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ABSTRACT

The cylindrical grinding process is used extensively in the automotive, aerospace and
general engineering industry because of the fine tolerances that can be achieved. With
CNC grinding, the same part program is used every time a particular workpiece type
is machined. However, the optimum machining conditions are difficult to predict and
do not remain constant. This is because the grinding forces depend upon grinding
wheel sharpness which changes with wear and dressing of the wheel. Any
optimisation must take into account the process varnability, and in practice

conservative values of machining parameters are used in order to maintain the quality

of the finished workpieces. Consequently, cycle times are much longer than

Nnecessdry.

The aim of this research was to improve accuracy, quality, and productivity in
cylindrical grinding through the application of adaptive techmques within the control
system. The specific objectives were to identity the control problems when grinding
between centres, formulate strategies to overcome these problems, and to design,

implement, and evaluate an adaptive control system.

The performance of a non-adaptive CNC grinding machine was evaluated under a
variety of operating conditions and with a number of different workpiece types. This
identified the controlling parameters of the process and highlighted the areas where
the performance of the CNC machine could be improved by the introduction of

adaptive features.



A new method was developed for the in-process identification of the time constant of

the machining system from the grnnding power characteristics. Knowing the value of

the time constant the deflection of the machining system was calculated. This

technique was integrated into the control system and infeed cycles were implemented
which modified the target infeed position and the dwell period according to the
magnitude of the deflection. A new gauging cycle was developed which simplified
the set-up procedure, reduced the dependence on manual intervention and also

allowed more accurate measurement of errors in the infeed axis position.

[nitial values of grinding parameters were calculated using a process model together

with a data base of grinding wheel and workpiece material properties. The infeed rate

was subsequently updated to maintain a desired grinding power level.

An adaptive control system was designed and built, initially based on a personal
computer interfaced with a CNC grinding machine. The pertormance of the grinding
machine with adaptive control was evaluated and compared to that of the non-adaptive
CNC machine. The adaptive system was tound to improve workpiece quality, reduce

cycle times, simplify set-up procedures and reduce the need tfor supervision and

manual intervention. Advantages were shown for systems both with and without

diameter gauging.
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1 INTRODUCTION
1.1 A Brief Description of the Grinding Process

The grinding wheel consists of many abrasive particles held together by a bond
material. The abrasive for grinding ferrous materials is usually aluminium oxide or
silicon carbide with a vitreous or resinoid bond. Very hard abrasives such as cubic

boron nitride (CBN) may also be used, either vitrified or in conjunction with an

electroplated metal bond.

The grinding wheel is a porous structure, allowing coolant to be absorbed and
assisting in the formation of grinding chips. As the grinding wheel is rotated and
brought 1nto contact with the workpiece, each grit acts as a miniature cutting edee,
removing matenial from the workpiece. The coolant applied to the wheel and

workpiece assists the abrasive process by acting as a lubricant, and also cools the

workpiece, helping to prevent thermal damage

As grinding proceeds, wear of the grinding wheel occurs by attritious wear, bond
failure and grit fracture. The wheel may become loaded as the pores of the wheel 1l
with grinding debris. The effects of wear and loading ot the grinding wheel are
overcome by dressing of the grinding wheel. This involves removing matenal from
the grinding wheel in order to generate a fresh cutting surface. This 1s achieved by
passing a dressing tool across the surface of the wheel. The dressing tool is normally
a single point or multi-point diamond. By varying the dressing increment and lead,
the severity of the dressing operation may be altered. Generally, coarse dressing
produces an open, free cutting wheel, whereas fine dressing gives a closed wheel

surface that will improve surface roughness.

For the external cylindrical grinding process the workpiece may be held in a chuck
that is rotated by the workhead. Alternatively, the workpiece may be held between

workhead and tailstock centres. and driven from the workhead via a carrier. Matenal

is removed from the workpiece by plunging the wheel into the workpiece or by



traversing the wheel across the workpiece. The front of the wheel is used for
grinding diameters, and the side of the wheel for grinding faces. A basic plunge
grinding cycle consisting of an infeed period and a dwell period is shown in figure
1.1. The actual infeed position lags behind the programmed infeed position because
grinding forces cause the machine-wheel-workpiece system to deflect. During the
dwell period the deflection relaxes, bringing the workpiece to size and also improving

the roundness and surface roughness of the finished part. This is often referred to as

the sparkout process.

1.2 The Need for Adaptive Control

This thesis addresses the adaptive control of plunge grinding operations for the
external cylindrical grinding process. The cylindrical grinding process is used
extensively in the aerospace, automotive and other manufacturing industries because
of the fine tolerances that can be achueved. If components are scrapped however, the
cost can be high due to the expense of the materials used and the number of hours of

work that may have been incurred in the production of the components.

The grinding process is inherently variable because the grinding wheel sharpness
depends upon wear and dressing of the grinding wheel. As a result, the optimum
machining conditions do not remain constant. The selection of appropriate values of

machining parameters is not a straight forward task and requires the skill of an

experienced engineer. In practice, conservative values of machining parameters are
often used in order to maintain the quality of the finished workpieces. Consequently,

cycle times are much longer than required to attain the specitied tolerances.

Most production cylindrical grinding machines are now supplied with Computer
numerical control (CNC), which has been applied to the grinding process with
considerable success. A part program comprising of a set of commands which
specify the movements of the machine tool axes, is executed by the controller which
moves the machine tool axes under servo control. Parts can be produced with

reduced supervision, reduced scrap levels, reduced inspection requirements, and



simplified machining procedures. These advantages over manual machinin g have led

to improved throughput by reducing non-productive time, and costs have been

reduced.

Until now, commercially available CNC grinding machines have lacked intelligence
for the selection of grinding parameters or process optimisation. An adaptive control
system which automatically selects grinding parameters, monitors the process, and
alters the grinding parameters 1n order to attain optimum operating conditions, has the
potential to significantly improve the performance that can be achieved. Adaptive
control may also contribute towards the effective implementation of a computer
integrated manufacturing (CIM) strategy. The automatic selection and adaption of
machining parameter values will reduce the need for extensive pre-production trials
and hence reduce lead times. In addition, reduced supervision requirements will

allow an adaptively controlled machine to be operated automatically as part of a

manufacturing cell.

The aim of this research 1s to improve accuracy, quality, and productivity in
cylindrical grinding through the application of adaptive techniques. Specific
objectives are to 1dentify the control problems of grinding between centres, formulate

strategies to overcome these problems, and to design, implement, and evaluate an

adaptive control system.

In order to produce system that is appropriate for industrial application, the adaptive
techniques are designed to be specifically for implementation in software within the
controller of a CNC system. In addition, the sensors used should be easily 1nstalled
on any grinding machine without the need for major machine modifications, and

should not interfere with the operation of the machine.



1.3 Scope of the Investigation

Previous work on automation of the grinding process is described in chapter two.

The principal developments in adaptive control are described with particular attention
given to control strategies, control system design and instrumentation requirements.

It1s argued that an adaptive control system should be capable of single and multi-

diameter grinding, with and without automatic size gauging.

Chapter three proposes adaptive strategies tor the control of cylindrical grinding.
Signitficant advances in this area include the development of strategies and algorithms

that are suitable for practical implementation on a modern machine tool controller.

Chapter four gives an account of the modifications made to a machine tool controller
in order to implement the adaptive strategies. Details of the additional instrumentation
requirements are also provided. The initial development was based on a personal and
computer interfaced with a CNC machine. However, the strategies are proposed as

the basis for commercial system, integrating the system within a CNC system.

Chapter five describes grinding trials conducted using a conventional CNC grinding
machine. The purpose of the investigation was to determine standards of

performance that could be attained, and also to determine the controlling parameters

for the cylindrical grinding process.

Chapter six concerns the design and evaluation of grinding cycles that incorporate the
adaptive strategies proposed in chapter two. In chapter seven, the performance of the
adaptive control system is compared with the performance of the conventional control
system. The operation of both systems is summarised and the results of grinding

cycles both with and without gauging are given.

Chapter eight summarises the new advances achieved, and chapter nine gives
recommendations for further work in the areas of adaptive control strategies, adaptive

control system design and instrumentation requirements.
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2 PREVIOUS WORK

2.1 Computer Numerical Control

Groover and Zimmers (1984) described the development of machine tool control
systems and described the progression from numerical control (NC), to direct

numerical control (DNC), to computer numerical control (CNC). The first NC

machines, with controllers that were hardwired for a particular machine tool, became
available in the mid 1950s. Part programs were stored and run using paper tapes. In
the late 1960s DNC was developed to provide a communications link between
machine tool controllers and computer systems, primarily for storing and
downloading part programs electronically. With the advent of CNC machines in the

early 1970s computers were used to control machine tools. The interface with the

machine tool was implemented in software and the controller was no longer
hardwired tor a particular machine. The use of a computer also facilitated the storage

of part programs, and the increased processing power allowed the development of

more sophisticated features such as tool wear compensation.

