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(57) ABSTRACT

The present disclosure relates to a grinding method for
grinding of non-circular workpieces with an improved pro-
ductivity and quality of the resulting workpiece. The method
comprises a first and a second stage. The rotational speed
profile of the workpiece in the first stage is controlled with
the purpose of maintaining a pre-selected maximum surface
temperature of the workpiece during said first stage, and
grinding of the workpiece in said second stage is performed
while controlling an aggressiveness number of said second
stage so as to achieve an intended final surface quality. The
present disclosure also relates to a method for determining
the processing parameters of such a grinding method
wherein the first and the second stage of the grinding method

B24B 19/12 (2006.01) are iterated to thereby determine the processing parameters
B24B 49/14 (2006.01) leading to a high productivity and desired quality of the
B24B 5100 (2006.01) workpiece after grinding.
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METHOD OF GRINDING A WORKPIECE
AND METHOD FOR DETERMINING
PROCESSING PARAMETERS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application is a national stage application
(filed under 35 §U.S.C. 371) of PCT/SE2015/050496, filed
May 6, 2015 of the same title, which, in turn claims priority
to Swedish Application No. 1450617-4, filed May 23, 2014
of the same title; the contents of each of which are hereby
incorporated by reference.

FIELD OF THE INVENTION

[0002] The present disclosure relates in general to method
of grinding a workpiece, such as a non-circular workpiece,
by means of an essentially rotational symmetrical grinding
wheel. The present disclosure also relates to a method of
determining processing parameters of such a grinding
method.

BACKGROUND OF THE INVENTION

[0003] Grinding of non-circular workpieces (also known
in the art as non-round workpieces), such as cam lobes, by
means of grinding wheel presents difficulties not found in
grinding operations of rotationally-symmetrical workpieces.
The contact area between the workpiece and the grinding
wheel is continuously changing as the grinding wheel passes
around the perimeter/circumference of the workpiece. For
example in the case of cam lobes, the contact area is
considerably larger in the flank portion than in the nose
portion or the base circle portion. Therefore, optimization of
grinding method for non-circular workpieces offers several
difficulties and the success often depends largely upon the
experience of an operator. Many grinding iterations are often
required to achieve a desirable result.

[0004] On most CNC cylindrical grinders used today, the
grinding wheel moves horizontally with the feed velocity
(infeed and retraction) synchronized with the workpiece
rotational speed to achieve the required tool path. If the
workpiece is rotated with a constant workpiece rotational
speed, drastic changes of the instantaneous grinding condi-
tions occur during a revolution of the workpiece due to its
non-circular geometry. Therefore, the instantaneous work-
piece rotational speed of the workpiece is suitably varied
during a revolution of the workpiece to control and to reduce
the effect of the changes in instantaneous grinding condi-
tions.

[0005] Different strategies have been proposed for opti-
mizing cam lobe grinding methods. Such strategies include
constant stock removal rate or constant spindle power, both
of which are commonly used in the industry today.

[0006] U.S. Pat. No. 6,808,438 B1 discloses a method in
which the component is rotated through only one revolution
during a finish grinding step and the depth of cut and the
headstock velocity are controlled during the single rotation
s0 as to maintain a substantially constant load on the
grinding wheel spindle drive motor. The component speed is
altered from one point to another during each revolution so
as to maintain the constant load.

[0007] U.S. Pat. No. 7,153,194 B2 discloses a method of
grinding a component, such as a cam, comprising rotating
the component through only a single revolution during a
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final grinding step and controlling the depth of cut and the
component speed of rotation during the single revolution, so
as to maintain a substantially constant specific metal
removal rate during the final grinding step. The depth of cut
can be kept constant whereas the workpiece speed of rota-
tion is altered during the final grinding step to accommodate
any non-rotational features of a workpiece so as to maintain
the constant specific removal rate.

[0008] The above described methods improve productiv-
ity compared to conventional grinding with constant work-
piece rotational speed of the workpiece. However, grinding
methods which achieves a constant stock removal rate or a
constant spindle power do not consider workpiece surface
temperature. Therefore, none of them provide any means for
controlling thermal damage, which is one of the main
limitations of the grinding method in terms of productivity
and quality. In cases where thermal damage occurs, the
general strategy by process planners has been to either
decrease the wheel feed increment or to reduce the work-
piece rotational speed, both of which will result in a grinding
method which is not fully optimized, yielding cycle times
longer than necessary. The process planners use the above
described optimizations methods only to calculate the work-
piece rotational speed for achieving constant stock removal
rate or constant spindle power. However, the determination
of number of increments and the depth of cut for each
increment are still based on trial and error and selected
subjectively by machine operators.

[0009] A new strategy for optimizing peripheral cylindri-
cal grinding of non-circular workpieces was proposed by
Krajnik et al., “Optimization of peripheral non-round cylin-
drical grinding via an adaptable constant-temperature pro-
cess”, CIRP Annals—Manufacturing Technology 62 (2013)
347-350. In accordance with this strategy, the grinding is
optimized by choosing process parameters based on a ther-
mal model for achieving a constant maximum surface tem-
perature of the workpiece with the purpose of reducing the
grinding cycle time while avoiding thermal damage of the
workpiece.

[0010] Krajnik et al., “Cycle optimization in cam-lobe
grinding for high productivity”, CIRP Annals—Manufactur-
ing Technology, available online 13 Apr. 2014, discloses
further developments as to the strategy of optimizing a
grinding process based on a thermal model. This article
discloses for example that considerably lower grinding times
per cam lobe compared to the processes of constant stock
removal and constant spindle power can be achieved. It also
discloses that the instantaneous specific energy into the
workpiece depends on the aggressiveness number. Further-
more, the article discloses that minimizing the grinding time
per cam lobe of the grinding method requires employing the
optimal number of feed increments, which depends on the
set temperature and the machine limitations.

[0011] While it is clear that the proposed strategy of
controlling the process parameters with the purpose of
maintaining a constant maximum surface temperature of the
workpiece overcomes the problems associated with thermal
damage, it is not clear how the strategy can be industrially
implemented. Moreover, the grinding method using the
proposed strategy of controlling the process parameters with
the purpose of maintaining a constant maximum surface
temperature of the workpiece does not necessarily result in
an acceptable quality of the workpiece after grinding. In
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fact, it is not taught how to control the quality of the surface
of the workpiece. Further development is therefore needed.

SUMMARY OF THE INVENTION

[0012] The object of the present invention is to be able to
provide a grinding method of a workpiece, such as a
non-circular workpiece, resulting in a high productivity and
consistent quality of the workpiece and which grinding
method can be industrially implemented. In order to be able
to have a robust method with full control over the quality of
the workpiece, the subjective role of operators or process
planners has to be removed, or at least minimized.

