integrated manufacturing (CIM) system, which combines computer
controllers at each manufacturing level into a single control network.
The effectiveness of computer-controlled manufacturing systems 1is
directly related to control strategy and hardware design.

A major problem in CIM implementation is the complexity of
designing and evaluating control hardware and software at all levels of
the manufacturing operation. Many different types of hardware control
configurations are commercially available for controlling a given
process. Evaluation and design of these control systems require a full
working knowledge of the process being controlled and computer control
technology. The most important and often overlooked consideration in
design and evaluation of a computer-controlled manufacturing system is
the actual process being controlled. Therefore, computer control
systems must be evaluated in terms of the manufacturing process, as

well as controller cost and performance.




Research Objectives

The purpose of this research is to develop a comprehensive design
and evaluation methodology for computer-controlled manufacturing
systems. This methodology can be used to evaluate all levels of the
manufacturing process, from adaptive control of machining operations to
the hierarchical control network of an automated factory. A two-step
approach is employed in the methodology. First, a mathematical model
is used to identify a cost-effective, feasible design. Basic control
hardware performance characteristics are determined by manufacturing
system control requirements. Once hardware components are identified,
a simulation model is used to evaluate performance characteristics of
the control system with respect to the manufacturing process.
Simulation modeling determines the feasibility of control system
dynamics. Actual components for the control system can be specified
from simulation model results. A prototype or actual system can then

be implemented from methodology results.

Control System Evaluation Methodology

The manufacturing control system evaluation methodology developed
in this research is outlined in Figure 1.1. The two types of analysis
employed by the methodology are: (1) mathematical modeling and
optimization, and (2) simulation modeling and experimentation.

The mathematical model is a screening process to analyze basic
designs and components, given process control requirements and

component costs. Many control strategies and designs can be evaluated

at this stage. Technological characteristics of components make the




Figure 1.1.
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The most cost-effective, feasible

solution procedures quite simple.

design configuration is further evaluated with a simulation model.

Dynamic, time-dependent system response characteristics are analyzed by

the simulation model. Simulation analysis requires more detailed data

on the control system identified by the mathematical model. Simulation

model development time is substantially reduced, because the

mathematical model is used to identify the initial system design.
Actual components can be specified and evaluated during simulation.
Simulation results can also be used with postoptimality analysis of the
mathematical model to evaluate components which do not meet specified
control requirements. For instance, if a computer does not have
sufficient storage capacity, the mathematical model postoptimality
analysis can directly identify the cost and storage unit to meet the
storage requirements without re-solving the mathematical model. The
methodology can be applied to all levels of the manufacturing process
in varying degrees of detail.

The evaluation and design methodology is dynamic. Evaluation and
component selections are based on manufacturing process control
requirements. Thus, the methodology is able to evaluate most
computer-controlled manufacturing systems. Feedback data provides
additional information. As more evaluations are performed, the
methodology data base becomes more accurate.

Once the process control system has been simulated, a prototype
can be built. All process control system components are identified by

the mathematical and simulation model analyses. If the simulation




model is very detailed in describing the control system and process, a
system can be implemented directly from model results. Complex systems
with high process variations and many control variables will probably
require that a prototype or working model be constructed and analyzed.
Results from the prototype analysis can be used to validate and update
the simulation model data base. The final design is obtained from the
prototype analysis, and the control system can be implemented.
Information can be used from the prototype and process design to
further validate both the mathematical and simulation models, providing

additional system operational data.

Mathematical Model

Since many types of computer control components and designs are
usually under consideration, a procedure must be developed to determine
a cost-effective hardware configuration which can satisfy the process
control requirements. For example, an adaptive control system maximum
response time for a machining process is 23 microseconds; that is, the
control system requires 23 microseconds to detect the machining process
variables, process the sensor signals, make a control decision, and
send the decision to the machine control servo. As this example
illustrates, control hardware and software component characteristics
must be selected to satisfy process control requirements. In addition,
software, hardware, implementation, and operating costs must be
considered in the selection of a component configuration.

A computer control system can be expressed as a resource

allocation model. The component performance characteristics are the




resources allocated to satisfy process control requirements. All
control requirements must be satisfied; otherwise, the control system
is infeasible. Performance requirements are defined by the process
being controlled. By having the process dictate control requirements,
control system designs are evaluated with respect to the process.

Control system components can be defined in terms of performance
characteristics (e.g., response time, resolution, and processor speed).
Since components are defined in terms of basic performance
characteristics, the model is not technology dependent. Different
kinds of technology can be evaluated simultaneously by describing
components in terms of basic modei parameters. New technologies can be
analyzed directly with existing technologies.

Component cost can be expressed as a function of performaﬁce
characteristics. Thus, an optimal minimum-cost solution can be
obtained from the resource allocation model, subject to process control
design requirements. The mathematical model solution identifies all
hardware components in the minimum-cost configuration. With an
appropriate solution procedure, postoptimality analysis can be
performed. With this analysis, different components can be examined
relative to the optimal solution. Reliability analysis can also be
performed to evaluate system reliability relative to component cost and
feasibility.

The mathematical model identifies a basic relationship between

component costs and operational constraints. This relationship enables

system cost to be analyzed during the initial design phase of both the




manufacturing and computer control systems. The mathematical model is
the critical link between the manufacturing process and computer
control system design. By expressing manufacturing process
requirements in terms of the mathematical model, the manufacturing
system designer can communicate directly with the designer of the

computer control system.

Simulation Model

Once an optimal control system is identified by the mathematical
model analysis, the dynamic behavior of control system hardware and
software must be investigated. While the mathematical model defines
system components on the basis of their performance characteristics,
process dynamics and control strategies must be evaluated before actual
implementation. A digital computer simulation model is used to
perform this analysis. A computer control system simulator provides
the designer with the data required to determine individual component
and total system performance measures.

Two simulation models are combined to evaluate an entire system.
First, a simulation model is developed for the process being controlled
by the computer control system. Process variability is simulated and
related directly to control actions. These control actions correspond
to the process control variables identified in the basic control
strategy. The process simulation is the most critical and important.
Second, the computer control system is simulated. All dynamic

responses and delays are included for interface and communication

equipment. In addition, control software logic is integrated into the




simulation model. Computer coﬁtrol system components are simulated in
a modular structure to enable other components to be added and
evaluated without changing the original model's structure. The
simulation model can analyze many levels of computer control.
Variations in the computer control network are related directly to
process variations.

A computer control system is responsive to process variations.
These variations can be both continuous or discrete over time. For
example, the torque of a motor controlling spindle speed changes
continuously over time. A control signal from a minicomputer is a
discrete event. Thus, the simulator has to execute both discrete and
continuous simulation simultaneously. Since this methodology has to
evaluate all manufacturing levels, the simulator must also be flexible.

The simulation model is used to evaluate the following major
component types and several operating characteristics of each type.

1. Computers and processors: interrupt input/output (I/0), real-time
control logic program execution

2. Communications: duplexing/wideband, message protocol, local area
networks

3. Process control interfaces: real-time control and delays,
sensor/data acquisition, analog processes and devices

Unlike the mathematical model, which describes all the components and

computers by deterministic performance characteristics, the simulation

model must capture dynamic, probabilistic, real-time operating

characteristics.




Different hardware performing the same function might have
completely different operating procedures. For instance, a midlevel
control computer could use either an interrupt-driven or a pooled
system for servicing machine requests. Simulation of the interrupt
system would be completely different from pooling routine simulation.
The simulator must be extremely flexible to include all components
under consideration. This flexibility is extremely important if
sensitivity analysis is to be performed with the simulation model.
Finally, simulation output must be in a format that can be used to
evaluate control system designs. Means and utilizations of controllers
are important. However, the simulation must trace the entire control
action over the entire control time domain. Responses and control
actions have to be identified and recorded at precise time intervals.
Process states have to be identified at specific times. Simulation
model output must include memory requirements and software execution
times. Processor failures or saturated communication channels must
also be documented. The events leading up to a failure must give a
clear picture of the cause of the failure. Without properly simulated
variables and control states, the simulation model will not be an
effective design tool. The more detailed the simulation model, the

better the understanding of the process and control relationship.
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Research Procedures

Chapter 2 reviews the evolution of computer control systems for
automated manufacturing processes. Background information on
application of the mathematical and simulation models to automated
systems is also provided. Chapter 3 develops a hierarchical control
system mathematical model and an analysis procedure using dynamic
programming solution techniques. Chapter 4 presents a mathematical
model for an adaptive control system and a general procedure for
selecting control hardware components, based on system performance
requirements. Solutions are given for both models, and examples
illustrate the solution procedures. Postoptimality analysis techniques
are discussed for the mathematical models.