Through the application of this technology a variety of machining processes benefited
from increased accuracy, simplified machining procedures, reduced scrap levels, and

reduced inspection requirements.
2.2 Computer Numerical Control for Grinding

The application of CNC to grinding occurred considerably later than for other
processes such as turning, milling and machining centres. Sprow (1991) attnbuted
this to the large number of process variables to be controlled and to the high
development and capital costs associated with CNC grinding machines. However,
the widespread use of CNC grinding machines since the early 1980s has

demonstrated the improvements in performance that can be achieved.

TenClay (1989), Liverton (1990). Terada (1990), Sprow (1991) and Koelsch (1992)
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described the benefits of CNC grinding. High resolution measurement of position
allowed the machine tool axes to be accurately controlled, resulting in improved
workpiece quality and reduced scrap levels. Simultaneous control of a number of
axes allowed complex forms to be dressed onto the grinding wheel and also allowed

the wheel to follow a contoured path. This greatly simplified the grinding of complex
forms. Compensation for changes in wheel geometry with dressing were

incorporated 1nto the control software and the use of in-process gauging further

improved the accuracies that could be achieved.

Another benefit of CNC grinding was the reduction in set-up time that resulted from
the ability to perform a number of grinding operations in one setting. Cycle times

were also reduced by the use of gap-elimination devices which decreased the time

taken for the wheel to contact the workpiece.

To summarnise, the main benefits of CNC grinding were increased accuracy, reduced

inspection requirements, the ability to grnind complex forms, shorter set-up times and

shorter cycle times.

2.3

Adaptive Control

A characteristic of NC and CNC machines is that the values of machining parameters,
such as workpiece speed and infeed rate, are specified based on the knowledge and
experience of the user. However, because of tool wear, machimng conditions are not
constant, and the values of the machining parameters must be selected to account for
the most severe conditions that may occur. In practice conservative values are chosen
in order to ensure that the desired process output is always achieved. This often
results in cycle times that are longer than necessary. Adaptive control systems
counter this problem by monitoring the process and altering the machining parameters

or the controller parameters in order to improve performance.

Ulsoy, Koren and Rasmussen (1983) and Ulsoy and Koren (1989) summarised the

research in this area, giving examples for turning, milling and grinding. A control



system tfor milling developed by Bendix under a U.S. air force contract in 1962-1964
was cited as the first application of adaptive control to machine tools. Ralston and

Ward (1988) also reviewed the research on adaptive control of machine tools.

Systems for grinding, EDM, turning, milling and drilling were described.

Adaptive control systems were often classified into three types, namely adaptive
control constraint (ACC), geometric adaptive control (GAC) and adaptive control
optimisation (ACO). With ACC, the effects of process variability are reduced by
maintaining measured outputs such as force or power within predetermined limits. In
contrast, the aim of GAC is to maintain part geometry within specified tolerances.

With ACO, a performance index was optimised. The index indicates the overall
performance of the system and may be defined in terms of production costs,
productivity, or part quality. ACO systems are characterised by the ability to identity
process parameters, decide how to optimise the process and then modity the

machining parameters. Ralston and Ward (1988) acknowledged that some systems

may combine the different approaches.

Wada and Kodama (1977) also cite the Bendix project as the first application of
adaptive control to a machining process. An overview of adaptive control principals

is given and the early work conducted into adaptive control of grinding 1s reviewed.

2.4 Adaptive Control for Grinding
2.4.1 Controlling the Normal Grinding Force

The normal grinding force is regarded as a useful measure as it is proportional to
deflection of the machining system. A popular control strategy has been to vary the
infeed rate in order to control the normal grinding force as shown in figure 2.1,
thereby reducing the effect of variable deflections. A number of systems have been
implemented. Hahn proposed controlled force grinding as a new technique for
precision internal grinding in 1964, and has further investigated the process (Hahn

1965, 1984, 1986). Controlled force grinding reduced the time taken to reach steady

8



state grinding. Also, because deflection is proportional to the normal force. size
errors due to vanations in deflection were reduced. Calculating the work removal
parameter, or stock removal per unit force, allowed the wheel sharpness to be
monitored. The wheel was dressed when this parameter fell below a predetermined
limit and 1n this way thermal damage to the workpiece was avoided. Hahn (1986)

also developed a control system that compensated for deflections by pivoting the

workhead based on force measurements.

Toenshoft (1980) investigated the instrumentation requirements for monitoring
internal grinding, with a view to controlling the process. Toenshoff, Zinngrebe and

Kemmerling (1986) implemented a system for controlled force grinding that relied on

an identification cycle during which the infeed rate was varied 1n a random fashion.
From the response of the force signal during this period process parameters were
calculated. Grinding cycles commenced by advancing the grinding wheel at a rapid
infeed rate until contact with the workpiece was sensed by a rise in force. For the rest
of the erinding cycle a constant force was maintained. Out of round workpieces were
handled by inputting to the control algorithm the maximum force measured dunng a

eiven workpiece revolution. Grinding power could also be used as the controlled

vanable.

Bell, Lambert, Matson and Vaillette (1988) developed a data acquisition system for
monitoring force and power, with a view to developing adaptive control strategies tor

internal grinding.

A controlled force system for plunge grinding was implemented by Brinksmeier and
Popp (1991). After the start of the cycle, wheel-workpiece contact was detected from
the force signal. The amount and phase of workpiece eccentricity was then
determined from the force signal. The grinding wheel was advanced and retracted in
order to remove material from the high spots of the workpiece and not from the low
spots. Once acceptable roundness was achieved, the remaining stock was removed
using self tuning adaptive control. Model parameters were continuously estimated so

as to account for disturbances such as changes in wheel sharpness. A high force was

9



used for roughing. During finishing the force was decreased linearly with distance.

causing an exponential reduction of workpiece size with time. This improved the

quality of the finished workpiece.

The adaptive control system for external cylindrical grinding developed by He Xiu-
Shou (1985) used controlled force grinding for the roughing stage. The force level

was chosen to minimise the total time taken to remove a given volume of material,
taking into account both the time spent grinding and the time spent dressing the
wheel. A finishing stage consisting of a constant infeed rate was used to satisfy
surtace roughness constraints. During the dwell period a diameter gauge was applied
to ensure that size and roundness requirements were met. The system was applicable

to a range of workpieces, and improved productivity by 180 per cent for a particular

aerospace component.

Adaptive Force Control was also applied to robotic disk grinding by Elbestawi et al
(1991). The disk grinding process was used extensively for removing defects from
steel castings and much attention was paid to automating the process. Models were
developed both for the process and for disturbances. With the application of adaptive

control algorithms the normal grninding force was regulated by varying the position ot

a robot arm.
2.4.2 Controlling the Grinding Power

The maximum grinding power that may be developed is limited by the rating of the
wheel spindle motor. This limits the grinding parameters that may be sately
employed by a control system. Rowe, Bell and Brough (1987) established limits for
centreless grinding. By reducing the workpiece speed, higher infeed rates could be
used without exceeding the available power, but burn occurred if the workpiece speed
was too slow. Kelly et al (1989) and Rowe et al (1991) incorporated this into a
strategy that monitored the power and then reduced the workpiece speed and

increased the infeed rate for the next workpiece. This was repeated until the gnnding

power approached the critical power above which burn occurred, as shown in figure
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2.2. The thermal model proposed by Rowe et al 1988 was used to calculate the
critical power based on grinding power measurements, grinding parameter values.
and the dimensions and thermal properties of the grinding wheel and workpiece. A
kinematic model based on the work of Rowe, Bell and Brough (1987) was used to
calculate the chip volume and chip aspect ratio from grinding parameter values, wheel
and workpiece diameters and grinding wheel properties. By storing the kinematic

parameters 1n a data base, the improvements made to the process were saved for

future use with workpieces having different dimensions.