[0013] The object is achieved by the grinding method
according to independent claim 1 and the method for deter-
mining processing parameters of a grinding method accord-
ing to claim 10. Embodiments are defined by the dependent
claims.

[0014] The present grinding method results in consider-
ably higher productivity resulting from lower total grinding
times compared to grinding methods optimized by control-
ling the process parameters so as to maintain a constant
stock removal rate or a constant spindle power while obtain-
ing the desired resulting surface quality of the workpiece.
Furthermore, it eliminates the risk of thermal damage of the
workpiece during the grinding method. Furthermore, the
present invention results in a robust grinding method with
full control of the quality of the workpiece. Thereby, it is not
necessary to compromise between productivity and quality
when using the present method. Also, it eliminates the
subjective role of machine operators in grinding cycle
design, thereby making the process more robust as the
processing parameters can be determined before start of
grinding.

[0015] The present grinding method is based on the strat-
egy of controlling the grinding method with the purpose of
maintaining a pre-selected maximum surface temperature of
the workpiece, said temperature being below the thermal
damage threshold temperature of the material of the work-
piece, and is controlled such that said strategy is employed
during as much as possible of the grinding cycle. The
grinding method comprises a first stage adapted for remov-
ing most of the stock to be removed from the workpiece, a
so called roughing stage, and a second stage adapted to
obtain the final intended geometry of the workpiece with the
intended quality, a so called finishing stage. Both stages are
based on the theory of controlling the process parameters so
as to maintain an essentially constant surface temperature of
the workpiece. However, the processing parameters of the
grinding method is in reality only controlled such that the
surface temperature of the workpiece is controlled in the first
stage, and the second stage is conducted using the same
workpiece rotational speed profile as in the first stage but
with a lower depth of cut resulting in a lower aggressiveness
and consequently lower surface temperature of the work-
piece in the second stage. More specifically, the aggressive-
ness number in the second stage is controlled which means
that the surface temperature of the workpiece is controlled
indirectly. Since the aggressiveness number used in the
second stage will always be lower than the aggressiveness
number used in the first stage (because it is used for targeting
the experimentally determined grinding sweet-spot), the
surface temperature of the workpiece will also be lower in
the second stage.
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[0016] While the grinding method is controlled to main-
tain an essentially constant surface temperature of the work-
piece during each stage of the grinding method, in reality the
process is subject to machine limitations. These machine
limitations may result in reduced surface temperature for
some angles of rotation depending on the geometry of the
workpiece (which is also shown in Krajnik et al., “Cycle
optimization in cam-lobe grinding for high productivity”,
CIRP Annals—Manufacturing Technology, available online
13 Apr. 2014). However, as the grinding method is con-
trolled to a maximum surface temperature, said temperature
is never exceeded and consequently there is no risk for
thermal damage during the grinding.

[0017] Furthermore, compared to grinding methods con-
trolled to achieve a constant stock removal rate or a constant
spindle power, the grinding method according to the present
disclosure is able to utilize higher stock removal rates for the
same geometry, especially in a non-circular section of the
workpiece.

[0018] The present grinding method is mainly developed
for grinding of an axially extending surface of workpieces
having a non-circular cross section by means of an essen-
tially rotationally symmetrical grinding wheel, but can also
be used for grinding of workpieces having a circular cross
section, i.e. circular cylindrical workpieces. The grinding
method and the method for determining processing param-
eters of a grinding method is highly suitable for use when
grinding for example cam lobes as these often have a
complex geometry. Examples of other non-circular work-
pieces may for example include workpieces having a cross-
sectional shape of a square, rectangle, oval or the like as well
as irregular shapes. The present grinding method can in fact
be used when grinding a workpiece with an arbitrary geo-
metrical cross section.

[0019] In comparison to the strategy disclosed in Krajnik
et. al, “Optimization of peripheral non-round cylindrical
grinding via an adaptable constant-temperature process”,
CIRP Annals—Manufacturing Technology 62 (2013) 347-
350, and Krajnik et al., “Cycle optimization in cam-lobe
grinding for high productivity”, CIRP Annals—Manufactur-
ing Technology, Available online 13 Apr. 2014, the present
grinding method is not only controlled so as to maintain a
constant maximum surface temperature, but is also divided
into two separate stages which are interrelated. In both
stages of the grinding method, the process parameters are
controlled based on the strategy of controlling the method so
as to maintain a constant surface temperature of the work-
piece. However, the two stages are adapted for achieving
different purposes, the first stage mainly targeting the high-
est productivity rate possible and the second stage mainly
targeting the highest quality of the resulting workpiece. In
fact, the grinding method according to the present disclosure
is developed to control the pre-selected maximum surface
temperature during the first grinding stage while in the
second grinding stage, the method is controlled to achieve
the desired surface quality of the workpiece by controlling
the aggressiveness number. However, both stages of the
grinding method utilizes the same workpiece rotational
speed. Moreover, the present grinding method is developed
not only to divide grinding into two separate stages, that is
a roughing stage and a finishing stage, but also how the
respective stages are optimized in relation to each other to
achieve the shortest grinding cycle times with the desired
consistent resulting quality of the workpiece after grinding.
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The present method also enables determining the stock
removal of each of the first and the second stage, respec-
tively, so as to fully optimize the grinding method.

[0020] According to an aspect of the present invention, the
method of grinding a workpiece, such as a non-circular
workpiece, which is rotated around a rotational axis, by
means of an essentially rotational symmetrical grinding
wheel is provided and comprises grinding the workpiece in
a first stage and a second stage, wherein the workpiece
rotational speed profile in said first stage is controlled with
the purpose of maintaining a pre-selected maximum surface
temperature of the workpiece during said first stage, that the
workpiece rotational speed profile of the workpiece in the
second stage is controlled to be the same as the workpiece
rotational speed profile of the workpiece in the first stage,
and wherein grinding of the workpiece in said second stage
is performed by controlling an aggressiveness number of
said second stage so as to achieve an intended final surface
quality by a pre-selected number of increments in said
second stage.

[0021] For practical reasons, it is preferred that the depth
of cut during the first stage is kept constant for each
revolution of the workpiece. Furthermore, it is preferred that
the depth of cut is kept constant for each revolution of the
workpiece during the second stage.

[0022] The aggressiveness number in the second stage
may suitably be controlled by controlling the depth of cut is
said second stage. Controlling the aggressiveness number by
controlling the depth of cut is much easier than for example
controlling the wheel speed to achieve the same purpose.
[0023] The depth of cut and the number of increments in
the first stage may suitably be controlled so as to minimized
the grinding time based on the pre-selected maximum sur-
face temperature of the workpiece and the calculated work-
piece rotational speed profile.