Chapter 5 covers simulation model development. The Simulation
Language for Alternative Modeling (SLAM) is used for the simulation
analysis. An example manufacturing cell is simulated, illustrating the
versatility of the analytical procedure. Results and conclusions of
the research are presented in Chapter 6. The extension of the
methodology to evaluate other manufacturing systems, such as robotics,
is also discussed.

Appendix A provides the source listing of the example
manufacturing cell SLAM program discussed in Chapter 5. Appendix B
describes simulation of a computer numerically controlled (CNC) turning
process. The adaptive control method is analyzed and illpstrates the

continuous simulation capability of SLAM. In addition, graphic output

capabilities developed during this research are demonstrated.
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Development of an advanced optimal adaptive control procedure with
compensatory tracking is discussed in Appendix C. This method
dynamically controls cutting speed, based on optimal tool life and
flank wear characteristics. The adaptive control program is designed
to take advantage of microprocessor architecture. This application
illustrates the model's capability to analyze complex continuous

systems.




CHAPTER TWO

LITERATURE REVIEW

Fully automated production systems are possible with today's

computer and microelectronic technology. These systems have

substantial impact for the batch-type machine shop, where only five

percent of average part production time is spent on a machine [u6]. A
computer-controlled manufacturing system can reduce the amount of idle
time by dynamically scheduling and controlling machine, transfer, and
storage operations throughout the entire production process.

Fully automated production systems are completely computer-
controlled. Computers make all the decisions concerning production
schedules and processes. Computers also control numerical control (NC)
machines and transport mechanisms located in the plant. The computers
ensure optimum machine utilization and throughput service times for
variable mixed part processing. Once demand is specified and part
priority established, computers monitor and control the entire
production process, from selecting a raw resource to storing finished
products in warehouses.

This chapter reviews the literature on the evolution of computer-
controlled manufacturing systems over the past thirty years. Current
analysis procedures for déveloping control computer configurations are
reviewed. Present mathematical modeling and simulation techniques for

manufacturing computer control systems are also examined.
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Development of Computer Control

Implementation of computer control at all levels of manufacturing
has followed the rapid growth of the computer and microelectronics
industry. The NC system developed by the Massachusetts Institute of
Technology in 1952 [77] paved the way for computer control of
manufacturing processes. NC machines are directly compatible with the
digital computer. International Business Machines Corporation
introduced the System/360 in 1965 [11]. Two years later, both the
direct numerically controlled (DNC) and computer numerically controlled
(CNC) machines were developed. Sunstrand Corporation was able to
control 256 Omnimils with one IBM System/360 Model 50 [24]. This
initiated the "star" network control phase of manufacturing processes.

Computers had to be housed in a controlled environment away from
the manufacturing processes. Mainframes, such as the IBM System/360,
cost millions of dollars. In addition, connecting all the machine
control functions was very expensive, and the network of wires was
complex to maintain. With the high cost of computer control, a
computer's full capability had to be used in order to justify the
system [63]. Thus, control of the manufacturing process was
centralized. All control loops to DNC machines and other processes
were connected to a large computer in a central location. All control
programs were executed by the central computer. Manufacturing system
reliability was totally dependent on the central computer. During the

late 1960s, DNC machines could receive and process only one or two part

program instructions at a time [57]. The main computer had to




s

constantly "pool" and send instructions to the DNC machines. If the
main computer went down, so did the manufacturing process under the
computer's control.

The hard-wired controllers of the DNC machines also limited
manufacturing flexibility. In 1972, Sunstrand Corporation introduced
the soft-wired integrated numerical controller (SWINC) system, which
enabled machines to handle different types of part operations by
changing the machine control program [78]. In the same year, Intel
developed the complementary metal-oxide semiconductor (CMOS)
microprocessor, which began the drive to implement microelectronic
controls at the process level [30]. Two years later, microprocessors
were being used in machine tools [78].

The automated factory moved closer to reality when Digital
Equipment Corporation (DEC) introduced a distributed plant management
system for controlling remote stations in 1877 [78]. Microprocessors
were 'hardened" so that microprocessor controllers could be placed at
the process level. Machines, material transfer devices, control
computers, and microprocessors no longer had to be in constant
communication with a centralized computer. With these developments,
control of the manufacturing system started to become distributed.
Control decisions were closer to the manufacturing process, increasing
manufacturing system reliability and decreasing communication
requirements.

In the mid-1970s, group technology was being considered in the

United States [78]. The group technology concept was developed by
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S. P. Mitrofanov of the U.S.S.R. in 1946 [22]. Germany and the U.S.S.R
have employed group technology in their manufacturing processés since
1950. In this country, the reason for the switch to group technology
from transfer lines was the fact that 60 to 70 percent of the discrete
parts manufactured in the U.S. are produced in small lot sizes of 50 or
less [19, 60]. Parts spent an average 95 percent of the total process
time either being transferred or waiting for processing; actual part
machining time was only 30 percent of the five percent remaining for
machining setup and processing [46]. With group technology, machines
are grouped together in a manufacturing cell with high flexibility for
manufacturing the many different small part lots, increasing
productivity and machine utilization.

Group technology was the main design concept of the first complete
variable mission manufacturing (VMM) cell developed by Cincinnati
Milacron in 1980 [78]. The VMM cell comprised a group of machining
centers controlled by a minicomputer with automatic transfer mechanisms
between all the centers. The entire system is programmed for different
batch machining operation requirements. Machining operation sequences
can be changed in seconds for different part batches.

In order to control the cells and individual machines, the Modway
Public Industrial local area network was developed by Modicon Division
of Gould Incorporated in 1978 [2]. This "data highway" enabled
processors to address devices outside the physical computer, as well as

allowing communication between micro- and mini- control computers of

different vendors. The data highway communication network links CNC
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machines, DNC machines, machine cells, transfer and storage systems
together, making a CIM system feasible. The distributed control
network is the future trend in computer control systems, as controllers
and digital control devices are implemented closer to the process

{32, 33, 37, 42]. For instance, advanced robotic systems assign a

microprocessor to control movements of each axis [20].

Implementation of Computer Control in Manufacturing

Computer control implementation has been successful at all levels
of manufacturing. A Bendix optimizing adaptive control machining
system built for the U.S. Air Force increased milling and turning
operations 20 percent over conventional methods [739]. At the cell
level, the IBM Quick Turn Around Time (QTAT) manufacturing line was
developed to speed fabrication of customized logic circuits. IBM
computers, including multiple System/370 Model 168s, control over one
hundred automated tool subsystems grouped into eight sectors, making
the entire custom chip from a master slice. The entire IBM process is
computer controlled from deéign to final inspection. The IBM QTAT
system substantially shortens production cycle time [41]. Such systems
have been integrated into a computer-aided design (CAD) system and
other computer-controlled manufacturing processes, providing
significant reductions in logic chip manufacturing costs. As these

systems illustrate, large increases in productivity can be realized by

implementation of computer control in manufacturing.
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With successes such as the IBM QTAT system, computer control of
the manufacturing process seems to be the answer to many manufacturing
problems. As one article recently stated, 'the best way for a plant to
tighten its belt is with a computer" [56]. However, there have also
been many computer control implementation disasters. Documentation on
computer control system failures is scarce, since most companies choose
not to publicize mistakes. Investigations into these failures indicate
the manufacturing system was the cause of the poor performance, because
it was inadequately designed for the computer control system [56].

Manufacturing management has been 'throwing computers in the
general direction of problems, without any clear idea of exactly how
the computer is supposed to solve the problem" [56]. The trend has
been for the manufacturing engineers to let the computer designers
develop the entire control system without a well-defined understanding
of the manufacturing process being controlled [34]. In 1980 C. R.
Williams of Sperry Univac noted that '"the responsibility for
implementing computer-based manufacturing systems in most companies is
in the wrong hands,'" referring to the computer professionals who
usually perform most of the design work [73].

Most current computer-controlled manufacturing systems comprise a
computer or minicomputer connected to a group of NC machines. The
computer has specific programs for each machine processor. Machine
requirements are based on scheduling and routing techniques most

frequently obtained from predicted demand and resource availability.

The workpiece is routed through the system and waits at a busy or
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failed machine. There are other machines in the system which can
perform the same operation, but the workpiece is not routed to another
machine because the computer does not have enough memory to support two
NC machines with the same operations program. This example illustrates
current computer control of machines, which at best has achieved only
55 to 68 percent machine utilization [40].