Amitay, Malkin and Koren (1981) developed a pilot adaptive control system for
cylindrical grinding. The optimisation was based on a grinding model that predicted
workpiece burn. The model also accounted for the effect of grinding parameters on
surface roughness and the influence of dressing parameters on grinding performance.
The strategy had previously been implemented off-line by Malkin and Koren (1980).
The principle was to maximise infeed rate while maintaining grinding power at the
critical value, above which workpiece burn would occur. An optimal locus defined
the infeed rate and workpiece speed that satistied this equality for various wear tlat
areas, as shown in figure 2.3. Within a grinding cycle the infeed rate and workpiece
speed were modified along the optimal locus until the critical gnnding power was
attained. The optimisation was halted if the surface roughness constraint was reached
before the power constraint. The optimisation was also constrained by the available
power and the maximum and minimum programmable infeed rate and workpiece
speed. If the surface roughness constraint was tight finer dressing was used, and if
the power constraint was tight coarser dressing was used. Optimal dressing was
achieved when the surface roughness and power constraints coincided on the optimal
locus. [llustrative results were given that showed the system converging on the
optimum conditions over a short number of grinding operations. When grinding was
optimised but the dressing conditions were kept constant, results showed that the
surface roughness requirement severely constrained performance. Higher removal

rates were achieved when both grinding and dressing were optimised.

A later paper by Xiao, Malkin and Danai (1993) described a system for the intelligent
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control of cylindrical plunge grinding. The grinding cycle consisted of a coarse and

finishing infeed rate followed by a dwell period. From the grinding power the
dullness of the wheel was estimated and the infeed rate and feed change points were

adapted to mimimise cycle time within the constraint of workpiece burn, but also

d

considering surtace roughness, roundness and size. Results showed that cycle times

were significantly reduced while the grinding power and surface roughness

constraints were maintained.

A control system was proposed by Kim and Shumsheruddin (1983) to minimise

cycle time by adapting infeed rate, workpiece speed and wheel speed. The grinding

cycle consisted of a coarse infeed and a fine infeed. For rough grinding the

constraints were the machine limits, workpiece thermal damage and surface

roughness. For the fine feed the constraints were roundness and surface roughness.

If the power limit or burn power was encountered during the fine feed the need to
dress was indicated. Similarly, if the infeed rate required to achieve the required
surtace roughness dropped below a lower limit the need to dress was indicated. At

intervals during the grinding cycle, parameters indicating the wear of the grinding

wheel were 1dentified, the optimum values were calculated and the grinding

parameters were adapted. In addition to power, the system required in-process

measurement of force, size, and surface roughness.

An energy adaptive CNC system developed by Smith (1980) utilised the selt-
sharpening ability of the grinding wheel. With conventional grinding a low wheel
wear rate was maintained to ensure size and surface roughness requirements were
met. However, this resulted in a high value of specific energy (ratio of grinding
power to removal rate). With the energy adaptive system a constant infeed rate was
used throughout the grinding cycle. When an increase 1n specific energy was
detected the wheel speed was decreased causing the grinding wheel to sharpen.
Conversely, when a decrease in specific energy was detected the wheel speed was
increased causing the wheel to dull. In this way the specific energy at which the
wheel surface operated was maintained at a steady value. By operating at a low

specific energy, workpiece burn was avoided and higher infeed rates could be used
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without exceeding the available grinding power. The high wear rate of the grinding
wheel associated with low specific energy was compensated for by monitoring the
workpiece size. The size signal was included in the control loop in order to maintain

the material removal rate at the programmed value. The infeed was halted when the

programmed size was attained.

Rao and Malkin (1990) implemented a process monitoring system to investigate the
use of power and workpiece diameter feedback for the intelligent control of grinding.

Inasaki (1991) investigated feasibility of monitoring the grinding power for

optimisation of the internal grinding process.

2.4.3 Controlling the Dwell Period

A number of techmques have been proposed to achieve accurate size with minimum
cycle time. Many adaptive systems accomplish this by the use of in-process gauging
to control the dwell period. The energy adaptive system implemented by Smith
(1980) resulted 1n high wheel wear rates, necessitating the monitoring of workpiece
size and ending of the grinding cycle when size was achieved. The system presented
by He Xi1u-Shou (1985) measured the elastic deformation of the machining system
and calculated the position at which to stop infeeding and commence the sparkout.
During the dwell period workpiece roundness was monitored by measuring the size
of the workpiece over an entire revolution. Once the required roundness was
achieved the dwell was ended only if the required workpiece size had been attained.
Otherwise, a micro-feed was applied by delivering single pulses to the stepper motor
infeed drive until size was achieved. Trmal (1979) also proposed a strategy for in-

process control of size using a diameter gauge.

Kaliszer (1980) implemented a basic infeed cycle consisting of a single infeed penod
followed by a dwell period. The spark-out stage of the cycle was terminated when
both the desired size and roundness were achieved. Surface roughness
measurements were used to set the infeed rate for subsequent grinding cycles and the

dressing procedure was recalled when poor roundness or surface roughness results
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were experienced. The deflection in grinding cycles was also modelled. confirming
that the machine-wheel-workpiece system behaves predominantly as a first order

system, and that the deflection depends on the system time constant.

The meaning of the system time constant may be explained by considering the general

response of a first order system to a step input, given by

Y _ _
-U——k(l-e t/t) (21)

where vy is the output of the system,
U 1s the input of the system,

k 1s the gain of the system, and

T 1S the time constant of the system.

For grinding, the gain of the system is one and the particular case is

u — 1 _et/iT

L= 1-¢ (2.2)

where u 1s the rate of radius reduction,
X 1s the programmed infeed rate,

t 1s the time elapsed since the start of grinding, and

T 1s the time constant of the system.

Steady state grinding is attained when the time elapsed since the start of grinding 1s
creater than three times the system time constant. At this point the rate of radius
reduction is ninety five per cent of the programmed infeed rate, and the radius
reduction lags behind the infeed rate by the time constant as shown 1n figure 2.4.
Kaliszer (1980) calculated the system time constant by measuring the steady state

deflection with an in-process gauge, and dividing by the programmed infeed rate.

Identification of the system time constant allowed the use of more complex control
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strategies. Spiewak and Kaliszer (1983) proposed a grinding cycle to accelerate the
spark-out process. Material was removed at the maximum permissible infeed rate.
and the grinding wheel was then retracted to a predetermined position as shown in
figure 2.5. The gradual decrease of the tension in the machining system improved the
size, form and surface roughness of the finished part. An expression for the infeed
time was given in terms of the system time constant, the infeed rate and the target
workpiece size. The time constant was determined by dividing the deflection by the
rate of diameter reduction. The time constant was also determined by applying least

mean squares to an expression relating the deflection to the infeed rate, the time

constant and the time elapsed.

Malkin (1981,1986) and Malkin and Koren (1984) proposed a similar control policy
to minimuse the cycle time. The retraction was commenced when a given stock

allowance was indicated by a diameter gauge. After the retraction, a dwell for at least

one revolution of the workpiece was provided to ensure satisfactory surface
roughness over the entire workpiece circumference. The optimal cycle time was
expressed 1n terms of the actual and programmed 1nfeed rates, the system time
constant and the stock allowance. It was proposed to estimate the time constant by

dividing the steady state deflection by the programmed infeed rate.

Zhao Webster and Kaliszer (1988) also adopted the accelerated sparkout method,
with a dwell period to improve the final roughness and roundness. The roundness
was monitored during the dwell and the size tolerance band was used to achieve the
required roundness. The time constant was identified from the size signal during the
initial infeed stage, by dividing the deflection by the rate of diameter reduction.
Webster and Zhao (1990) refined this method of determining the time constant, and
showed that it could be accurately calculated during the initial stages of the infeed

period, providing that the start of grinding was determined accurately.

A variation of the accelerated spark-out strategy was implemented for centreless
arinding by Kelly et al (1989), Allanson et al (1989) and Rowe et al (1991). An

overshoot was applied but without retracting the wheel back to the target position.
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At the end of an intermediate dwell period the workpiece size was measured and from
this value the time constant was calculated. The part was finished to size using a new

overshoot value calculated from the time constant. This two stage “pecking’ cycle,
shown in figure 2.6, was required because the highly compliant nature of the

workpieces rendered in-process gauging inaccurate. The ‘pecking’ cycle allowed the

workpiece size to be measured with the grinding wheel retracted from the workpiece.

Another strategy was the integrated size and roundness adaptive control system

proposed by (Gao, Jones and Webster (1992). The grinding cycle consisted of a
single infeed followed by a dwell period. The dwell commenced when a given stock
allowance remained as indicated by a diameter gauge, and was terminated when the
workpiece size tell within a specified tolerance. By altering the stock allowance from
one grinding operation to the next the dwell time was lengthened or shortened in
order to maintain the desired workpiece roundness. The diameter gauge was used to

measure both workpiece size and roundness. The system time constant was

estimated at the end of each cycle.