[0024] The workpiece rotational speed profile for the first
stage and the second stage, the number of increments in the
first stage, the depth of cut for each increment during the first
stage and the depth of cut for each increment in the second
stage may suitably be determined by iterating the first and
second stage using the pre-selected maximum surface tem-
perature of the workpiece for the first stage, a pre-selected
desired number of increments during the second stage and
an experimentally determined aggressiveness number for
achieving the grinding sweet-spot.

[0025] The present grinding method may be used on a
cylindrical grinding machine wherein the grinding wheel is
adapted to rotate around a rotational axis which is essentially
parallel to the rotational axis of the workpiece and hence the
head stock of the grinding machine.

[0026] In order to easily control the grinding method in
view of machine dynamics, the rotational speed of the
grinding wheel may suitably be the same for the first and for
the second stage. Thus, the relative speed between the
workpiece and the grinding wheel are controlled by con-
trolling the instantaneous workpiece rotational speed.
[0027] According to an aspect of the present invention, a
method of determining processing parameters of a grinding
method as disclosed above is provided. The method of
determining the processing parameters comprises iterating
the first and the second stage of the grinding method by the
following steps:

[0028] selecting the total stock to be removed from the
workpiece as the stock removed in the first stage;
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[0029] calculating a number of increments in the first stage
with a corresponding depth of cut for each increment in the
first stage for achieving the stock removed in the first stage
while controlling the instantaneous workpiece rotational
speed with the purpose of maintaining a pre-selected maxi-
mum surface temperature of the workpiece;

[0030] calculating the grinding cycle time resulting from
the number of increments in the first stage and the instan-
taneous workpiece rotational speed obtained in step b;
[0031] in case the grinding cycle time obtained in step ¢ is
equal to or less a grinding time which would be achieved for
a grinding cycle comprising one less increment in the first
stage, repeating steps b and ¢ for a grinding cycle compris-
ing one additional increment until the grinding time obtained
is greater than a grinding time for a grinding cycle com-
prising one less increment, thereby obtaining a calculated
instantaneous workpiece rotational speed for the first stage,
a calculated number of increments for the first stage and a
calculated depth of cut for each increment in the first stage;
[0032] calculating the stock removal of the second stage
using the calculated instantaneous workpiece rotational
speed obtained from step d, a pre-selected number of incre-
ments in the second stage and a pre-identified aggressive-
ness number of the second stage corresponding to a depth of
cut during the second stage;

[0033] calculating the stock removal in the first stage by
subtracting the stock removal in the second stage from the
total stock to be removed from the workpiece;

[0034] repeating steps b to f using the stock removal of
first stage obtained in step f until the same stock removal for
the first stage is achieved in step f as in the previous iteration
of the first and the second stage;

[0035] thereby determining the instantaneous workpiece
rotational speed, the number of increments in the first stage
(n,), the depth of cut (a,,) in each increment in the first stage
and the depth of cut (a,,) in each increment in the second
stage.

[0036] The determined instantaneous workpiece rotational
speed, the number of increments in the first stage (n,), the
depth of cut (a,,) in each increment in the first stage and the
depth of cut (a,,) in each increment in the second stage may
then be programmed into an electronic control unit of a
grinding machine such that the electronic control unit can
control the operation of the grinding machine to achieve the
grinding method as disclosed above. In view of the fact that
the process parameters can be determined as described
above, an operator of the grinding machine need not rely on
his experience or multiple tests to optimize the grinding
method. Thus, a high productivity with a desired quality of
the resulting workpiece can easily be obtained.

[0037] The iterations disclosed above are preferably made
using a constant wheel speed of the grinding wheel for the
first and second stage, i.e. the wheel speed during the total
grinding cycle comprising the first and the second stage is
preferably constant.

[0038] The iterations disclosed above are preferably made
using a constant depth of cut for each increment during the
first stage. The iterations disclosed above are preferably
made using a constant depth of cut for each increment during
the second stage. However, the depth of cut during the
second stage is preferably less than the depth of cut during
the first stage.

[0039] According to an aspect of the present invention, a
computer program for determining processing parameters of
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a grinding method is provided, which computer program
comprises program code for performing the method steps of
the method for determining processing parameters as dis-
closed above.

[0040] According to an aspect of the present invention, a
computer program for determining processing parameters of
a grinding method is provided, which computer program
comprises program code stored on a computer-readable
medium for performing the method steps of the method for
determining processing parameters as disclosed above.
[0041] The computer program may further be arranged to
provide the determined processing parameters to an elec-
tronic control unit or another computer connected to or
adapted to communicate with the electronic control unit.
[0042] The electronic control unit can for example be an
electronic control unit of a grinding machine adapted to
control parameters such as the grinding wheel speed, the
infeed of the grinding wheel and the instantaneous rotational
speed of the head stock adapted to rotate the workpiece, as
well as the number of increments.

[0043] According to an aspect of the present invention, a
computer program product is provided containing a program
code stored on a computer readable medium for performing
the method of determining processing parameters of a
grinding method as disclosed above when said computer
program is run on an electronic control unit or another
computer connected to or adapted to communicate with the
electronic control unit.

BRIEF DESCRIPTION OF DRAWINGS

[0044] Below are descriptions of example embodiments of
the invention, with reference to the enclosed drawings, in
which:

[0045] FIG. 1 schematically illustrates a cross sectional
view of a cam lobe;

[0046] FIG. 2 schematically illustrates a cross sectional
view of a cam lobe and a grinding wheel during a grinding
method;

[0047] FIG. 3 schematically illustrates a flow chart of the
optimization algorithm showing an iteration of the first and
the second stage of the grinding method;

[0048] FIG. 4 illustrates one example of a characteristic
curve for the specific energy into the workpiece and work-
piece surface temperature profiles for the first and the second
stage of the grinding method versus the corresponding
aggressiveness number; and

[0049] FIG. 5 schematically illustrates a device compris-
ing a computer program according to an embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

[0050] In the following, the grinding method will be
described in more detail with reference to the drawings.
However, the grinding method is not limited to the embodi-
ments disclosed and discussed but may be varied with the
scope of the appended claims. Furthermore, the drawings
shall not be considered drawn to scale as some features may
be exaggerated in order to more clearly illustrate the fea-
tures.