The main failure in this type of control system is inflexibility
once the workpiece is routed into the system. Real-time control is not
present in such a system. If a new demand or priority arises, the
system has to completely discard its current operation. This is not
“the type of computer-controlled system that can efficiently operate a
manufacturing process, much less an entire manufacturing system.

Two observations have been made concerning the problems of
controlling manufacturing systems [72]: (1) resources should be
allocated to tasks as close to their initiation as possible [50], based
on the most recent information, and (2) machines should be pooled so
that one machine can perform another's operation. The system must be
flexible with the shortest possible dwell time for each machining
operation. The system must be interconnected with communications so
command and control messages can be received and acknowledged to ensure
control information is not deleted from the system. Constant system
supervision must be maintained to detect failures and monitor impending
job completions. The computers should control the entire system

throughput and utilize all machines by means of a transportation

network which can bypass failed or busy machines.
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Design and Evaluation of Computer-Controlled Manufacturing

Design and evaluation of a computer-controlled manufacturing
system comprises a large percentage of the total implemention time. On
a small CIM system with just a few manufacturing cells, total
implementation time could be as long as five years, with costs
approaching fifty million dollars [64]. More than half that time is
spent evaluating and designing system control hardware and strategies.
In the typical computer control implementation, up to 95 percent of
total implementation time is spent on design and evaluation of the
control and manufacturing system interaction [69]. In a manufacturing
control system, many different control levels must be examined;
response characteristics and interactions must be related to the entire

process control system, beginning with the process being controlled.

Manufacturing and Computer Control Systems Analysis

Design and evaluation of a manufacturing control system is
presently performed by a committee of engineers, machine tool builders,
and computer systems analysts. There are some guidelines for starting
the design of the system [64]. However, the system design phase is
usually divided into two areas: the manufacturing process and computer
control system. Design and evaluation techniques have to be
established for each area. Thus, process designers specify schedules
and equipment required for the manufacturing system, while computer
software and hardware design engineers design the control system.

Two basic techniques are used to evaluate the production process

and computer control system before a prototype or actual system is




built: mathematical modeling and simulation modeling. Although
mathematical and simulation models are used to evaluate both the
production process and computer control system, the actual evaluation
procedures have been developed separately.

Mathematical models are used to evaluate the levels of computer
control in manufacturing systems. Linear prqgramming and dynamic
programming models have been developed for determining assembly line
balancing and evaluating machine idle time, based on cycle time and
shortest path through a network. Integer programming and dynamic
programming are deterministic modeling techniques and have been applied
primarily to sequencing, network capacity, inventory, aﬁd material
requirements problems.

Queuing models have been developed to analyze flow and capacity
characteristics. Models, such as the Computer Analysis of Networks of
Queues (CAN-Q) [72], evaluate the flow and capacity of cellular
manufacturing systems. Another stochastic model is the Generalized
Network Simulator (GNS) [43], which is used to analyze production
systems with in-process inventory and parallel machine stations.
Stochastic models are also designed to investigate characteristics of
the individual cell [10]. These stochastic models deal with system
loading, part flow, and capacity.

Computer control networks are evaluated in a similar manner.
Queuing models are used to determine system capacities over a given
time domain [9]. A dataway network queuing model has been developed

for evaluating communication traffic demand from manufacturing



operations [5]. Like manufacturing stochastic models, computer network
models are used for capacity planning, system utilization, and

reliability analysis.

Simulation

Simulation models are used to evaluate CIM designs. Both General
Motors and Caterpillar Tractor have used general simulation languages
to design and evaluate new flexible manufacturing cells [7]. These
evaluations included machine utilization, scheduling, and part process
rates as performance variables. A few of the many examples of
discrete-event simulations of automated manufacturing systems are found
in references [45, 59, 66]. All these examples assumed that the
computer control systems were process-oriented; distributions were
assumed for machine and transfer cycle times. Manufacturing capacity
analysis was the main objective of these applicationms.

Many discrete-event simulators have been developed for evaluating
flexible manufacturing system performance [1]. These include IIT
Research Institute's Manufacturing Simulator and Multi-Routine
Simulator, Cincinnati Milacron's VMM General Simulator, and Purdue
University's General Computerized Manufacturing Simulator (GCMS) [7].
These simulators are used to support optimal planning of CIM systems.
Other simulators have been developed for general production facility
simulation [6, 48, 55, 61]. All performance variables in these
simulators deal with the manufacturing system, machine and transfer
utilization, system capacity, resource planning requirements, and

inventory control.



The computer system simulation models usually estimate computer
utilization based on program-generated loads [65]. Statistical or
mathematical models are imbedded in the simulation model to approximate
computer performance characteristics, based on system states [8]. Even
hybrid regression is employed to model the computer because of the
often prohibitive cost of simulation time [17]. Computer capacity and
reliability are usually evaluated with these simulation techniques

[51, 52].

Few simulation applications have beén developed to evaluate
software [14, 25]. Software is analyzed with respect to capacity.
Software programs are generated as discrete events with variable
service times sampled from known distributionms.

Emulator programs are the only simulation models which can
evaluate software and control actions in a real-time context [67].
These emulators run software with actual hardware. Usually several
processors can be emulated with the same emulation software; circuits
are developed with a CAD system [62]. Distributed network control
software has been developed using a data communications computer
emulator network tied into an actual physical system.

Network computer simulation models have also been developed to
analyze system capacity. Task loads are generated into the system and
various devices in the network are simulated [21]. The data highways
used in manufacturing control are also analyzed with simulation models

[5]. Again, these simulation models are general in nature and are



primarily used to analyze network message traffic. The computers and
devices generate events which contend for use on the data highway.
Finally, process dynamics have been modeled using differential
energy conservation equations, analog computers, and digital
simulations [23]. Differential equations have been used to describe
machine tool metal removal dynamics [35, 36] over a continuous time
domain. These differential equations can be extremely accurate in
describing system dynamics [68]. From these equations, system
responses to inputs are used to design control systems. Digital
simulation software packages, such as the Advanced Continuous
Simulation Language (ACSL) [47], have been developed to simulate
complex analog control systems over continuous time domains [32].
These digital simulation programs are used directly in manufacturing

process control system design. Except in advanced digital simulationm,

random variability is not included in the models [23].

Summary

Each level of the manufacturing control system and process has
been analyzed using various mathematical and simulation modeling
techniques. Models with their current capabilities and formats cannot
be used directly in an optimal design process to select system
components for each level of the manufacturing control system based on
cost and performance requirements. In addition, process dynamics
cannot be analyzed with control hardware and software in a real-time

simulation.
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At present, manufacturing process control analysis techniques have
not been fully integrated with computer system design. A comprehensive
design and evaluation methodology is developed in the following
chapters. The methodology enables all parties in the CIM system design
process to analyze each control component level, based on optimal cost

design and system dynamics.




CHAPTER THREE

HIERARCHICAL CONTROL MATHEMATICAL MODEL

The trend in recent years has been to control automated production
systems from raw materials to finished products entirely by computer.
Hierarchical computer systems have proved the most effective method of
production system control because of their modularity, reliability, and
control functions [64]. A major problem in implementing a hierarchical
control system (HCS) is identifying the most cost-effective computer
configuration to control an automated manufacturing system. A method
must be developed to determine the optimal number and type of computers
and communication links for each level of the system to result in the
lowest control costs.

In this chapter, a general mathematical model is formulated to
describe HCS components in terms of computer/communication speed and
capacity. The model relates production process requirements directly
to computer control requirements. Once production requirements are
established and processes are defined, dynamic programming techniques
can be used to determine a minimum-cost hierarchical configuration as a
function of cost and available computer resources. The model can be
applied to any HCS configuration and is not dependent on current
technology. By minimizing costs, the model identifies an optimal

control system for the specified production process.
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Basic Hierarchical Control System Levels

The basic control system for NC machines and automated material
handling devices has three major functions: strategic control,
throughput control, and process or tactical control. Figure 3.1
illustrates an HCS. At the top of the system is the strategic
computer, a mainframe which handles most of the planning, forecasting,
scheduling, and controlling functions of the plant or entire company.
Computer-aided design (CAD) is supported at this level. This computer
also performs many of the "housekeeping" tasks, such as billing,
payroll, and recordkeeping. Its output relative to actual production
processes is very general, e.g., the number of different products
required, production goals, and future requirements. The strategic
computer contains and determines the broad and general production
requirements for plant processes. Its data base holds the information
needed by managers to determine sales and predict demand.