The optimum size and roundness adaptive control method, proposed by Gao and
Jones (1992) also required an estimate of the system time constant to be made at the
end of each cycle. The control algorithm employed caused a high infeed rate to be
used at the start of the infeed cycle. As deflection built up the infeed rate was reduced
towards a constant value. In this way the effect of the transient stage at the start of
erinding was reduced, shortening the cycle time. An accelerated sparkout strategy

was also employed. Simulation was used to validate the control method.

The optimisation strategy adopted by Xiao (1993) also relied on the estimation of the
system time constant, which was achieved by applying least square estimation to the
signal from a diameter gauge during the infeed cycle. The infeed rate and teed change
points were adapted to minimise cycle time within the constraint of surface

roughness, roundness, size and workpiece burn.
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2.4.4 Optimising Wheel Wear or Production Costs

Inoue et al (1974) conducted preparatory work towards the development of an
adaptive control system for grinding. The aim was to achieve high removal rates with
economical operation and yet maintain high quality finish. Productivity or cost were
to be optimised during coarse grinding, and the required accuracy was to be achieved

by afinishing feed and a dwell period. Experiments were conducted using a Toyoda

NC cylindrical grinding machine. The wheel life, as indicated by the re-dressing
period, was 1dentified by detecting vibrations due to chatter. Wheel life was
expressed as a power function in a similar way to Taylors tool life equation. The

feasibility of adapting the infeed cycle to changes in the wheel surface topography and

controlling the active cutting edges was also investigated.

Koenig and Werner (1974) discussed an adaptive control optimisation technique
based on a process model and a modifiable optimisation algorithm. The parameters
of the model were adjusted by comparing the output of the model with the output of

the process. In this way the model was modified so that it gave a true representation
of the process. The model parameters were in turn used by the optimisation,

allowing adaptive operation of the system.

The application of this technique to grinding was also discussed. Wheel wear was
proposed as the controlled process parameter, with grinding force and depth of the
heat affected zone as limiting process parameters. The input parameters to be
optimised were infeed rate, workpiece speed and wheel speed. Force, wheel wear
and thermal models were formulated. The parameters of all three models could be
readily determined from force measurements. It was noted that further work was
required to empirically determine starting values for the model parameters, and to

develop appropriate sensors.

Y ounis (1990) developed a grinding model based on a grinding coefficient . It was
proposed to use the model as the basis for an adaptive control system. Wheel wear,

surface roughness, or grinding forces were to optimised by varying the wheel speed,
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workpiece speed, and infeed rate.

Storm (19'/70) applied adaptive control to the cut-off grinding process used for parting
large sections of hard material. The approach taken was to vary the downfeed rate
from part to part in order to minimise the total cost, which comprised of machining

costs per unit time and the cost of wheel wear. Wear was indicated by the change in

downfeed position after grinding each part.

Stelson, Komanduri and Shaw (1979) developed a manual adaptive control system
for axial teed centreless grinding. The operator dressed the grinding wheel
depending on factors such as dimensional accuracy, surface roughness, force, power
or temperature. 1he optimisation was based on attaining the lowest cost per part by

adjusting the wheel speed. Machine, labour and overhead costs which decreased
with material removal rate, were offset against wheel cost which increased with
material removal rate. The operator entered into a programmable calculator values for
the number of parts ground between dressing and and the total time elapsed. A least
mean squares wheel wear curve was used to calculate the optimum number of parts
per dress. The operator compared this value with the actual value and adjusted the
wheel speed until the actual value approached the optimum. Grinding trials showed a

substantial decrease (42 %) 1n cost per part.
2.5 Control Systems

A number of approaches to implementing adaptive control systems have been
adopted. Storm (1970) developed a purely hardware solution. An analogue
electronic circuit was used to compute the machining cost for cut off grinding.
Another circuit calculated the downfeed rate required to optimise the total machining
cost, and the downfeed rate was varied from part to part by means of a servo valve

for a hydraulic piston.

He Xieu Shou (1985) adapted an NC cylindrical grinding machine to give controlled

force grinding for plunge grinding operations. The normal grinding force was
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determined from the pressure difference across the wheel spindle hydrostatic

bearings. The difference between the demanded and actual force was amplified and a

gate circuit controlled the signal to a stepper motor drive for the infeed.

The majority of adaptive control systems utilised computer systems to analyse the

data from sensors and determine suitable grinding parameters. A number of
computer systems were interfaced directly to the machine tool by monitoring the
output from sensors and controlling the axis drives. Amitay, Malkin and Koren
(1981) developed a pilot adaptive control system which consisted of a Kellenburger
600R cylindrical grinder interfaced with a PDP-11/40 computer. A power transducer
was used to monitor the grinding power. Surface roughness was measured by the
operator and input manually to the system. Infeed rate and workpiece speed were
adapted automatically. The dressing parameters were adapted manually by the

operator who used the dressing parameters suggested by the computer.

'The autonomous system by X1ao, Malkin and Danai (1993) consisted of a stepper
motor infeed drive, a power monitor, a size gauge and a personal computer for data
acquisition and control. The system was used to control a Bryant Model 1116 internal
orinder. Manual post process measurements of roundness and surface finish were

also made and input to the system.

Kaliszer (1980) interfaced a Nova mini-computer with a cylindrical grinding machine.
A stepper motor drive advanced the wheelhead to a nominal infeed position. The
dwell period was ended when the required size and roundness were achieved, as
indicated by a diameter gauge. Surface roughness measurements were used to set
the infeed rate for subsequent grinding cycles and to initiate dressing. A prototype

sensor for the in-process measurement of surface roughness was developed for this

purpose.

Spiewak and Kaliszer (1983) proposed a modular approach to control system
development. Tasks of the computer system including measurement, control,

identification, and optimisation, were to be carried out by separate modules. Each
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module was to be based on microprocessor. Modules were to communicate with
each other via a bus, with a supervisory module to coordinate the actions of the
system. Some progress was made towards implementing the system, with the
development of a module for the measurement of size and form error and a module
for wheel balancing. The broader aim was to develop an hierarchical system, with
the lowest level controlling the wheelhead position, the medium level identifying

process parameters and the highest level optimising a performance index.

Zhao, Webster and Kaliszer (1988) made further progress towards implementing a
modular adaptive control system for cylindrical plunge grinding. A combined size
and roundness sensor, and a surface roughness module based on work by Kaliszer
(1979) Spiewak and Kaliszer (1983), were developed. Separate modules were
provided for measuring and analysing the output of these sensors. A wheel balancing
module was provided and a supervisory module coordinated the actions of the
control system. Force and power levels were used as constraints. Monitoring of the

acoustic emission indicated when the grinding wheel contacted the workpiece.

An industnal standard STE bus with a Z80A microprocessor was used for the

integrated size and roundness adaptive control strategy for plunge grinding developed

by Gao, Jones and Webster (1992). Size and roundness were measured using an in-

process diameter gauge, and the system time constant was estimated at the end ot the

cycle from the size signal. This allowed the use of an inexpensive computer system
as the strategy was not intensive in processing power. Gao and Jones (1992) also

proposed to use this platform for both an integrated sensor system and an optimum

size and roundness adaptive control.

An alternative to interfacing a computer system directly to the machine tool was to
execute data acquisition and adaptive control functions on a computer, which then
passed instructions for control of the grinding cycle to a CNC machine. The
controlled force system by Brinksmeier and Popp (1991) was based on a Studer 550-
42 machine with Brutsch CNC. Adaptive control optimisation was implemented on a

VME based computer system with an MC68020 CPU board. A special board
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sampled the normal force and transmitted the infeed velocity command to the CNC.

The normal grinding force was measured by piezo-electric force transducers mounted

on the centres of the machine.

Toenshoff, Zinngrebe and Kemmerling (1986) applied a similar approach to
controlling the internal grinding process. Software for controlled force grinding ran
on a 68020 based micro-computer, and a position signal was output to a CNC

grinding machine. The normal grinding force was measured using a piezo-electric

dynamometer mounted underneath the wheel spindle.

Kim and Shumsherradin (1983) used a Newall cylindrical grinder controlled by an
Allen Bradley 8200 system, with a Zilog PDS 800 micro-computer providing
adaptive capabihity. Workpiece diameter was measured by in-process gauging. Two
methods of force measurement were employed, a piezo-electric transducer mounted
on the tailstock centre, and piezo-electric load washers located between the nut of the
ballscrew and the wheelhead. A watt-meter indicated the grinding power, and an

optical method of surface roughness measurement was employed.