[0051] The present invention relates to grinding of an
axially extending radial outer surface of workpieces. Even
though it may be used on a workpiece having any kind of
shape, for example a circular cross section, it is mainly
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developed for grinding of workpiece which contain a non-
circular cross-section, i.e. components which are not circular
cylindrical in shape. In this context, a non-circular cross
section means that the radius of the workpiece varies
between different rotational angles of the workpiece. The
workpiece may however have a portion which is circular and
thus have a constant radius in said portion, but the workpiece
comprises at least one portion which has a radius other than
a radius of another portion. The geometry of the workpiece
is thus non-rotationally symmetrical. These types of work-
piece geometries are often referred to as non-round in the
art.

[0052] FIG. 1 illustrates a cross sectional view of one
example of such a workpiece, having a non-circular cross
section, in the form of a cam lobe 1. In the illustrated
example, the cam lobe 1 comprises a base circle portion at
the heel 2, two flank portions 3 and a nose portion 4. In the
base circle portion, the radius is constant. However, the flank
portion 3 has a different radius than the base circle portion
and may even be essentially straight or concave in nature.
The geometrical cross-sectional shape of a cam lobe can be
much more complex than the one illustrated in the example.
For example, it may comprise more than one nose portion or
may comprise a re-entrant portion.

[0053] FIG. 2 schematically illustrates a cross-sectional
view of a part of a grinding wheel 5 and a part of cam lobe
1 during grinding. In the illustrated example, the rotational
axis of the workpiece 1a is parallel to the rotational axis 5a
of the grinding wheel 5, and the workpiece and the grinding
wheel are rotated in relation to each other in opposite
directions. By means of the rotation of the workpiece the
grinding wheel can be controlled with a horizontal infeed
and need not be rotated around the workpiece. The infeed of
the grinding wheel is regulated to the depth of cut a, as
shown in the figure.

[0054] Even though FIG. 2 illustrates an example wherein
grinding is performed by the radial periphery of the grinding
wheel, it may also be performed using the wheel side face
without departing from the present invention.

[0055] In accordance with the present grinding method,
the instantaneous workpiece rotational speed is controlled to
achieve a specific purpose, i.e. a constant maximum surface
temperature of the workpiece during the first grinding stage.
The workpiece rotational speed is the same for all revolu-
tions of the workpiece, i.e. for all increments, but varies
instantaneous within a particular revolution to accommodate
for the changing geometry of the contact zone between the
workpiece and the grinding wheel. This means that the
workpiece rotational speed is different between one point
and another during a single revolution of the workpiece. An
instantaneous workpiece rotational speed thus relates to a
workpiece rotational speed in one specific point and accom-
modates for the differences in grinding conditions during the
grinding method. The instantaneous workpiece rotational
speed for each rotational angle of the workpiece thus forms
a workpiece rotational speed profile.

[0056] Furthermore, in accordance with the present grind-
ing method the instantaneous workpiece rotational speed is
the same in the first stage as in the second stage. This is
considered to mean that the workpiece rotational speed will
be essentially the same for the same rotational angle of the
workpiece when in contact with the grinding wheel. That is,
when a specific point of the workpiece passes the grinding
wheel, the workpiece rotational speed will be the same in
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each revolution. Thus, the workpiece rotational speed profile
will be the same in the first and in the second stage of the
grinding method.

[0057] Even though the second grinding stage is per-
formed using the same workpiece rotational speed, grinding
is performed while controlling the aggressiveness number to
target the grinding sweet spot. The aggressiveness number in
the second stage will hence be lower than the aggressiveness
number of the first stage, since the main purpose of the first
stage is to remove as much stock as possible at the shortest
possible time while avoiding the risk for thermal damage of
the workpiece. Since the second stage is performed using the
same strategy of maintaining a constant surface temperature,
while the aggressiveness number is lower, the surface tem-
perature of the workpiece will also be lower in the second
stage compared to the first stage. Thus, there is no risk for
thermal damage of the workpiece.

[0058] In accordance with the present grinding method,
the aggressiveness number of the second stage is controlled
s0 as to target the grinding sweet spot. It is preferred that the
aggressiveness number is controlled by controlling the depth
of cut in the second stage as will be described further below.
It is critical that an appropriate aggressiveness number is
selected in the second stage for achieving the desired
resulting quality. For example, if a too low depth of cut
during the second stage would be used, which could shift the
aggressiveness below the sweet spot, then the specific
energy into the material could risk being too high which in
turn could result in thermal damage of the material and
consequently inferior quality (in turn resulting in reduced
productivity as the quality of workpieces would not be
acceptable). This could for example be a risk in a grinding
method wherein room is left for an operator or a process
planer to use his experience to determine any process
parameters. Considering a hypothetical case wherein a
grinding method would use a roughing stage wherein the
constant temperature strategy proposed by Krajnik et al.
would be used, followed by a finishing stage which would
be subject to design by an operator or a process planner, such
a grinding method would not yield a repeatable and consis-
tent quality of the workpiece and could result in a loss of
productivity compared to the present invention. It may also
be subject to a risk for thermal damage in case a too low
depth of cut would be selected by the operator as described
above. However, in accordance with the present method of
grinding and the present method for determining the pro-
cessing parameters, the subjective role of an operator of a
process planner is removed. Therefore, the present invention
ensures that the same consistent desired quality is achieved.
[0059] In view of the fact that the aggressiveness number
in the second stage of the grinding method is controlled so
as to target the intended surface quality, i.e. the grinding
sweet spot, the present grinding method guarantees a robust
and highly-capable and reproducible process. This is due to
the grinding always being performed in or close to a sweet
spot resulting in a very small deviation in the surface quality
of the workpiece. This in turn leads to an very high process
capability index (cpk).

[0060] The grinding method disclosed herein is performed
by grinding of a workpiece as disclosed above. Thus, it
relates to the grinding of an outer peripheral surface of a
workpiece wherein the workpiece is rotated around a rota-
tional axis by means of a head stock. The grinding wheel is
rotated around a rotational axis which for example may be
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essentially parallel to the rotational axis of the workpiece.
The process is divided into two separate, however interre-
lated, stages, wherein the first stage is adapted to remove
most of the stock to be removed from the workpiece while
targeting the highest possible productivity and the second
stage is adapted to remove only a small portion of the total
stock removal and adapted to target the intended surface
quality of the workpiece, e.g. the surface roughness.
[0061] In the following, the theoretical considerations
behind the controlling of the grinding method will be
described. The science is based on the information given in
Krajnik et al., “Cycle optimization in cam-lobe grinding for
high productivity”, CIRP Annals—Manufacturing Technol-
ogy, available online 13 Apr. 2014, which is hereby incor-
porated in its entirety by reference. Krajnik et. al does
however not disclose the use of a first and a second stage of
the grinding process, and how each of these stages should be
controlled.