General demand and production level output from the strategic

computer must be translated into instructions for controlling the

production process. The throughput control computer performs this task

and controls the NC systems. It is at the center of the production

control system. The computer determines which machining operations are

required to meet demand, the resources available for each operation,

and the NC machines required to perform the work. It constantly
monitors feedback from different processes in the system and adjusts

for changes in system status. Its memory stores data on materials and

parts available and finished goods. Computers maintain master control
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If the computer's offline and

and status of the production process.
online storage is large enough, the throughput computer can keep track
of each part's location in the production process.

Tactical microprocessors or minicomputers control the NC machines
and the process transportation mechanisms. These tactical controllers
can have two-buffer direct numerical control (DNC) with a
behind-the-tape reader (BTR) or complete computer numerical control
(CNC) with all part programs stored in memory. The type of tactical
control determines the processing load and communications the
controlling throughput computer must have to ensure the machine's
process functions can be performed. A DNC machine with BTR would
require constant control during processing, while a CNC machine would
require only a single process operation message. Tactical controllers
for DNC machines are usually the least expensive of the NC machine
control options. However, computer control of the DNC machine could
make it the most expensive NC machine control option.

These control functions are the basis of an HCS for a production

process. HCS levels are aggregated as a function of their direct

control over the manufacturing process. The strategic computer deals

with general information on production requirements and requires only

general statistical data on the production process. The throughput

computer interprets the requirements from the strategic computer and

transforms them into the actual process required. The tactical
computer sends the instructions required by tactical controllers to

The computer monitors the

perform the required process operations.
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process resources and updates the status of every machine process. The
throughput computer directly controls the tactical computers for the
current operation. Statistical process data 1s relayed back to the
strategic computer by the throughput computer.

A computer control system can be effectively modeled based on the
following concepts. The model must represent the entire production
process, including all communication and computer operations. An HCS
must be capable of responding to variations in production operations.
The most important aspect of the model is relating system control costs
to manufacturing process requirements. An HCS can be viewed as a
resource allocation procedure. The process creates a demand for

control, and the HCS meets the demand.

Hierarchical Control Manufacturing System

Development of an HCS model should start at the process being
controlled. Solberg, Barash, and others have simulated and developed
manufacturing process configurations for hierarchical control
[11, 28, 40, 72]. Pooling (or group technology) was identified as the
best method of processing by computerized manufacturing systems [40].
By having NC machines programmed to do many basic jobs, flow through
the production process can be greatly improved. The smaller programs
can decrease part dwell time at the process station. The main strategy
is optimizing machine utilization and providing system flexibility.
Inflexibility is the main shortcoming of current computer-controlled

manufacturing systems. The computer HCS must be able to respond

instantly to changes in demand and resource requirements.
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Workpiece transportation and process facility layout are the keys
to process system capability. In a computer-controlled manufacturing
system, the workpiece must be able to bypass any work station. This
bypass capability substantially increases machine utilization and
workpiece flow in simulations of data flow computer-operated
manufacturing systems (CMS/DF) developed at Purdue University [40].
The bypass capability allows the system to continue processing with
partial system failures. The main transportation system must connect
all NC machines in the system. Figure 3.2 shows the basic layout of a
computer-controlled system.

Some automated manufacturing process systems do not have buffers
at the NC machines, eliminating in-process part storage completely.
Without in-process storage, part transfer delays can decrease machine
utilization. On the other hand, large part storage at work stations
will degrade total system flexibility by increasing dwell time. To
resolve this problem, an in-process buffer at each work station
temporarily holds the part to be processed next. The in-process buffer
increases machine utilization and process throughput [10].

The most important criterion in facility layout is the capability
to bypass any machine by any workpiece. The system must be able to

decouple the manufacturing process. A decoupled system greatly

increases control system flexibility.




Figure 3.2. Hierarchical Control Manufacturing Facility Layout




Hierarchical Control Variables and Costs

Basic HCS components (Figure 3.3) are a central processing unit
(CPU), processing memory, storage, I/0 buffers, and communication
links. The entire HCS can be described in terms of its component
operations. Basic costs of a computer-controlled system are associated
with these components. The HCS can be modeled using basic component
costs. By minimizing costs of the control system model within these
constraints, an optimal control system can be identified. The model
can specify the basic requirements for computer and communication
network equipment. The model's constraints can be changed to reflect
advances in microelectronic technology.

The HCS model is developed by first describing each control level
in terms of the basic components. Constraints are determined for each
component. All control levels are then related as functions of basic
component costs and the constraints. The objective function is

determined from the cost relationships.

Basic System Components and Cost Relationships

Every computer has three basic systems: the CPU, memory, and
I/0 [381. The CPU performs all the basic functions, such as addition
and subtraction. The CPU executes the decision processes according to
program instructions. The CPU is usually described by the number of
bytes per word, registers, and execution speed. Processor speed is

considered in this model. The process memory contains the data and

programs required by the CPU to perform computations. The results of
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the computations can also be stored in memory. In addition, data from
the I/0 can be stored directly into the memory for execution by the
CPU. The memory storage size and retrieval speed are the limiting
factors on most computer systems [54]. Both size and speed increase
the cost.

The I/0 ports are connected to both the memory and CPU. Each
device is connectgd to a central controller. The central controller is
a scheduler which determines routing and timing of data transfer from
each device. Controller complexity greatly increases as more I/0 ports
and buffers are added to the system. Frequency of device monitoring is
a major factor in determining controller size and speed. The number of
devices and I/0 buffering also dictate speed and size.

The communication link connects all computers and controllers in
the system. The data speed of a communication link is expressed in
bits per second (baud). Current commercial applications can reach 9800
baud. Using fiber optics, a 20,000-baud rate is possible. A wider
bandwidth and higher quality connecting cable must be used as speed
increases. In addition, buffering and message interpreters become more
costly.

Two basic parameters can describe HCS resources in relation to
process control requirements: (1) maximum interrupt I/O processor
speed and (2) resident memory available for controlling logic
operations. The interrupt I/0 speed is the maximum number of

interrupts a processor can service at a specified I/0 rate. This

processor speed enables the processor to control the computer operating
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system (0/S) and logic program execution without losing real-time data
information exchange. The interrupt I/0 speed can be modified and
increased by adding buffers and multiplexers. Production process
control requirements can be expressed in terms of I/O interrupt speed.
The maximum number of interrupts per second of the process device is
multiplied by the I/O rate requirements. This value gives a relative
load on the computer's processor controlling the device.

The manufacturing process memory requirements depend on the
controller used for the process device. For instance, a DNC machine
with BTR would require more memory for control than a CNC machine.
Since the entire part program has to be sent to the DNC machine
instruction by instruction, the part program must reside in memory for
fast I/0 response. The CNC machine requires only a single part type
instruction.

The interrupt I/0 rate and available control memory define the
type of computer needed to control the manufacturing process. Thus,
the cost of meeting the manufacturing requirements can be obtained and
is directly related to the production process. These two variables
provide a simple representation of the control system. These

parameters form the basis of a mathematical model to benchmark an HCS.

Hierarchical Control System Model

An HCS can be modeled as a resource allocation problem. Speed and
storage capacity are the two resources to be allocated at each tier in

the control system. The computer type selected for each tier will

constrain the speed and memory capacity. Resource requirements are
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based on the I/0 speed, processor speed, and memory capacity needed to
perform the computer's control functions. This model minimizes total
system cost by determining the cost of speed and storage requirements

at each level.

Tactical Controllers

Thé development of a hierarchical model begins at the process
level. Machine requirements evaluations are complex and must be based
on comprehensive knowledge of all possible production operations. By
starting with the process level, the model is representative of the
actual manufacturing process as well as the HCS itself. All production
processes must be defined and NC machine requirements determined.
Operation programs must also be developed for each machine. Once all
machines N are selected, a controller option i must be selected for
each NC machine j.

There are three major NC controller categories I: (1) DNC with
BTR, (2) DNC with full program buffer, and (3) CNC. Although there are
many variations, most controllers can be put into one of these major
categories. DNC with BTR requires the most computer supervision.
Controllers in this category usually have a small buffer storing only
one or two program instructions. As the DNC machine executes one
instruction, another instruction must be sent down from the controlling
computer. The DNC machine with BTR is the least expensive controller.
However, this type of control requires that part programs be stored in

the throughput computer. In addition, extra computer memory and

processor time are required to service DNC interrupt requests.




DNC with program buffer is similar to DNC with BTR, with one major
enhancement. Under this type of control, the entire process program
can be downloaded from the control computer into buffer. This method
reduces storage and processor overhead on the throughput computer. If
the DNC machines operate with adaptive control, the throughput computer
must provide logic control decisions and send response signals back to
the DNC adaptive control unit. DNC with adaptive control thereby
increases the load on the throughput computer.