Other systems implemented adaptive control within the CNC system. The energy
adaptive system developed by Smith (1980) was implemented on a Norton 6" by 30"
CTU cylindrical grinding machine with a prototype control system by Giddings and
Lewis Electronics Company. Infeed position was under servo control, with feedback
derived from an eddy current probe indicating workpiece size. Wheel speed was

adjusted based on power feedback from the spindle dnve.

Kelly et al (1989) and Rowe et al (1991) implemented an adaptive CNC system for
centreless grinding using an AB 8600 controller and a modified Cincinatti Number 3
centreless grinding machine. Grinding parameters were adapted based on workpiece
size and grinding power measurements. The software developed was based on the
modular conceptual framework shown in figure 2.7. The framework consisted of an
executor, a data logger, process models, adaptive and learning strategies. database,

infeed cycles, input / output routines and a safety strategy. The aim of the modular
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conceptual framework was to allow a flexible approach to system development.

2.6 Discussion

The introduction of computer numerical control to grinding resulted in a number of
benefits, including simplified machining procedures, increased accuracy, and
reduced scrap levels and inspection requirements. Other benefits were shorter set-up
times, shorter cycle times and the ability to grind complex forms. Despite increased
automation of the grinding process, considerable variability is introduced by wear and
dressing of the grinding wheel. Much research has been directed at improving
performance by the application of adaptive control techniques. This involved
monitoring the outputs of the process, and altering grinding parameter values in order
to approach optimum operation. Control strategies were based on controlling the

grinding force, the grinding power, or the dwell period. Other approaches aimed to

optimise wheel wear or production costs.

Controlled force grinding consists of continually varying the infeed rate in order to
maintain a given value of normal grinding force. The main advantage is that as the
detlection 1s proportional to the normal force, errors due to changes in detlection are
reduced. The wheel sharpness can be determined from the grinding force and
material removal rate, allowing workpiece burn to be avoided. The rounding up
process could also be controlled. The main limitation of controlled force grinding 1s
the difficulty in conveniently measuring forces from the pressure difference across a
hydrostatic spindle bearing, strain gauges mounted on workhead or tailstock centres.

or a piezo-electric transducer incorporated into the infeed mechanism.

Controlling the grinding power is more suitable for the industrial application of
adaptive control. The power developed by the grinding wheel drive can be easily
measured by inexpensive and easily installed transducers. Although the grinding
power depends on both the normal and tangential grinding forces, and lags behind the
force signal because of the response of the drives and the motor, it presents a more

practical solution than force measurement. The grinding power may be used in
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conjunction with a thermal model to predict workpiece burn, and the power rating of

the wheelhead motor also represents a process limit.

A number of strategies have been proposed for controlling the dwell period in order

to achieve accurate size and roundness results. The simplest strategy is to end the
dwell period when in-process gauging indicated that the required workpiece diameter
has been attained. A development of this strategy is to commence the dwell period
when a given workpiece diameter 1s indicated by the gauge. In order to achieve

complete sparkout this diameter must be set equal to the required size plus the system

detlection as measured by the diameter gauge.

More complex strategies are made possible by identifying the system time constant
from the workpiece diameter. It 1s generally accepted that identification should be in-
process, because of the variation of the time constant with the changing condition of
the grinding wheel. However, some systems used post-process identification
because of control system or gauging limitation. One control strategy is to accelerate
the sparkout process, by extending the infeed period and then retracting to a
predetermined position prior to the dwell period. This shortens the dwell time
required to relieve the deflection. Another strategy is to shorten or lengthen the dwell
period in order to achieve the required roundness. This was accomplished by varying

the workpiece diameter at which the dwell period was commenced.

These strategies relied on identification of the system time constant based on the
signal from a diameter gauge. However, this presents difficulties for multi-diameter
parts, where for reasons of cost, set-up times and accessibility of the part, gauging 1s
usually applied to only one of the ground diameters. Furthermore, machines supplied
without diameter gauging should not be excluded from improved control of the
srinding cycle, better part quality and shorter cycle times. This leaves scope for
further work, to develop a method of identifying the time constant in-process without
the use of a diameter gauge. This would in turn contribute towards a practical,
widely applicable adaptive control system incorporating real time dwell adjustment

and accelerated sparkout strategies.



A number of approaches to adaptive control system design have been adopted. Some
early systems used analogue electronics, but later systems were based on computers.
A popular approach is to use a microprocessor or a computer system to perform all
the control operations. The computer system samples the signals from sensors,
calculates appropnate grinding parameters, and controls the motion of the machine
tool axes accordingly. Another approach is to interface a computer system to a CNC
machine. The computer logs data, calculates appropriate grinding parameters, and
then outputs a position or size signal to the machine tool controller. Other systems

incorporated adaptive control software into the controller of a CNC machine.

For the development and testing of adaptive control strategies, all of these approaches
were acceptable. The principal requirements were for the control system to sample
data from sensors, calculate suitable grinding parameters, and alter the grinding
parameters according to an adaptive strategy. However, for an adaptive control

system to be viable for industrial applications, wider issues must be addressed.

Interfacing a computer to a CNC machine 1s feasible, but requires an additional
computer system and interface. This incurs further hardware costs and also raises
concerns for reliability. Furthermore, should the adaptive control system require data
to be input by the machine operator, an additional screen and keyboard is required,

rendering the system cumbersome to use.

With the cost of computer systems reducing rapidly, and the wide variety of data
acquisition and control boards available, the use of a microprocessor system to
perform all the control operations represents a more attractive option. However such
systems are relatively basic, and for more sophisticated features such as part
programming, tool offsets, tool radius compensation, interpolation of a number of

axes, and communications a proprietary CNC system 1s required.

The most attractive option is to incorporate adaptive control software into the
controller of a CNC machine. The potential for new advances in this area lies in

combining the advanced features of a CNC machine with the benefits of adaptive
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control. Adaptive control may then be regarded as an additional feature of the CNC

machine, giving improved workpiece quality and shorter cycle times. The f acility to
combine adaptive grinding cycles with conventional grinding cycles for the
production of a particular part is also a requirement. For example an adaptive plunge
grinding operation may be combined with non-adaptive traverse or face grinding
operations. The facility should be provided to grind multiple diameters, using

different initial grinding parameters depending on the part geometry. The adaption of

the grinding cycle should be independent from one diameter to the next. to allow for

differences in deflections and wear.

Adopting this approach also requires adaptive control software to be designed for
implementation within the architecture of a specific controller, and written using
languages suitable for the controller. There is a need for algorithms and strategies to
be designed so that they do not interfere with the correct operation of the controller,
or prevent non-adaptive cycles from running. For example, attention should be paid

to the avoirdance of timing problems for in-process identification of parameters, or

when adapting grinding parameters in-process.

2.7 Conclusions

From the above discussion it may be concluded that there is a need for an adaptive
control system that selects imtial grinding parameters, and subsequently controls the
erinding cycle based on grinding power measurements. Scope for new advance lies
in developing a method of in-process identification of the system time constant which
does not require diameter gauging. As a result, real-time adjustment of the sparkout
period will be feasible both with and without a diameter gauge. This 1s particularly
relevant as many machines are supplied without gauging, and for multi-diameter parts

gauging 1s usually applied to one diameter only.

Adaptive control strategies should be implemented in software within the controller of
a CNC system. Opportunities for new advances lie in the design of algorithms and

strategies specifically for implementation within a machine tool controller,
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incorporating in-process identification of parameters and in-process adaption of the
grinding cycle. Also, the system should handle multi-diameter parts by selecting
initial grinding parameters independently for each diameter based on part geometry.
Grinding parameters should be adapted independently for each diameter based on
wheel condition. The system should make use of sensors that are appropriate for
industrial application. Workpiece size and grinding power are particularly suitable as

they are readily available, easy to 1nstall, reliable and do not require calibration for

particular gnnding operations.
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3 THE ADAPTIVE STRATEGIES

3.1 Introduction

In designing the adaptive control system, the aim was to develop a system which
would automatically determine suitable grinding parameters, monitor the process, and

alter the grinding parameters in order to achieve optimum operating conditions.

The grinding parameters that define a typical plunge grinding cycle are the wheel
speed, workpiece speed, infeed rate, initial infeed position, final infeed position and
the dwell period. For the adaptive control system, the grinding wheel runs at the
maximum surface speed that can be maintained over the permitted range of grinding
wheel diameters, in order to maintain the best possible cutting action of the grinding
wheel. The initial infeed position 1s set to a fixed value according to the initial
workpiece diameter and the stock to be removed. This leaves the workpiece speed.

infeed rate, final infeed position and the dwell period to be determined automatically

by the adaptive system.