[0062] In view of the complex geometrical shape of the
workpiece, the peripheral form of the workpiece has to be
determined and may suitably be defined as a continuous
function. In practice, the geometry can be determined using
a lift table via the follower center path around the circum-
ference of the workpiece. The discrete data points used
consists of two-variable couples including the follower
center angle and the distance between the workpiece and the
follower centers defined for every degree of workpiece
rotation angle. Thereby, 360 input parameters can be used
for modeling the geometry.

[0063] During grinding, the geometry of the contact zone
of the workpiece and the grinding wheel changes with the
angle of rotation of the workpiece due to its non-circular
form. The geometry of the contact zone may be expressed in
terms of instantaneous contact length expressed as:

L= ZRoyirS
ST Roi+rs e

[0064] wherein r, is the radius of the grinding wheel and
a, is the depth of cut.

[0065] Considering that the depth of cut a, is constant for
every feed increment in one stage of the grinding method, it
can in practice be calculated by dividing the total stock
removal 9 in said stage by the number of feed increments n,
which is simply the number of workpiece revolutions to
reach the intended workpiece form for the stage of grinding
method. The radius of the workpiece curvature R, , is used
for circular approximation of the workpiece geometry in
each i-th contact point.

[0066] A major parameter of grinding kinematics is the
instantaneous relative workpiece velocity v,, ; defined as:

" Ro iy i o
M (Rog +rs)coso;

[0067] where d,,, is the distance between rotational cen-
ters of the grinding wheel and the workpiece, 1, is the
angle of contact, and w, is the workpiece angular speed. The
resulting instantaneous specific stock removal rate Q',,, can

then be calculated as:

Q’w,i:a eVw,i
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[0068] Thermal modeling (based upon moving heat-
source theory with triangular heat flux) is adapted to grind-
ing of non-circular workpiece, with the maximum surface
temperature 6, .

1.064 -
Omi = ——=-ewl(aggr;) &

kpcp A e iV

where k is the thermal conductivity, p the density, ¢, the
specific heat of the workpiece material. The instantaneous
specific energy into the workpiece e,, depends on the aggres-
siveness number aggr, (reference can also be made to Bad-
ger, “Factors Affecting Wheel Collapse in Grinding”, CIRP
Annals—Manufacturing Technology, 58(1), 2009, p. 307-
310, hereby incorporated by reference):

CagerQly;

aggr; = —

[0069] Since values of aggr, are small, a constant C,,
may suitably be used in production to give more practical
values. Using a C,_., of 10° gives more practical values,
typically in the order of 10 to 120.

[0070] The aggressiveness number aggr is non-dimen-
sional and is proportional to the maximum chip thickness.
However, it avoids estimating cutting point density and
chip-shape factor, which often are difficult to identify. Fur-
thermore, it has the advantage of only being dependent of
parameters which can be altered on a machine used for the
grinding method (e.g. the grinding wheel speed v,). There-
fore, the aggressiveness number is suitable for use in indus-
trial implementation. The characteristic curve for the spe-
cific energy e,, is given in terms of aggressiveness number

aggr.:

— CW
ew(aggr)) = ey + Py
[0071] wherein e, is the invariable amount of specific
energy into the workpiece, C,, is a constant and p is the
exponent. These values and hence the characteristic curve
for the specific energy into the workpiece are determined
experimentally and depend on the material of the workpiece
as well as the grinding wheel used. Krajnik et al, “Optimi-
zation of peripheral non-round cylindrical grinding via an
adaptable constant-temperature process”, CIRP Annals—
Manufacturing Technology 62 (2013) 347-350 discloses
how to perform such an experimental test and it will thus not
be described further in the present disclosure. The charac-
teristic curve for the specific energy facilitates to identify the
grinding sweet spot and hence the aggressiveness number
suitable for the second stage of the grinding method.

[0072] The experimentally determined characteristic
curve of the specific energy into the workpiece is used to
identify the grinding sweet spot and hence the aggressive-
ness number for the second stage of the grinding method.
Based on this characteristic curve, the grinding sweet spot
aggressiveness number aggr,, is calculated as:
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CoCu - 1)]”“

AgETgss = ( ”

giving the workpiece surface temperature a minimum value,
regardless of the used depth of cut (as shown in FIG. 4).
[0073] The experimental test for determining the charac-
teristic curve of the specific energy into the workpiece is the
only experimental test needed in order to precisely calibrate
the grinding method in accordance with the present grinding
method. Such an experimental test need only be made once
for each combination of a material of a workpiece and a
selected grinding wheel. Thus, the operator of a machine
need not rely on his experience to further design the grinding
method in order to optimize it, but can use the result of
iterations as will be described further below to operate the
grinding machine.

[0074] The calculation of the constant set surface tem-
perature of the workpiece 0* is given by

o = 1064 | —20 S
=1 ConerkC, ewl(aggr') "

where aggr¥=aggr*(0*n) is the aggressiveness number
needed to maintain the set surface temperature of the work-
piece 6*. Based on the definition of the aggressiveness
number given above, the workpiece angular speed w, to
achieve 0* can be calculated as:

= vscosro;i | 2rs(Ro,i + rs) ager Nn
' Caggrdhesi Ro ;0

with a corresponding workpiece rotational speed of
n,,,=30w,/m. This speed is ideal, and does not take into
account machine limitations. It is apparent to the skilled
person that in actual production, the achievement of n,,, is
subject to several machine limitations related to the head-
stock (including maximal angular speed ®,,,., maximal
angular acceleration «,,,,, and maximal angular jerk j,,..)
and the wheel head (maximum infeed v, .., maximum
acceleration a., ,,,,, and maximum jerk j; ,,..)- Jerk limits
the rate of change in acceleration and smoothes a speed
profile.

[0075] Furthermore, in view of the machine limitations,
even though grinding in the first stage of the present grinding
method is controlled with the purpose of maintaining a
constant set maximum surface temperature, the surface
temperature of the workpiece will likely be lower than the
set temperature during a small portion of the revolution of
the workpiece. However, it can never be higher than the set
maximum surface temperature and there is consequently no
risk of thermal damage of the workpiece.