CNC machine controllers are micro- or minicomputers containing all
machine process programs. In addition, CNC control units can service
adaptive control logic decisions. CNC machine controllers are the most
expensive. However, CNC machines greatly reduce the throughput
computer's overhead, since demand on the throughput computer is limited
to monitoring part status information.

Throughput computer I/0 and interrupt requirements for each
machine j under controller option i are designated rji and defined
in kilobytes per second. Similarly, random-access memory (RAM)
requirements are designated sji and expressed in kilobytes.

The total cost for implementing any combination of tactical

controller options is:

where:

C(l)ji - cost of controller option i for process device j

Xe
J1

1, control option i is used on device j
0, otherwise
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N - total number of j devices
I - total number of i options
Only one option per machine can be selected:
I
I x.. =1 for all j=1,...,N
.. Ji
i=1
These expressions can establish speed and memory requirements as well
as costs for each possible machine controller j under option i. With

basic controller requirements directly related to the manufacturing

process, the HCS can be defined.

Throughput Computer

The throughput computer monitors and controls part transfer,
storage, and machine operations. This computer can provide a backup
for the NC machine controllers. The number of throughput computers K
depends on the type of computer option m and the number of machine
controllers. There can be as many throughput computers as there are
machine controllers or none at all. For the model, the number of
computers is selected and the hierarchical system evaluated.

Once the number of computers is determined, controller tasks must
be distributed among the computers if there is more than one throughput
computer. Usually a computer k can be assigned to a group of tactical
cbntrollers J, on the basis of memory and I/O interrupt rate. This

k
balances the task load distribution such that:

N ke {0,1,...,N}

K
L J, =
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J1 I J2 I
Jk such that I z rjisjixji = I L = PoiSsiXes =
j,=1 i=1 jo=1 i=2 I+ I+ I3
1 2
J
ceee = Zk rjisjix'i
3=t ’

This task balancing technique does not have to be used. For
instance, the machines could be assigned to production cells handling a
common task. Machines might also be assigned by software requirements.
Part programs will be less complex if they are developed on a single
operating system. Machine locations could also dictate computer k
assignment to machines Jk.

After machine assignment Jk has been determinéd, maximum I/0
interrupt and memory capacities are evaluated for each computer option
m. Each computer option m relates to hardware under consideration.

The options can range from a microprocessor to a 64-bit mainframe. The
maximum I/0 interrupt speed ka which computer k can provide under
option m allows computer k to function on logic routines and to service
peak interrupt requests. Similarly, maximum memory Skm is available
for control and I/0 under option m. These maximum I/O interrupt speeds

and memory capacities are the amount of computer resource k available

under option m, yielding the following constraints:



Jk I M

j§1 i§1 rjixji < mil kaykm for every k

Jk I M
j§1 iii Sjixji < mzl Skmykm for every k

M

Ly
m=1 km

= 1 for every k

where:

_ § 1, control option m is used for computer k
Yxm 0, otherwise

Thus, controller requirements are constrained by available I/0

interrupt service speed and memory.
(2)
k

The computer cost C m includes system installation, operating

system control, software development, hardware, and peripherals. Costs
are determined for each computer k under each option m.
Computer/controller interface and peripheral storage costs ckmji
under options i and m cover the communications, multiplexers, ports,
and data storage systems required to interface controller i with
computer k under options k and m. The cost for the throughput

computers is:

K M J, I

(2) k
z r y (c + I I Ci_ .eX..
k=0 m=1 km km 521 1=1 kmjiTji

)

Many throughput computer configurations can be included in the
model. TFor example, communications among throughput computers can be
allocated by software and hardware interface costs. If a tactical

controller is not desired, then administrative and overhead computer
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resource requirements can be removed from computer k's available

resources.

Strategic Computer

When employed, the strategic computer provides long-range
production output information, stores all programs required by
throughput computers, backs up throughput computers which fail, and

performs CAD and process simulation. The strategic computer has both

(1) (1)

1 1 These

an I/0 interrupt speed R and a memory capacity S
computer resources must be greater than or equal to the resource
demands from the throughput and tactical computers.

For the model, lower level demand is the sum of throughput
computer resources ka and Skm' Although this is a conservative
estimate, the strategic computer could back up throughput computers in
the event of total throughput-level computer failure.

In addition to the lower level requirements, the strategic

computers also have overhead processor speed p and memory o

requirements not related to the actual manufacturing process. Thus,
(1)
1

1)

I/0 interrupt speed R( 1

and memory capacity S for the strategic

computer under option 1 are expressed as:

K M

> I z N + p
koo mep X

M

r S g

km km
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where:

s = 1, option 1 is used for strategic computer
1 0, otherwise

Another constraint added to determine whether the strategic computer is

required can be expressed as follows:

K M
z >R /(I I Vi)
o max’ o m=1 ka km
where:
R maximum I/0, interrupt, processor capacity for strategic computer

max  level

If the k throughput computers have the processing speed for the
strategic level, a strategic computer is not required (zo = 1),

Two costs are associated with the strategic computer. The first
cost Cl is the fully supported computer system under option 1. This
cost includes hardware and software implementation and operation. The

second cost Cl is for interfacing throughput computer k under option

km

m with the strategic computer under option 1. Also included is the
cost F to store all programs on a peripheral memory device. Strategic
computer costs are:

L K M
F+ £ =z (C,+ % I C,_ ¥
-0 1 k=0 m=1 1km’ km

)

When 2y is equal to zero, a strategic-level computer is not required.

Hierarchical Model

The HCS mathematical model is presented in Figure 3.4. The

hierarchical control implementation costs are contained in the

objective function ¢. The objective function contains three sets of
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subject to:

K
£ J, =N ke {0,1,...,N}

J
Jk such that Z I r..s..X.. = L T =

for every k
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z X kaykm + p
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L K M
r sz > T T S
=0 k=0 m=1

+ 0
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K M
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1Yk

z xji = 1 for all j=1,...,N

§ Vim = 1 for every k
m=1

where: x,y,z are 0,1 integers

Figure 3.4. Hierarchical Control Mathematical Model



Boolean variables (xji’ Yiem? zl). These variables indicate which

hardware option is being considered for a specific computer or
controller. Coupling costs are also included for each hardware option
selected. Total system design and implementation cost is a function of
the different hardware options available at each level.

Objective function costs (Figure 3.5) are subject to hardware
constraints and production process requirements. The model assumes
that machine process requirements have been determined and the number
of throughput computers has been specified. Processing load Jk is
distributed evenly among the selected throughput computers. As
mentioned before, tactical controllers can be assigned by other methods
(e.g., production cell or hardware capability). Once the tactical
controller processing/memory load is distributed among the throughput
computers, the feasibility of selecting a certain computer option at a
hierarchical control level is determined by processor speed and memory
requirements at the particular level.

A set of control hardware has a system cost defined by the
objective function ¢. Thus, the HCS can be described as a minimum-cost
resource allocation problem. The production process controllers
require computer processor and communication speed and memory.

Hardware selection determines the computer/controller speed and
capacity available. Costs are based on the hardware selected. The
hierarchical control model captures the basic costs and technological

requirements for a flexible manufacturing system.
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Figure 3.5. Hierarchical Control Costs
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Model Analysis

A minimum-cost HCS can be identified with the mathematical model.
The minimum-cost solution is a function of the production process and
hardware control systems available. A general solution procedure is
developed using dynamic programming techniques. A simple flexible

manufacturing system is analyzed to illustrate the HCS model's utility.

Optimal Cost Solution

The possible number of feasible solutions to the model are finite.
Only several hardware options are considered at each level. For an
existing control system, the number of options is further reduced.
Thus, there are discrete combinations of strategic, throughput, and
tactical computers/microprocessors for the HCS.

The HCS model can be formulated as a dynamic program (Figure 3.6).
States of the system are computing rate, capacity and memory
requirements under the different computer and controller options. The
stages are the HCS levels. Starting with stage 3, the entering state
83 is the total system program storage requirement or task load. By
selecting a number of throughput computers K, total system storage
costs F are computed. The controller load distribution Jk on each
throughput computer k is the state of system 82 emerging from stage 3

and entering stage 2. At stage 2, the cost ¢, of throughput computer

3
implementation is determined by the computer option Yiem selected and
the load distribution state 82. For each option m selected, two

states §1<Jk> and §11<'> diverge from stage 2. State §4<Jk> is the

maximum I/0 interrupt processor rate and memory capacity to support
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tactical controls assigned to computer Jk. The second diverging state

§41<°> is the maximum system and throughput computer processor, memory

and storage requirement for strategic computer z,-

At stage 1, feasible controller option costs ¢, ,<x> are determined

1

for the processor and memory capacities of the throughput computer

state S,<J, >. Similarly, strategic computer costs ¢

195 <z> are computed.