The following sections describe the adaptive strategies in detail. Particular features
discussed are the automatic selection of infeed rate and workpiece speed values from
a data base, adapting the infeed rate to maintain constant erinding power, and
adapting the final infeed position and the dwell period to control the sparkout
process. A new method for in-process identification of the system time constant from
the grinding power is presented, and a summary of the operations required to

implement the adaptive strategy on a CNC system 1s given.
3.2 Automatic Selection of Infeed Rate and Workpiece Speed

As outlined in the previous chapter, the control system for centreless grinding
developed by Kelly et al (1989) and Rowe et al (1991) used a kinematic model as the
basis for selecting grinding parameters. Infeed rate and workpiece speed values were

calculated from experimentally determined values of mean chip volume and chip

31



aspect ratio stored in a data base. The underlying principal is that for a given

combination of grinding wheel and workpiece material, similar grinding conditions

are achieved provided that grinding chips of similar dimensions are produced.

This approach allows grinding parameters to be calculated for a wide range of
grinding wheel and workpiece diameters, minimising the size of the data base and
making effective use of the available data. For this reason it was decided to adopt a
similar approach for cylindrical grinding. The new advance made with the strategy
proposed in this section, lies in the practical application of these concepts to

cylindrical grinding, including the development of a strategy for handling situations

where there are a number of different diameters to be ground on a part. In addition,

the structure of the proposed data base is designed to be suitable for implementation

within the architecture of a moderm CNC system.

Because the infeed rate and workpiece speed can be readily calculated from the chip
aspect ratio and the chip length, these kinematic parameters are stored in the data
base. The information 1s stored within the control system in order to provide the
control system with the ability to update the data base as required with new
information. This requires the control system to calculate the chip aspect ratio and
chip length from data readily available in the control system. The tollowing

expressions given by Rowe et al (1987) are suitable for this purpose.

The chip aspect ratio A_ 1s given by

Ar — ¢ 2

where d, is the equivalent diameter,
v, is the grinding wheel surface speed,

; is the dynamic grit spacing, that is the average distance between active grits,

v.. is the workpiece surface speed.
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The chiplength | is given by

— /cf
]C"'"' "',;-dwden (32)

where v¢isthe infeed rate,
V. 18 the workpiece surface speed,
d,, 1s the workpiece diameter, and

d, 1s the equivalent diameter.

The equivalent diameter d, is given by

4 - s dy
= didy
ds + dy (3.3)

where d. isthe grinding wheel diameter and

d,, 1s the workpiece diameter.

From the above equations it can be seen that the terms required for calculating the
kinematic parameters are the wheel diameter, workpiece diameter, wheel speed,
infeed rate, and workpiece speed. These parameters are all readily available 1n the
control system data. The dynamic grit spacing is assumed to be constant for a given
type of grinding wheel and can be omitted from the calculations without undermining

the effectiveness of the strategy.

It is proposed that the control system calculate the chip aspect ratio and the chip length
and store them in a data base, together with the grinding wheel type and the
workpiece material type. Information relating to the type of dressing tool, the
dressing parameters and the coolant type is also to be stored. The dressing tool and
the dressing parameters influence the topography of the wheel, and therefore effect
the dimensions of the grinding chips. The type of coolant effects the grinding torces

and the grinding power developed. The proposed data base structure is shown in
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figure 3.1. The data base consists of a number of records containing the chip aspect
ratio and chip length produced for a particular combination of grinding wheel,

workpiece matenal, dressing tool, dressing parameters and coolant type. The use of

control system data to calculate kinematic parameter values, which are then stored in

the data base is 1llustrated 1n figure 3.2.

To automatically select infeed rate and workpiece speed values, the control system
searches the data base for a record that corresponds to a given combination of
erinding wheel, workpiece material, dressing tool, dressing parameters and coolant
type. Optionally, the search may only include grinding wheel and workpiece material
types. On finding the relevant record, the chip length and chip aspect ratio are
retrieved. Given the current values of wheel speed, wheel diameter and workpiece
diameter, the infeed rate and workpiece speed required to generate the same grinding
chip dimensions are calculated. Re-arranging equation 3.1 gives the following

expression for calculating the workpiece speed v,

lg A; (3.4)

Similarly, re-arranging equation 3.2 gives the following expression for calculating the

infeed rate vy

ve= e Vu
dW de T (35)

The retrieval of kinematic parameters from the data base for the calculation of infeed
rate and workpiece speed, which are then copied to the control system data, 1s shown

in figure 3.3.

For parts where a number of different diameters are to be ground, different infeed rate
and workpiece speed values are required to produce the same grinding chip

dimensions. Therefore it is necessary to calculate the infeed rate and workpiece speed
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values independently for each diameter. It is also possible for different diameters to
be of different materials, for example with the use of sleeves, inserts or plating. In
addition, for universal grinding with a swivelling wheelhead, different grinding

wheels may be used to grind diameters on the same part. Therefore, the facility to

specify different grinding wheel and workpiece types for each diameter are provided.

The types specified for the first diameter are used as defaults.

The selection of infeed rate and workpiece speed values is a pre-process operation

prior to gninding the first workpiece of a batch. Data concerning the grinding wheel,
workpiece material, dressing tool, dressing parameters and coolant type are input by
the user. The current values of wheel speed, wheel diameter and workpiece diameter
are read from the control system data, and the chip length and chip aspect ratio
retrieved from the data base. This is collected for each diameter, prior to calculating
the infeed rate and workpiece speed values. Figure 3.4 shows the data required to
access the data base and calculate infeed rate and workpiece speed values for each

diameter. The data 1s organised as a series of records containing the information

required for each diameter.

3.3 Updating Infeed rate to Maintain Constant Grinding Power

The facility is provided to adapt the infeed rate in order to maintain a given grinding
power level. The principal aim of this feature is to allow the infeed rate to be
maximised within the constraint of the available grinding power. However, it1s also
anticipated that the variation in normal force will be reduced, lessening the effects of

process variability and offering advantages at both high and low power levels.

Implementing the strategy on a CNC system presents some difficulties. Motions are
conventionally programmed from point to point at a given feed rate, presenting
difficulties for continuously varying the infeed rate. The additional processing time
required to implement control algorithms is also a concern. However, because the
infeed rate is not critical for maintaining accuracy, it is not necessary to continuously

vary the infeed rate. It is anticipated that updating the infeed rate on a post-process
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basis will give significant benefits. Thus it was decided to adapt the infeed rate on a

post process basis.

level. The grinding power is assumed to be proportional to the infeed rate. The

infeed rate v, to be used for the current grinding cycle is calculated using the

following equation
Py
Vin = Vin-1
Pn-—l ' (3.6)

where vg,_, 1s the infeed rate used for the last grinding cycle,
P, 1s the target grinding power, and

P,_, 1s the peak grinding power measured during the last grinding cycle.

J.4 Setting the Dwell Period to Relax System Deflection

The grinding torces developed during the infeed period cause detlection of the
machine-wheel-workpiece system. This deflection relaxes during the dwell period,

bringing the workpiece to size and improving the roundness and surface texture.

Because of changes in grinding wheel sharpness that occur with wear and dressing,
the magnitude of the deflection is difficult to predict. Itis possible to determine the
correct dwell period by measuring the deflection with in-process diameter gauging
and calculating the system time constant. However, the use of gauging is sometimes
restricted by cost, long set-up times, and the physical size of the gauges. To
overcome these problems, the adaptive system uses the signal from a power

transducer to determine the correct dwell period.

Figure 3.5 shows the programmed and actual positions X, and X; of the erinding

wheel-workpiece interface during the infeed cycle. The programmed and actual
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positions are described by the following equations during the infeed period (Allanson
et al 1989).

Ap = Vpt O<t<T, (3.7)

Xizvf(t-1:+’ce'”1) O<t<T, (3.8)

where v is the infeed rate,
t is the time elapsed since the start of grinding,

T11s the time at the end of the infeed period, and

T 1S the system time constant.

The deflection of the system x. is given by the difference between the programmed
and actual infeed position

X, =vit(1-e-t/7) 0<t<T, (3.9)

During the dwell period the programmed and actual positions X, and X, are given by

X,=ve T, T,<t<T, (3.10)

X =v,T, -x,e-(t-TH)/= T,<t<T, (3.11)

where x; 1s the deflection at time T,.

The deflection of the system x; is given by the difference between the programmed

and actual infeed position

xi:xle'(t'Tl)/T T,<t<T, (3.12)

The grinding power signal follows the form shown in figure 3.6, rising to a peak
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value during the infeed period and decreasing towards zero during the dwell period.