[0076] Even though a strategy of controlling the grinding
0 as to maintain a set maximum surface temperature of the
workpiece for the whole grinding cycle would give a short
cycle time and thus a high productivity, the surface quality
of the workpiece would likely not be acceptable for many
applications of the workpiece. Therefore, it is necessary to
perform the grinding in two stages, a first grinding stage
adapted to remove most of the stock and a second stage
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adapted to achieve the desired finishing quality of the
workpiece. Consequently, the present grinding method is
developed to comprise two grinding stages, a roughening
stage and a finishing stage. It is previously known to perform
grinding in two stages with the grinding methods adapted to
maintain a constant stock removal rate or a constant spindle
power. However, as previously disclosed, these methods do
not take into account the surface temperature of the work-
piece. Furthermore, these prior art methods does not take
into account an optimization of the number of increments
(and a corresponding depth of cut in each increment).
Hence, the prior art methods are not fully optimized and the
grinding cycle is subject to a certain amount of cycle design
by an operator. In contrast, the present grinding method is
fully robust and does not rely on the experience of an
operator but enables the optimum number of increments to
be determined without trial and error tests. The grinding
method can be optimized by determining an optimal number
of increments, a parameter which is often overlooked when
designing grinding cycles according to prior art. The pro-
cessing parameters are determined by the method for deter-
mining the processing parameters as will be disclosed fur-
ther below. The present grinding method also overcomes the
problems associated with thermal damage and results in high
productivity as well as quality of the workpiece.

[0077] The first grinding stage of the present grinding
method is controlled with the purpose so as to maintain a
pre-selected (set) maximum surface temperature of the
workpiece. This pre-selected maximum surface temperature
is set based on the properties of the material of the work-
piece and naturally below the thermal damage threshold of
the material (typically associated with the tempering tem-
perature of the workpiece material). Controlling the grinding
in the first stage with the purpose of maintaining a pre-
selected maximum surface temperature is achieved by con-
trolling the instantaneous workpiece rotational speed during
each revolution of the workpiece. The depth of cut during
each revolution of the workpiece, i.e. each increment, is
constant during each increment and between different incre-
ments during the first grinding stage.

[0078] In theory, it would be possible to include a third
stage between the first and the second stage, said third stage
being performed with a lower aggressiveness than the first
stage but higher than the aggressiveness of the second stage.
However, such a process would be very difficult to imple-
ment as the number of increments for each stage is to be
determined and optimized in order to achieve the highest
possible productivity in the total grinding cycle as well as
the quality of the workpiece. Therefore, it is not practical to
include additional stages after the first stage and before the
second stage of the grinding method.

[0079] The second grinding stage of the present grinding
method is adapted to target the grinding sweet spot and the
aggressiveness number for the second stage is consequently
selected accordingly. During the second grinding stage, the
instantaneous workpiece rotational speed is selected to be
the same as in the first grinding stage. Even though it in
theory would be possible to achieve the same desired result
by optimizing the process from a different perspective than
keeping the instantaneous workpiece rotational speed the
same in the first grinding stage as the second grinding stage,
this is the only practical solution from a machine perspective
as conventional CNC systems of grinding machines are
designed to utilize the same workpiece rotational speed for
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each increment. In accordance with the present grinding
method, the reduced aggressiveness number for the second
stage compared to the first stage is achieved by reducing the
depth of cut in the second stage compared to the first stage
such as to achieve the desired aggressiveness number for
targeting the grinding sweet spot. The reduced aggressive-
ness number in the second stage could alternatively be
achieved by altering the grinding wheel rotational speed.
However, this would in practice be very difficult as the
grinding method is a very fast process and grinding
machines have certain limitations. Therefore, in order to be
able to industrially implement the grinding method, the
grinding wheel rotational speed is kept constant for the first
and second grinding stages.

[0080] Minimizing the total grinding time per each work-
piece by means of the present grinding method can be
achieved by using an optimal number of feed increments.
Said optimal number of feed increments depends on the
pre-selected maximum surface temperature and the machine
limitations of the machine used to perform the grinding. For
example, the optimal number of increments for the first
grinding stage decreases with increasing set maximum sur-
face temperature. The optimal number of increments also
depends on the geometry of the workpiece. For this reason,
the number of feed increments is determined for each
specific case, i.e. for each combination of the workpiece
which is to be grinded as well as the grinding wheel used.
As will be described below, it is possible to determine the
number of feed increments by iteration of the two grinding
stages based on the theory given above.

[0081] In practice, the parameters of the grinding method
can be determined by iterating the first stage and the second
stage of the grinding method as disclosed below with
reference to the flow chart shown in FIG. 3.

[0082] Before starting the iteration of the first and second
stage of the grinding method, the desired maximum surface
temperature of the workpiece is selected. Such a maximum
temperature is set below the thermal threshold of the mate-
rial of the workpiece. Furthermore, the characteristic curve
for the specific energy into the workpiece is experimentally
determined and the grinding sweet spot is determined from
said curve, thereby giving the aggressiveness number for the
second stage. Moreover, the desired number of finishing
increments is selected. Usually, the number of finishing
increments, i.e. the number of increments in the second
stage, would be one, two or three for practical reasons. It
should be noted that the stock removal in the respective
stages is not pre-selected but will be determined by the
iteration of the first and second stages such as to provide the
highest productivity while achieving the desired quality of
the workpiece after grinding.

[0083] Then, the process parameters of the first and sec-
ond stage are determined by iteration, iterating the first and
second stage of the grinding method.

[0084] In the initial iteration (iteration index m=0), the
total stock to be removed & (INPUT) from the workpiece
during the grinding cycle is taken as the stock removed in
the first stage 8,.

[0085] Iteration of the first stage of the grinding method is
then conducted based on the strategy of a pre-selected
constant maximum surface temperature of the workpiece in
order to minimize the time for the total grinding cycle. More
specifically, the number of increments n, (OUTPUT) and
corresponding depth of cut a,;, (OUTPUT) for the first stage
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are calculated in order to achieve a minimum grinding time,
while controlling the instantaneous workpiece rotational
speed during each revolution of the workpiece (OUTPUT)
(i.e. the workpiece rotational speed profile) with the purpose
to maintain a constant pre-selected maximum surface tem-
perature (INPUT).

[0086] Thereafter, the grinding time cycle for the first
stage t; is calculated for the number of increments in the first
stage n,=j, and if being equal to or less than a grinding time
for a case of one less increment to the iteration for the first
stage is repeated using one additional increment. In case the
calculated grinding time for j increments is not equal to or
less than the grinding time for j-1 increments, the second
stage of the grinding method is iterated.

[0087] The workpiece rotational speed calculated by the
iteration of the first grinding stage is then used for calcu-
lating the depth of cut for the second stage a,, (OUTPUT)
of the grinding method necessary to achieve the pre-selected
sweet-spot aggressiveness number (INPUT). Thus, the sec-
ond stage of the grinding method is adapted to be performed
under the condition of using the same instantaneous work-
piece rotational speed as the first stage of the grinding
method.