2

For the processor speed and memory capacity requirements specified in

state S, <+*>, feasible z

S41 options are determined along with the

1

associated costs ¢2<E?. Summing all the returns from each stage
provides the HCS total cost ©¢.

In order to compute feasible solutions at stages 1 and 11, the
number of throughput computers must be specified. In additiom,
throughput computer Yim must be selected. Once the throughput

computers are defined, stage 1 is decomposed into k subproblems having

the following form:

. e s _ AT
minimize: F1 = Cx §k
. T
subject to: % ﬁ_Rk
sT < S
2 K %%
ry,s; > 0

A minimum feasible cost is computed for each throughput computer k,
using the throughput computer capacity limitation and controller

requirements. Thus, given the entering state §1<Jk> under option m,

the optimal feasible controller solution is determined.
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At stage 11, the processor speed and memory capacity requirements
defined for §41<°> are defined for the strategic computer. The optimal

solution can be found by optimizing the following subproblem:

minimize: F2 = Cz Zy
subject to: gg Zy z_R‘k
S5 7 287
K
%o z-Rmax/]goR k)
r7,5; > 0

Each option 1 is evaluated with respect to the throughput computer
control requirements §41<->. A minimum cost is computed based on the
system requirements Rmax and option 1 computer capacity.

Thus, minimum HCS costs are determined by a recursive technique,
starting from stages 3 and 2. Given the number of throughput computers
k, a feasible minimum objective function ¢ value can be found and the
resulting hierarchical system configuration determined. Again, the
number of throughput computers can be selected, starting from a single

throughput computer to a throughput computer for each processing

device.

Example Problem

The following example problem illustrates the model's ability to
benchmark HCS controller and computer requirements. The manufacturing
system being analyzed is relatively small to illustrate the model's
solution procedure. The costs are realistic and were obtained from

actual hierarchically controlled flexible manufacturing systems.




A small manufacturing facility produces specialized parts. The
parts are made in small batches. The types of NC machines required to
meet production schedules have been determined. The system includes
eight NC machines, two robots, an automatic storage and retrieval
system (ASRS), and an automatic guided vehicle system (AGVS). The
basic process design is presented in Figure 3.7.

Four computer types are considered for the HCS: an 8-bit
microcomputer, 16-bit (small) minicomputer, 32-bit (large)
minicomputer, and 64-bit mainframe computer. Data are collected on
estimated computer and controller costs and reduced into model format.
All labor, hardware, and software costs are included in the model
analysis.

The model is used to evaluate HCS cost with zero, two, and three
throughput computers (Tables 3.1 through 3.3). Optimal feasible
solutions are found by evaluating each k and z) limit. When all the
limiting constraints are satisfied, the feasible solution is identified

by selecting the minimum-cost machine controller option. A three-tier

for this example (Table 3.3). This system comprises four small
minicomputers at a cost of 5.410 million dollars. The system without a
throughput computer (Table 3.1) requires a large minicomputer, while
the system with two throughput computers (Table 3.2) requires three
large minicomputers. The addition of a third throughput minicomputer
enables a small minicomputer to replace the large strategic

Since programming is a major

computer system with a CNC control option is the optimal cost solution
minicomputer, greatly reducing the cost.
\
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k=3

k=l k=2

i=3

Figure 3.7. Hierarchical Control System Example




cost component of HCS implementation, controller options remain the

same, due to the substantially higher programming requirement for DNC
options. In addition, control system reliability is improved with a
three-tier system.

Postoptimality analysis can be easily performed using the model
output. For instance, if a CAD system were added to this example, a
large time-sharing minicomputer might be required as the strategic
computer. A large minicomputer without throughput computers is
identified as the most cost-effective option for the modified
configuration (Table 3.1), provided the memory requirements of the CAD
system do not exceed 597 kilobytes. In a similar manner, other optimal
control options can be analyzed without reevaluating the entire

mathematical model.

Summarz

The HCS mathematical model relates speed and capacity with system
component cost. By minimizing the model's objective function, the most
cost-effective HCS can be identified. The objective function is
subject to technological and hardware limitations. The model's basic
parameters can be modified to evaluate new technology. The HCS model
can analyze all existing and future computer-controlled system designs
to determine the most cost-effective computer control system for the
specified manufacturing process.

The model results depend on the quality of the production data.
Estimating costs and system operating requirements is a very difficult

task. This meodel provides a general HCS configuration, using the




Table 3.1

Hierarchical Control System Without Throughput Computer

SPEED LIMIT STORAGE
(kbytes/s) | (kbytes/s) (kbytes)

139.10 2088.00

104.35 1452,00

10.65 778.50

139.10 2088.00

104.35 1452.00

10.65 778.50

139.10 2088.00

104.35 1452.00

10.65 778.50

139.10 2088.00

104.35 1452.00

10.65 778.50
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Table 3.2

Hierarchical Control System With Two Throughput Computers

cosT, | SPEED (kbytes/s) |STORAGE (xbytes) z,_
1lmlt [(8)10% [kt Tx=2 [ LIMIT| k=1] k=2 |LIMIT | SPEED |LINIT |STORAGE | LIMIT
T | 5.540 | 51.1 |88 516 |1472
1 [215.380 | 37.4 [66.95 10 [172]1280 32 20 64
3 5.071 | 10.65116.7 15[ 768
T [ 5.6u3 | 5i.1 (88 516 (1872
2 [2 1 5.236 | 37.4 66.95 68 1721280 | 32| 130 86U
1 3 [ 5.176 | 10.6516.7 10] 768 5 0
T [ 6.203 [ 51.1 88 5161872
al2 [5.000 | 37.4 [66.95] 260( 172]1280 | 1500| 520 3000
3 [5.726 | 10.65]16.7 10 768
T [ 9.439 | 51.1 |88 5161472
w21 9,115 | 37.4 166.95] 7u0[ 172]1280 | 8400| 1780 16,800
1 5.016 | 10.65[16.7 101 768
1 5.748 | 51.1 |88 516 |1472
1 [F 5528 [ 37.5 [66.95 10 17211280 32| 20 6l
3T 5.559 | 10.65]16.7 10] 768
T 5.871 | 51.1 |88 5161472
2 2] 5.481 | 37.4 |66.95 68 [ 172]1280] u432{ 130 864
2 31 5.360 [ 10.65]16.7 161 768 50 176
1] 6.400 | 5I.1 88 5161872
32T 6.001 | 37.% [66.95| 260[ 172]1280 | 1500 520 3000
31 5.897 | 10.65[16.7 101 768
T 9.600 | 51.1 |88 516 (1472
w21 9.3 [ 37.4 [66.95] 740[ 172]1280 | 8400| 1780 16,800
122 | 10.65[16.7 16] 768
5.280 | 5i.1 88 5161472
1[5 5.912 | 37.4 |66.95 10{172]1280 2| 20 64
31 5.800 | 10.65]16.7 o[ 768
T 5.367 | SL.1 88 16172
221 S.987 { 37.4 [66.95 68| 172]1280 ] 32| 130 86b
3 3T 5.301 ] 10.65/16.7 T0] 768 320 1376
T 6.950 | 51.1 (68 B16 (1472
a2 T 6576 | 37.5 [66.35] 260[ 172]1280 | 1500| 520 3000
ST o] 10.65(16.7 10] 763
7710.200 | 51.1 [88 5161472
w[ZT 9982 37,4 [66.95] 7uo{ 2172|1280 | 8400| 1780 16,800
31 9.156 | 10.65[16.7 10] 768
T 5.760 | 51.1 |68 Fi6[1472
12T 9765 [ 37.4 [ 66.95 10{ 1721280 32| 20 s
33,725 | 10.65[16.7 15[ 768
T 9.576 | 51.1 |88 516(1472
23T 3778 [ 37.5 [66.95 ea{T7o[1z80] 32| 130 864
4 515,615 | 10.5516.7 1ol 768 720 8500
1]10.u435 51.1 |88 616[1472
32110300 | 37.4 [66.35] 260 172]1280] 1500| 520 3000
3110.100 | 10.65]16.7 0] 768
T13.300 ] 5i.1 ]88 516]1472
w2 Ti3 w0 37.5 [66.95] 7u0[ 172]1280 ] suoo| 1780 16,800
T3 30T [ 10.5516.7 To] 768