The grinding power is given by equation 3.13 during the infeed period and by
equation 3.14 during the dwell period.

P=P . (1-et/7) 0<t<T, (3.13)

P:Pmaxe'(["Tl)/T T1<t<T2 (314)

By comparing equations 3.13 and 3.14 to equations 3.9 and 3.12 it is evident that the

expressions for both the grinding power and the deflection follow the same form. that
1S
y=k(1l1-e-t") O<t<T, (3.15)

y:ke-(t_Tl)/t T1<t<T2 (316)

where Kk 1s a constant.

The exponential rise and decay of the power signal corresponds to a similar
exponential rise and decay of the system deflection. The adaptive control system
makes use of the relationship between the grinding power and the detlection, by
1dentifying the system time constant from the power signal during the infeed pernod.
This value 1s then used to predict the magnitude of the deflection during the inteed

cycle.

Ninety five per cent of the deflection is relieved by applying a dwell period of three
time constants. This ensures that the target diameter is achieved without using an
excessively long dwell time. Obtaining a measure of the system time constant gives
the control system the ability to determine the dwell time required for a grinding
operation. In this way the variation in deflection that occurs with conditioning of the

erinding wheel is accounted for.
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3.5 Using Overshoot to Decrease the Dwell Period

An alternative strategy is also offered, to shorten the dwell time so that a si gnificant
proportion of the system deflection remains at the end of the infeed cycle. To
compensate for this deflection the infeed position is advanced past the target position
as shown in figure 3.7. The overshoot OS required to compensate for the deflection

remaining at the end of the dwell period is calculated using the following expression

OS = x; eldm (3.17)

where X1 1sthe detlection at the end of the infeed period,

T, 1S the dwell time, and

T 1s the system time constant.

With the overshoot strategy, a dwell period of two time constants is applied, leaving

thirty seven per cent of the deflection in the system at the end of the cycle.
J.6 In-Process lIdentification of the System Time Constant

In process identification of the time constant 1s required to allow the control system to
adapt the dwell period according to the deflection. A new method 1s proposed tor
1dentifying the system time constant from the grinding power characteristic during the
infeed section of the grinding cycle. The mathematical relationships for the new

method are as follows.
The grinding power is assumed to be proportional to the infeed rate tor constant

workpiece speed and grinding wheel speed. This assumption works very well for the

purposes of characterising the system pertormance.

39



P a g_)_(_L
dt (3.18)

Differentiating equation 3.8 and combining with equation 3.18 gives the following

expression for the grinding power

P::kpvf(l-e‘”") O<t<T, (3.19)

where k is a constant of proportionality linking the infeed rate to the grinding power.

Equation 3.19 takes account of the transient section as the infeed rate of the grinding
wheel / workpiece interface approaches the programmed value and steady state

erinding 1s achieved. From the typical data log of the power signal shown in Figure
3.8 1t 1s evident that the transient section of the grinding power follows the

exponential model well.

[t was decided to use the integral of the grinding power for the time constant

identification in order to reduce the effect of noise on the power signal. Integrating

equation 3.19 gives

t

Pdt=k, vf(t-1:+1:e‘”T)
o O<t< Tl (3.20)

Steady state state grinding conditions are established when the the value of e - tit
approaches zero. This is achieved after an infeed period of three time constants as

e-!'Tis equal to 0.02 at this point.



P dt = kaf(t -‘l:)
0 3t<t<Til. (3.21)

Hence at steady state conditions the grinding power is given by equation 3.21. The
value of the system time constant is given by the intercept of the tangent to the integral

of the grinding power with the time axis as shown in figure 3.9.

To implement this 1dentification method on a control system, the integral of the

erinding power is calculated from

n n-1

P dt = Pdt+ P, T,
0 0 Jt<t<Ty. (3.22)

where P_ 1s the grinding power at the nth sample and T 1s the sampling period. A
sampling trequency of 20 Hz was found to be suitable for the range of time constants
of one to ten seconds typical for grinding, and sampling at this frequency 1s unlikely

to place undue demands on processing time.

Integrated power values approximately one second apart are used to calculate the
intercept of the tangent of the integrated power with the time axis. This interval was
determined empirically by running calculations on data logged from a number of
erinding operations to ascertain a suitable value. The following equation obtained

from similar triangles is used to calculate the time constant, from the intercept of the

tangent to integrated power with the time axis.
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tl 12

> P dt-t P dt
0 0O
tl t2

P dt - P dt
0 0 O<t<T1. (3.23)

T =

The time constant calculation is deemed to be complete when the time elapsed from

the start of grinding 1s greater than three times the measured time constant. that is

when steady state grinding has been established.

To obtain the value of the time constant using this method requires the start of
grinding to be known accurately. A method is proposed for detecting the start of
erinding from the variance of the grinding power. At the start of the infeed cycle, the
first six samples are used to characterise the no-load power. The mean of the samples
1s calculated and this value subtracted from subsequent samples to give the grinding
power. The variance of the no-load power 1s also calculated and used as a reference
for detecting the start of grinding. After the first twelve samples, detection of the start
of grinding commences. Every time the power signal 1s sampled the variance of the
last six samples is calculated and compared to the variance of the first six samples.
This continues until the variance exceeds a threshold level which is taken to be the
start of grinding. The threshold level and number of samples used for calculating the
mean and variance were determined empirically by running calculations on data

logged from a number of grinding operations to ascertain suitable values.

As each new power sample is logged the variance of the last n samples is calculated.
Figure 3.10 shows that two large increases in the variance occur. The first is due to
the contact of the grinding wheel with the coolant and the second is due to the contact
of the grinding wheel with the workpiece. The second increase in the variance 1s

taken as the start of grinding. Using this method it is possible to accurately detect the
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start of grinding.

3.7 A Summary of the Operations Required to Implement the
Adaptive Strategy

The operations required to implement the adaptive strategy are summarised in the

form of flow charts in figures 3.11 and 3.12. It can be seen that a number of 'pre-
process’ operations are carried out before grinding a workpiece or a batch of
workpieces. The user enters the target power level for the grinding operation and
also enters the grinding wheel and workpiece material type. If the data base contains
information relative to the grinding operation the kinematic parameters are retrieved
and the machining parameter values calculated. Otherwise the machine useris
prompted for infeed rate and workpiece speed values to use. The infeed rate and

workpiece speed are then passed to the infeed cycle for grinding the first workpiece.

A number of 'in-process' operations are carried out during the execution of each
erinding cycle. The purpose ot these operations is to determine the system time
constant and to use the measured value to adjust the infeed cycle, to compensate for
detlection of the machining system. The maximum grinding power value 1s also

recorded as 1t is required for updating the infeed rate to maintain a target power level.

Figure 3.12 shows the operations carried out in-process. A number of power
samples are used to calculate the mean and variance of the no load power. The mean
is subtracted from subsequent power samples to give the grinding power. The
variance serves as a reference for detecting the start of grinding. Once the start of
orinding is detected the sampled data are used for calculating the time constant. For
infeed cycles without diameter gauging the overshoot and dwell time values are
calculated and passed to the infeed cycle. Forinfeed cycles with diameter gauging the
desired dwell time is calculated and the actual dwell time is measured. The desired

and actual dwell times are required by the post process operation of compensating tor

infeed position error.
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A number of 'post-process' operations are carried out at the end of each grindin g
cycle. If the cycle uses diameter gauging the difference between the desired dwell
time and the actual dwell time is used to calculate the error in the infeed position and
an offset is applied to compensate. The grinding results are written to file and the
infeed rate for the next grinding operation is calculated. The next workpiece is

ground and the in-process operations are performed again. The procedure is repeated

until all the workpieces of the batch have been ground. At this point the kinematic

parameters for the last grinding operation are calculated and saved to the data base.

3.8 Discussion and Conclusions

T'he grinding parameters that define a typical plunge grinding cycle are wheel
speed,workpiece speed, infeed rate, initial infeed position, final infeed position and
the dwell period. For the adaptive system, the workpiece speed, infeed rate, final

tnfeed position and the dwell period are selected and adjusted automatically by the

adaptive system.

The kinematic model by Rowe et al (1986) is used as a basis for selecting infeed rate

and workpiece speed values. A data base of suitable chip dimensions for different
combinations of grinding wheel type and workpiece material is used by the control
system to determine appropnate values of infeed rate and workpiece speed. This
approach allows grinding parameters to be calculated for a wide range of wheel and
workpiece diameters, minimising the size of the data base and making effective use of
the available data. Although this approach has been used previously for controlling
centreless grinding, the application of these concepts to cylindrical gnnding
represents a new advance. In particular, the new system is designed to handle multi-
diameter parts by selecting appropriate grinding parameters inependently for each
diameter. Additionally, the data base structure is designed for practical

implementation within the architecture of a modern CNC system.