[0088] Here it can be noted that the aggressiveness num-
ber associated with the sweet spot is always lower that the
aggressiveness number in the first stage. Therefore, the
surface temperature of the workpiece will always be lower
in the second stage than in the first stage.

[0089] Then, based on the preselected number of incre-
ments in the second stage and the calculated depth of cut for
the second stage a,,, the total stock removal for the second
stage 8, is determined.

[0090] Based on the d, value obtained, the stock removal
for the first stage 9, is determined by subtraction of 3, from
total stock removal d.

[0091] The iteration of the first grinding stage and the
second grinding stage are then repeated until the obtained 9,
for the (m+1)-th iteration corresponds to 9§, of the m-th
iteration.

[0092] In view of the fact that the number of increments
must always be an integer (as the whole surface of the
workpiece is to be grinded), the iterative method is termi-
nated when in the (m+1)-th iteration, the same number of
increments for the first stage nl is achieved as in the m-th
iteration.
[0093] FIG. 4 illustrates an example of a characteristic
curve for the specific energy into the workpiece, which in
this case was a cam lobe. The result shown in FIG. 4 was
obtained for a CBN wheel and a conventionally used mate-
rial for a cam lobe. The curve is used for determining the
grinding sweet spot and the corresponding aggressiveness
number for the second stage of the grinding method (in this
case about 40). Said aggressiveness number is then used for
the iterations specified above. FIG. 4 also illustrates the
workpiece surface temperature versus the aggressiveness
number of the first stage and of the second stage.
[0094] Thus, a method for determining the processing
parameters of the grinding method comprises iterating the
first and the second stage of the grinding method by the
following steps:

[0095] a. selecting the total stock to be removed (9)

from the workpiece as the stock removed in the first
stage (9,) (S1);
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[0096] b. calculating a number of increments in the first
stage (n;) with a corresponding depth of cut (a,,;) for
each increment in the first stage for achieving the stock
removed in the first stage (8,) while controlling the
instantaneous workpiece rotational speed with the pur-
pose of maintaining a pre-selected maximum surface
temperature (8%) of the workpiece (S2);

[0097] c. calculating the grinding cycle time (t) result-
ing from the number of increments in the first stage (n,)
and the instantaneous workpiece rotational speed
obtained in step b (S3);

[0098] d. in case the grinding cycle time (t,) obtained in
step ¢ is equal to or less a grinding time (t,,) which
would be achieved for a grinding cycle comprising one
less increment in the first stage, repeating steps b and
¢ for a grinding cycle comprising one additional incre-
ment until the grinding time obtained is greater than a
grinding time for a grinding cycle comprising one less
increment, thereby obtaining a calculated instantaneous
workpiece rotational speed for the first stage, a calcu-
lated number of increments for the first stage (n,) and
a calculated depth of cut (a,,) for each increment in the
first stage (S4);

[0099] e. calculating the stock removal (§,) of the
second stage using the calculated instantaneous work-
piece rotational speed obtained from step d, a pre-
selected number of increments (n,) in the second stage
and a pre-identified aggressiveness number of the sec-
ond stage corresponding to a depth of cut (a,,) during
the second stage (S5);

[0100] {£. calculating the stock removal in the first stage
(9,) by subtracting the stock removal in the second
stage (9,) from the total stock removal (3) from the
workpiece (S6); and

[0101] g. repeating steps b to f using the stock removal
of first stage (8,) obtained in step funtil the same stock
removal (9,) for the first stage is achieved in step f as
in the previous iteration of the first and second stage
(87);

thereby determining the instantaneous workpiece rotational
speed, the number of increments in the first stage (n,), the
depth of cut (a,,) in each increment in the first stage and the
depth of cut (a,,) in each increment in the second stage.
[0102] The iterations above are suitably performed by a
computer program comprising program code adapted to
perform the iterations. The computer program could be run
on a computer separate from the grinding machine and
parameters obtained, i.e. the output, could be programmed
into control means (adapted to control the grinding machine)
of a conventional grinding machine. Alternatively, the
parameters could be transferred by any conventional com-
munication means and provided to a control means adapted
to control the grinding machine. It is also possible to
incorporate the computer program into a computer or an
electronic control unit associated with a grinding machine,
the electronic control unit adapted to control the operation of
the grinding machine indirectly or directly.

[0103] Tests performed using the grinding method and the
method for determining the processing parameters of a
grinding method according to the present disclosure have
shown that it is possible to increase the process productivity
with about 30% to 50% when implemented compared to the
previously known process of constant stock removal or
constant spindle power using the same grinding machine.
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Furthermore, the present grinding method gives repeatable
and consistent quality of the workpiece, which for example
would not be possible in the case of a grinding method
relying on grinding cycle design based on experience by an
operator or process planner.

[0104] The grinding method is not limited to the specific
embodiments described above but may be varied within the
scope of the appended claims.

[0105] For example, the grinding method may optionally
comprise a so called spark-out step if desired without
departing from the scope of the present invention. In such
spark-out, no feed is applied so any load stored on the
grinding wheel and the workpiece is removed.

[0106] Furthermore, the grinding method as disclosed
herein can be used on a conventional grinding machine or
apparatus used for the same purpose and is not limited to
certain grinding machines or the like.

[0107] FIG. 5 is a diagram of an exemplified device 500.
An electronic control unit of a grinding machine may for
example comprise the exemplified device 500 or the device
may be a separate unit from the grinding machine. The
device 500 comprises a non-volatile memory 520, a data
processing unit 510 and a read/write memory 550. The
non-volatile memory 520 has a first memory element 530 in
which a computer program, e.g. an operating system, is
stored for controlling the function of the device 500. The
device 500 may further comprise a bus controller, a serial
communication port, I/O means, an A/D converter, a time
and date input and transfer unit, an event counter and an
interruption controller (not depicted). The non-volatile
memory 520 has also a second memory element 540.