Table 3.3

Hierarchical Control System With Three Throughput Computers

COST 5 SPEED (kbytes/second) STORAGE (kbytes) z,
1 m i ($)10 k=1 X=2 k=3 LIMIT | k=1 K=2 k=3 LIMIT SPELD | LIMIT | 5T LIMIT
1 5.62 1.1 42 46 516 712 760
1 2 .3 7.4 32.6 34,35 10 168 40 0 32 30 96
3 .17 0.4 .15 8.6 0.5 82 6
1 27 1.1 [ U6 616 12 0
2 2 5.485 37.4 32.6 34,35 72 168 640 6580 432 195 1296
0 10.9 §.15 8.6 0.5 | 382 | 386 |
1 S 51.1 [¥) 46 616 712 | 760 5 0
3 2 .68 37.4 32.6 34,35 260 168 640 680 1500 480 4500
6.499 10.4% 8.15 8.6 0.5 382 386
9.453 51,1 42 46 616 712 760
1S 2 9.185 37.4 32.6 34,35 750 168 540 680 8500 2225 16,800
3 8,950 0.4 8.15 8.6 0.5 382 386
1 5.801 1.1 42 46 616 712 760
1 {2 5.500 7.4 32.6 34,35 10 [168 640 | 680 - 32 30 96
5.310 0.4 8,15 8.6 0.5 382 386
5.490S5 51.1 42 46 616 712 760
2 2 S.734 37.4 32.6 34,35 7? 168 640 580 432 195 1296
3 5,410 10.4 8.15 8.8 10.5 382 3
2 3 7.0 S1.1 [¥: [ 616 712 | 760 64 176
32 .67 37.4 32.6 34,35 | 260 | 168 540 | 680 | 1500 480 4500
. 680 10.4 8.15 8.6 .S _| 382 | 386
.118 1.1 42 48 ] 712 760
w2 I 7.4 32.6 34,35 | 750 [ 1 540 | 680 | 9500 2225 16,800
3 .660 0.4 .15 8.6 0.5 82 386
1 6.350 S51.1 42 46 616 712 760
1 2 5.381 37.4 32.6 34,35 10 168 640 680 32 30 96
3 5,303 10,4 g.15 8.6 0.5 82 386
1 6.435 51.1 42 46 518 12 760
2 2 6.127 37.u4 32.6 34,35 72 168 640 6§80 432 195 1296
3 5.061 10,4 8.15 8.6 10.5 382 86
3 1 7.675 51.1 42 46 616 712 750 320 1376
3 2 7.29 37.4 32.6 36,35 260 168 U4 680 1500 480 4500
7.156 10.4 8.15 8.6 0.5 38 386
.72 51.1 [¥: 46 516 71 760
4 .337 37.4 32.6 34.35 750 163 340 680 8500 2225 16,800
.263 10.4 8.15 8.6 10.5 382 386
3,385 51.1 42 46 516 712 760
1 .903 37.4 32.6 34,35 10 168 640 6580 32 30 96
320 10.4 8.15 8.6 0.5 | 382 | 386
10.1u5 51.1 42 46 616 712 760
2 2 10,125 37.4 32.5 34,35 72 168 6L 680 432 195 1296
3 3,370 10.4 8.15 8.6 0.5 382 386
4 1 11.346 S1.1 42 46 & 71 760 720 8500
3 2 11.320 7.4 32.6 34,35 260 1 640 680 1500 480 4500
3 11.170 0.4 .15 3.6 0.5 82 ]
1 13.148 1.1 4 48 616 12 760
4 2 13.020 7.4 32.8 34,35 750 168 640 680 8500 2225 16,800
3| 12.370 10.4 8.15 8.6 10.5 | 382 | 386




estimated cost. Before actual system design is implemented, a
simulation analysis of the proposed system should be performed. The

simulation results should provide a clearer insight into the control

system interaction with the production process. In addition, hardware

specifications can be made more exact. The mathematical model provides
an excellent starting point for the simulation analysis. The
mathematical model is a preliminary procedure for evaluating automated
manufacturing systems.

The simulation model for evaluating the system is developed in
Chapter 5. A simulation analysis will be performed for a basic cell

identified by the mathematical model.




CHAPTER FOUR

ADAPTIVE CONTROL MATHEMATICAL MODEL

The basic structure of the hierarchical control model developed in
Chapter 3 can be applied to any level of the manufacturing process. At
the other end of the manufacturing computer control spectrum is
adaptive control. An adaptive control system regulates the actual
machine cutting process. The basic state-stage relationship developed
for hierarchical control systems can be used to identify cost-effective

component configurations for adaptive control systems. The optimal

configuration must satisfy all operating requirements of an adaptive

control system.

Adaptive control of machining processes can significantly increase
productivity, improve workpiece quality, and reduce costs for many
discrete part operations. Several studies have already shown that
adaptive control can achieve significant reductions in metal machining
time [18]. Adaptive control systems dynamically control machine
parameters in response to variations in the machining environment, such
as hard spots, dull tools or catastrophic failures. Machine process
states are measured by sensors located at strategic points on the
machine, in the cutting tool or on the workpiece itself. This type of
control increases tool life and offers greatér part protection during
machining. The adaptive control systems being discussed optimize the
machining process based on a predetermined performance index (e.g.,

tool life or production costs).
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Adaptive control can greatly enhance the CIM process. In CIM,
part programs are developed with a CAD system and sent directly to the
CNC machine. CAD requires massive computer storage containing every
possible cutting characteristic for each machining operation, tool
characteristic, and workpiece material. Adaptive control reduces the
requirements for machining data storage and decisions in a CAD system,
increasing the efficiency of the design process. Machining cost
reductions derived from adaptive control implementation can be
completely offset by the cost of sensors and logic control systems.
Thus, costs must be carefully considered in adaptive control system
design.

In an adaptive control system, machine control decisions are based
on the process states. These states are determined from sensor
measurements of machining process parameters. For example, cutting
force can be measured directly from strain gages or indirectly from the
tool power transducer. Many types of sensors, microprocessors or
minicomputers, and signal processing equipment must be considered in
the design of an adaptive control system. Technological and cost
tradeoffs must be made in adaptive control system design. Tor example,
a decision must be made whether to use an indirect measurement
technique with a high-speed microprocessor versus a more costly direct
measurement sensor configuration and a less expensive processor. Thus,
the problem is to determine the most cost-effective sensor
configuration to measure the specified state parameters, given the

maximum response time and accuracy needed to control the process.




A mathematical model is developed to determine a cost-effective
adaptive control system for a given machining process. Hardware
components are specified in terms of performance characteristics, such
as sensor resolution, sensor signal analog-to-digital (A/D) conversion
time, microprocessor cycle time, and machine servomotor response time.
These hardware performance characteristics are expressed in general
terms. Thus, many different technologies and configurations can be
investigated together in the same model. New technologies, such as
fiber optics, can be analyzed without changing the model's structure.
Inputs to the model include a set of sensor configurations required to
measure state variables for the proposed adaptive control system, costs
and performance characteristics of the sensor and hardware components
under cénsideration. Both constraint and optimal adaptive control
systems can be evaluated with the model.

The model is constructed and solved as a resource allocation
problem. Sensors and other hardware are the resources being allocated
to measurement resolution and processing time requirements, based on
the sensor configuration and machine servomotor response. Expressing
the model as a serial multistage system, all major hardware components
can be analyzed using dynamic programming to determine a minimum-cost
configuration for the adaptive control system. The solution process
uses hardware operating characteristics to reduce the enumeration
required at each decision stage in the dynamic program. Postoptimal
design analysis is easily performed due to the serial multistage

structure. The solution procedure can also be evaluated with a



computer and used in real-time design analysis of adaptive control

systems. The solution provides a minimum cost for each sensor
configuration evaluated and the hardware components for the optimal

adaptive control system.

Adaptive Control System

The basic adaptive control system for a metal removal process is
presented in Figure 4.1. This design can be extended to other
machining and manufacturing operations. Sensors measure machining
parameters. A logic unit computes the machine process state from
sensor data and determines control actions according to a performance
index or predetermined state response. This system is different from a
closed-loop system which compares measured data with the current
control input signals. The control signal output from this comparison
device is a predetermined function of the two signal inputs. The
adaptive control system being evaluated uses digital logic to determine
the control action. This is an important point. An optimization
process can be performed more readily with a logic system than with a
feedback control system [82]. In addition, adaptive control systems
with the appropriate sensors can detect impending catastrophic tool
failures and avoid them in most cases without stopping the entire
machining process [75]. Usually feedback loops can detect a failure
only after it has already occurred and stop the process completely.

The digital system is more flexible since the controlling logic is

software based. The feedback control algorithm is usually determined
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by hardware components. Both the adaptive and feedback control systems
are usually used in parallel. Each adaptive control system component

and operating characteristic is discussed in the following paragraphs.