The facility to adapt the infeed rate in order to maintain a given grinding power level

is also provided. The purpose of this feature is to allow the infeed rate to be



maximised within the constraint of the available grinding power. Another aim is to
improve performance at lower power levels by reducing the effects of process
variability. Because of the difficulties in continuously varying the infeed rate on a
machine tool controller, the infeed rate is updated on a post-process basis. However.
it1s anticipated that this will give significant benefits. Thus, in developing this

strategy, the aim 1s to attain significant benefits while also considering the practical

implications for an industrially applicable system.

The strategy for selecting values of the final infeed position and the dwell time, takes
into account that these parameters are critical for attaining the required accuracy of the
finished parts. Because deflections vary according to the condition of the grinding
wheel, real time control of the sparkout process is required. This is achieved by
adapting the final infeed position and the dwell time, based on in-process
identification of the system time constant. A new method of identifying the system
time constant from the grinding power is proposed, together with a new method of
detecting the start of grinding from the variance of the grinding power. This
represents a significant advance that allows improved control of grinding cycles both
with and without diameter gauging. To allow practical implementation within a CNC
system, the identification algorithms are designed so that they can be readily

implemented on a machine tool controller.

To summarise, the adaptive control strategies include the automatic selection of infeed
rate and workpiece speed, the updating of infeed rate to maintain a constant grinding
power, and the adaption of the final infeed position and the dwell time to control the
sparkout process. The strategies and algorithms are designed to be readily
implemented on a machine tool controller, and it is anticipated that the performance of
the new control system will be improved in terms of ease of use, set-up time, cycle

time and accuracy of the finished parts.
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Figure 3.1 - The structure of the data base
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infeed rate

workpiece speed

learned data record

type of grinding wheel
type of workpiece matenal
type of dressing tool
severity of dressing
coolant type

chip length lc
chip aspect ratio Ar

Figure 3.2. Saving new data to the data base
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Figure 3.3. The automatic selection of infeed rate
and workpiece speed from the data base
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Figure 3.5 - The programmed and actual infeed positions
during a typical infeed cycle

Grinding Power

0 T, T, Time

e

Figure 3.6 - The 1dealised grinding power during an infeed cycle
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Figure 3.7 - Shortening the dwell period by extending
the infeed period in order to apply an overshoot
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Figure 3.8 A data log showing the grinding power signal
during a typical infeed cycle
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Figure 3.9 Calculating the time constant by integrating the
grinding power during the infeed period
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Figure 3.10. Detection of the start of grinding using
the variance of the power signal
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4 DEVELOPMENT OF THE ADAPTIVE CONTROL SYSTEM

4.1 Machine Configuration

The adaptive control system was based on the Series 10 cylindrical grinding machine
similar to that shown in the photograph figure 4.1. Workpieces of up to 250 mm
diameter could be held in a chuck or located between workhead and tailstock centres.

The maximum distance between centres was 700 mm. The workhead and tailstock

were mounted on the machine table. Traverse of the table in the Z axis was achieved

by d.c.servo motor and ball screw drive with position feedback derived from 1 um

linear scales. Infeed of the wheelhead in the X axis was achieved by d.c.servo motor

and ball screw drive with position feedback derived from 0.1 um linear scales. A

variety of plunge, traverse and face grinding cycles were provided by combining
infeed and traverse motions. Infeed rates were programmable in the range of 0.06 to
5000 mm/min and traverse rates from 0.06 to 12000 mm/min. Grinding wheels up to
450 mm 1n diameter were rotated by a 7.5 kW a.c. motor via a belt and pulleys. The
wheelhead motor was driven by a frequency inverter, allowing the rotational speed of
the wheel to be varied with wheel diameter. In this way a constant surface speed of
33 m/s was maintained. The 1.1 kW d.c. workhead motor rotated the workpiece at

rotational speeds of between 40 and 450 rpm. A full specification of the machine 1s

oiven in Appendix 1.

4.2 The Allen Bradley 8200 Controller

The control system for the Jones &Shipman Series 10 grinding cylindrical machine
was built around an Allen Bradley 8200 controller, the operation of which was
similar to many proprietary machine tool controllers. A part program written by the
user specifies the movements of the machine tool axes required to produce a particular
workpiece. Commonly, the part program is written on-line, that is input via an editor
provided by the user interface of the controller. Alternatively the program 1S written

off-line on another computer system and loaded via a tape readgr or downloaded via a
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communications interface. The facility was provided to save a number of part

programs to a bulk storage device.

As the part program was executed the axis movements were implemented by the

partition of the control system responsible for motion control. The axis movements

were displayed via the user interface along with an indication of the block of the part

program currently being executed.

The Allen Bradley 8200 controller was comprised of a modular rack based system, as
shown 1n figure 4.2. The first five slots in the rack were allocated to the processor
section. This consisted of a memory module with 64k of battery backed RAM, a
micro-instruction module, an arithmetic logic unit, a bus interface module and a
processor panel interface. A bubble memory unit was also connected to the memory

module for permanent storage of the system software and interface logic. On power

down the system software and interface logic were downloaded to the bubble

memory. On power up the contents of the bubble memory were written to the

memory module.

There were an additional nine slots which were allocated to the interface section.
Boards were allocated to these slots depending on the requirements for the particular
machine tool application. The interface section for the Jones and Shipman Series 10

cylindrical grinding machine is shown in figure 4.2 and consisted of the following

boards:

an operator panel interface for handling switches and indicators,

a CRT / keyboard module to handle the input and display of data,

a communications module to allow connection to peripheral devices,
a servo axes module for the closed loop control of muitiple axes,

a digital input / output module for connecting switches, lamps, relays and

contacts,

a bulk storage module with battery backed memory for storage of part

programs.
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Software for the control system was written by the machine tool builder to suit the

requirements of a particular machine tool application. This software consisted of

configuration, interface logic and part program macros.

Contiguration software defined information such as the number of machine tool axes.

the resolution of feed back devices, and drive parameters such as the gain and the

allowable tollowing error. This was accomplished through the Adjustable Machine
Tool Parameters, or AMP.

The primary function of the interface logic was to handle the digital input, output and
timing for implementing features such as interlocks, gauging, and the detection of
limit switches and error conditions. The logic was also used for a variety of other

features such as M word decoding, homing axes, setting feedrate and spindle speed

overrides and 1nitialising communications ports.

The logic was implemented using the proprietary language Programmable Application
Logic, or PAL. Using the editor provided with the control system the logic program
was written 1n the form of ladder logic. The entire logic was executed by the control
system every ten milliseconds. Inputs and outputs were accessed by the logic by
reading and writing to a number of PAL variables reserved specifically tor this
purpose. A number of PAL variables were also provided for performing calculations.
System variables such as tool offsets and spindle speeds were accessed via PAL
tables. An area of the PAL tables was also reserved for global PAL parameters which
were used to synchronise the actions of the interface logic with the execution of the
part program. This was particularly useful for features such as actuating in-process

gauging and applying wear compensations.

Part programs specified the movements of the machine tool axes required to produce
a particular workpiece. To simplify the writing of these programs a number of

macros were provided with the control system that encapsulated the code required to
implement specific infeed cycles. These part program macros were written using the

paramacros facility of the AB 8200 controller.
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From the brief description of the machine tool control system given above, it can be

seen that the AB 8200 control system comprised of the following elements

part program storage,
part program execution,
motion control,

machine logic,

user interface,

peripheral interfaces, and

communications interfaces.
4.3 System Requirements for Adaptive Control

T'he purpose of the adaptive control system was to determine suitable grinding
parameters, to monitor the process and modify the parameter values in order to

maintain optimal operation of the grinding process.

The strategy adopted included the use of a data base together with a process model to
determine 1nitial values of workpiece speed and infeed rate. The infeed rate was
updated from one grinding operation to the next in order to maintain the required
egrinding power level. A measure of the detlection of the machining system was
given by the system time constant, that 1s the lag of the programmed and actual
position of the wheel-workpiece interface. This was identified in-process from the
characteristics of the grinding power during the infeed period. From this the dwell
period was calculated to allow the deflection to relax and attain accurate workpiece

size. The dwell period was also shortened by extending the infeed period to

compensate for deflection.

A number of additional control system features were required in order to incorporate
the adaptive strategy into the CNC machine. This included additional data entry that

was required for the user of the machine to enter information required by the adaptive
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