Sensors

Sensors in the adaptive control system measure the physical
quantities of the machine process and convert them into either
electrical voltage or current. The metal cutting environment is harsh
for electrical transducers and other sensors. Most major studies on
adaptive control of metal removal machining processes state that
transducer reliability is the greatest problem in the adaptive control
system [12, 53]. Noise, vibration, particulates, and other
environmental disturbances from the machining process make measurements
of the machining process extremely difficult. Overcoming these
problems increases the cost of the sensors and must be considered in
the adaptive control design analysis.

Adaptive control sensors can be divided into two major groups:
analog and digital. Analog sensors produce a continuous voltage or
current signal over time. Digital sensors produce a digital output
signal. This signal can be a parallel set of digits representing a
measured quantity or a pulse train that is counted over a specified
time period. Some of the more common transducers used in metal cutting
adaptive control systems are listed in Table 4.1 along with the
measured physical quantity. On most CNC machines, the positioning and
speed sensors are already installed on the machine and used for

feedback control [35].




Table 4.1

Common Transducers for Adaptive Control Machine Systems

TRANSDUCER

MEASURED QUANTITY

OUTPUT

Ammeter

Inductance-coil
generator

Linear-variable
differential transformer
(LVDT)

Ohmmeter
Photometric transducer
Piezoelectric

accelerometer

Positive displacement
flowmeter

Potentiometer

Contact or proximity
switches

Strain gages

Thermocouple

Turbine flowmeter

electrical current

rotational speed

angular or linear

displacement

electrical resistance

light intensity

vibration

fluid flow

voltage

pressure

on/off condition

torque, force,
pressure, and other
stress-related

variables
temperature

flow rate

voltage

pulse train

voltage

current
or voltage

current or
voltage

emf

pulse train
current or
voltage

voltage

voltage or
current

voltage

emf

pulse train

Pressure transducer




The type of sensor selected depends on the machine system states
required by the adaptive control system to determine control actionms.
Sensor specification is a very involved process, especially for analog
devices. Many different transducer characteristies must be considered,
including accuracy, repeatability, resolution, threshold value,
calibration, drift, hysteresis, response speed, maximum measured
quantity, and reliability. Of these characteristics, resolution,
range, and threshold value can prescribe both analog and digital
transducers in the initial design of a system [80]. Sensor costs can
be directly related to these values.

Complete sensor packages are considered in the model. In addition
to the transducer costs, gain amplifiers, filters, calibration
hardware, feedback linearity and other signal processing equipment are
included in the package. Digital sensor costs do not include pulse

counters or the processor buffer interface.

Sensor/Processor Interface

Before the processor can perform logic operations on the sensor
data, sensor signals must be converted into binary output which can be
interpreted by the processor. Sensors produce three major types of
signals: continuous analog data, discrete binary data, and pulse or
discrete data. As discussed previously, the analog data are
uninterrupted input signals over the measurement pericd. Discrete
binary data have two possible levels (states): on (true) or off
(false). These data represent a switch or relay contacts in the

The data are represented by either high or low

machining process.
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voltage with respect to time. These voltage levels are assumed to
change ''instantaneously" with respect to time. Pﬁlse or discrete data
are not restricted to two input states. Pulse signals are a set of
electrical pulses that can vary with time. Discrete data are a
parallel combination of binary bits representing a measurement value or
system state. Table 4.2 presents some of the uses of these data types
in the machining and manufacturing process.

The continuous analog signal must be converted into binary form
which is read by the processor. For each analog signal input to the
processor, a signal amplifier and an analog-to-digital converter (ADC)
are required. The ADC converts the incoming signal amplitudes into
binary values. An ADC samples the analog signal at a specific rate and
requires a certain amount of time to convert the sampled signal into a
binary value. This conversion time is directly proportional to the
number of binary bits that define the signal amplitude. Greater
quantization of the signal amplitude requires longer conversion times.
This number of bits also defines the ADC resolution of the measured
value. If more than one analog input signal is processed, a
multiplexer can be used to sample signals from the various sensors with
one ADC. If high-speed sensor data rates are required, a separate ADC
can be used for each sensor. Both A/D conversion processes for several
sensors are shown in Figure 4.2.

Pulse data can be converted into binary values by counting

incoming pulses over a specific time period [4]. A binary counter is

used in conjunction with a clock. When the counting period is over,




Table 4.2

Sensor Inputs and Controller Outputs for NC Machine Operations

ANALOG SIGNALS INPUT OUTPUT

Spindle angular velocity
Feed rate

Cutting temperature
Cutting force or torque
Power consumption
Position

KR X XX

DISCRETE BINARY SIGNALS INPUT OUTPUT

Tool engagement X
Cutting fluid X X
End stops X
Emergency shutdown X

PULSE DISCRETE SIGNALS INPUT OUTPUT
Stepping motors X X
Spindle angular velocity X

Feed rate X X
Position X
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the binary count is read by the computer. Pulse data conversion
hardware can also be expressed in terms of resolution and binary
conversion period.

Discrete and binary data signals must be latched for the processor
to read. Some binary inputs might also be connected to the processor
interrupts. These signals can be read directly by the processor
without time conversion hardware. Binary‘and pulse data are more
compatible with the microprocessor and minicomputers and are easier to
implement.

Except for the binary data, all sensor data conversion hardware
can be specified in terms of resolution and conversion time. Sampling
rates of most ADC hardware are much faster than most processes require.
Sampling rates are less than 50 microseconds for a very slow ADC [3].
At this sampling rate, a high-speed drill spindle angular velocity can
be measured more than six times per revolution at 1500 rpm.

Resolution is the change in physical quantity that each pulse
represents (e.g., a fraction of a revolution or total linear

displacement). A measurement resolution can be defined by:
full-scale range

2N

resolution =

where N is the number of bits in the ADC binary measurement register.
The conversion period is the time required to obtain a count and
prepare it for the processor to read. Signal conversion hardware is

specified by conversion time and resolution in the model. These

converter performance characteristics are related to hardware costs.
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Processor

The adaptive control logic unit is a microprocessor or
minicomputer which computes machine process states from sensor values.
From the input states, the processor determines appropriate control
decisions. These decisions require time to compute. This time depends
on the sensor configuration, control strategy software, and processor.
The processor execution time to input the data and compute control
actions depends on operating speeds, register size, and
arithmetic/logic unit (ALU) capabilities. Microprocessor clock cycles
range from less than 1 MHz to 29 MHz [29]. Larger register sizes
enable more data to be processed at a time. If the ALU can perform
multiplication and division, control programs can be executed more
quickly than in processors with only addition and subtraction
capability. In addition, any special I/O support hardware can increase
processing speeds.

The model considers the processor with memory, storage, and
communication hardware as a single unit. General categories of
controller boards are considered. This assumption simplifies processor
selection and is consistent with the general practice of considering
entire microprocessor systems when designing adaptive control systems.
The processor's longest control program execution time for each sensor
configuration must be estimated. This maximum processing time is used
in the model analysis. Processor hardware and software requirements
increase as a function of sensor information and control decision

computations. In addition, faster memory access requirements could




dictate selection of a faster processor, increasing hardware costs.
Software costs are a function of sensor configuration. These costs
increase in direct proportion to the number of sensors and control

program complexity associated with each configuration.

Machine Interface/Controller

Once the logic unit has made the control decision based on the
state variables, control decisions must be sent to the appropriate
servocontrollers, stepper motors, and/or relays. The processor sends a
binary signal over a bus line to a specified device which converts the
binary control word to an analog signal, pulse train or relay action.
These devices convert the signal in the same manner as the sensor
signal converters, except inputs and outputs are reversed (Table 4.2).

Binary control decisions from the microprocessor are changed into
a continuous analog signal with a digital-to-analog converter (DAC).

As with an ADC, a delay time exists. The resolution time depends on

the input binary word. For the purpose of the model, it is assumed

| that the ADC and DAC have the same resolution. This assumption is made
because the control actions have to be measured with the same
resolution.

The pulse-train output is obtained by using a counter and a
reference clock pulse. The number of pulses and rate over a given time
period are sent from the processor as binary instructions. The counter
sends the pulses out at the specific rate and the down counter is
loaded with the number of pulses. When the down counter is finished

counting, the pulse train is stopped. Binary data activates a




solid-state or electromechanical relay. The pulse-train data is

specified by the conversion time into a pulse train from the digital
instruction.

Finally, the motor or actuator response time machine drive system
must be considered. This response time is the maximum amount of time
requir