[0108] There is a computer program P provided which
comprises routines for determining processing parameters of
a grinding method for grinding a non-circular workpiece,
which is rotated around a rotational axis, the workpiece
grinded by means of an essentially rotational symmetrical
grinding wheel, the grinding method comprising a first stage
and a second stage, wherein the processing parameters are
determined by iterating the first and second stage of the
grinding method by the following steps:

[0109] a. selecting the total stock to be removed (9)
from the workpiece as the stock removed in the first
stage (3,

[0110] b. calculating a number of increments in the first
stage (n;) with a corresponding depth of cut (a,,) for
each increment in the first stage for achieving the stock
removed in the first stage (8,) while controlling the
instantaneous workpiece rotational speed with the pur-
pose of maintaining a pre-selected maximum surface
temperature (6%) of the workpiece;

[0111] c. calculating the grinding cycle time (t;) result-
ing from the number of increments in the first stage and
the instantaneous workpiece rotational speed obtained
in step b;

[0112] d. in case the grinding cycle time (1) obtained in
step ¢ is equal to or less a grinding time (t.,) which
would be achieved for a grinding cycle comprising one
less increment in the first stage, repeating steps b and
¢ for a grinding cycle comprising one additional incre-
ment until the grinding time obtained is greater than a
grinding time for a grinding cycle comprising one less
increment, thereby obtaining a calculated instantaneous
workpiece rotational speed for the first stage, a calcu-
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lated number of increments for the first stage (n,) and
a calculated depth of cut (a,,) for each increment in the
first stage;

[0113] e. calculating the stock removal (3,) of the
second stage using the calculated instantaneous work-
piece rotational speed obtained from step d, a pre-
selected number of increments (n,) in the second stage
and a pre-identified aggressiveness number of the sec-
ond stage corresponding to a depth of cut (a,,) during
the second stage;

[0114] f. calculating the stock removal in the first stage
(9,) by subtracting the stock removal in the second
stage (d,) from the total stock removal (8) from the
workpiece; and

[0115] g. repeating steps b to f using the stock removal
of first stage (9,) obtained in step funtil the same stock
removal (9,) for the first stage is achieved in step f as
in the previous iteration of the first and the second
stage;

thereby determining the instantaneous workpiece rotational
speed, the number of increments in the first stage (n,), the
depth of cut (a,,) in each increment in the first stage and the
depth of cut (a,,) in each increment in the second stage.
[0116] The computer program may further be arranged to
provide the determined processing parameters to an elec-
tronic control unit or another computer connected to or
adapted to communicate with the electronic control unit.
[0117] The computer program may be stored in an execut-
able form in a compressed form in a memory 560 and/or in
a read/write memory 550.

[0118] Where the data processing unit 510 is described as
performing a certain function, it means that the data pro-
cessing unit 510 effects a certain part of the program stored
in the memory 560, or a certain part of the program stored
in the read/write memory 550.

[0119] The data processing device 510 can communicate
with a data port 599 via a data bus 515. The non-volatile
memory 520 is intended for communication with the data
processing unit 510 via a data bus 512. The separate memory
560 is intended to communicate with the data processing
unit 510 via a data bus 511. The read/write memory 550 is
adapted to communicate with the data processing unit 510
via a data bus 514.

[0120] When data are received on the data port 599, they
are stored temporarily in the second memory element 540.
When input data received have been temporarily stored, the
data processing unit 510 is prepared to effect code execution
as described above.

[0121] Parts of the methods herein described may be
effected by the device 500 by means of the data processing
unit 510 which runs the program stored in the memory 560
or the read/write memory 550. When the device 500 runs the
program, methods herein described are executed.

[0122] The foregoing description of the exemplified
embodiments of the present invention is provided for illus-
trative and descriptive purposes. It is not intended to be
exhaustive or to restrict the invention to the variants
described. Many modifications and variations will obviously
be apparent to one skilled in the art. The embodiments have
been chosen and described in order best to explain the
principles of the invention and its practical applications and
hence make it possible for specialists to understand the
invention for various embodiments and with the various
modifications appropriate to the intended use.
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1. A method of grinding a workpiece, such as a non-
circular workpiece, which is rotated around a rotational axis,
by means of an essentially rotational symmetrical grinding
wheel, said method comprising a first stage and a second
stage, wherein a workpiece rotational speed in said first
stage is controlled with the purpose of maintaining a pre-
selected maximum surface temperature of the workpiece
during said first stage, that a workpiece rotational speed in
the second stage is controlled to be the same as the work-
piece rotational speed in the first stage, and wherein grinding
of the workpiece in said second stage is performed while
controlling an aggressiveness number in said second stage
so as to achieve an intended final surface quality by a
pre-selected number of increments in said second stage.

2. A method according to claim 1, wherein a depth of cut
during the first stage is kept constant for each revolution of
the workpiece.

3. A method according to claim 1, wherein the depth of cut
during the second stage is constant for each revolution of the
workpiece.

4. A method according to claim 1, wherein the aggres-
siveness number in the second stage is controlled by con-
trolling a depth of cut in said second stage.

5. A method according to claim 1, wherein a depth of cut
and a number of increments in the first stage are controlled
s0 as to minimize the grinding time based on the pre-selected
maximum surface temperature of the workpiece and the
workpiece rotational speed.

6. A method according to claim 1, wherein the workpiece
rotational speed for the first stage and the second stage, a
number of increments in the first stage, a depth of cut for
each increment during the first stage and a depth of cut for
each increment in the second stage are determined by
iterating the first and second stage using the pre-selected
maximum surface temperature of the workpiece for the first
stage, a pre-selected desired number of increments during
the second stage and an experimentally determined aggres-
siveness number in the second stage so as to achieve an
intended final surface quality.

7. A method according to claim 1, wherein the grinding
wheel is rotated around a rotational axis which is essentially
parallel to the rotational axis of the workpiece.

8. A method according to claim 1, wherein the rotational
speed of the grinding wheel is the same for the first stage and
the second stage.

9. A method according to claim 1, wherein the workpiece
is a cam lobe.

10. A method of determining processing parameters of a
grinding method for grinding a workpiece, such as a non-
circular workpiece, which is rotated about a rotational axis,
by means of an essentially rotationally symmetrical grinding
wheel, the grinding method comprising a first stage and a
second stage, wherein the method of determining the pro-
cessing parameters comprises iterating the first and the
second stage of the grinding method by the following steps:

a. selecting a total stock to be removed (8) from the
workpiece as the stock removed in the first stage (3,)
(S1);

b. calculating a number of increments in the first stage
(n,) with a corresponding depth of cut (a,,) for each
increment in the first stage for achieving the stock
removed in the first stage (8,) while controlling an
instantaneous workpiece rotational speed with the pur-
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pose of maintaining a pre-selected maximum surface
temperature (8%) of the workpiece (S2);

c. calculating a grinding cycle time (t;) resulting from the
number of increments of the first stage and the instan-
taneous workpiece rotational speed obtained in step b
(S3);

d. in case the grinding cycle time (t) obtained in step c is
equal to or less a grinding time (t,,) which would be
achieved for a grinding cycle comprising one less
increment in the first stage, repeating steps b and ¢ for
a grinding cycle comprising one additional increment
until the grinding time obtained is greater than a
grinding time for a grinding cycle comprising one less
increment, thereby obtaining a calculated instantaneous
workpiece rotational speed for the first stage, a calcu-
lated number of increments for the first stage (n,) and
a calculated depth of cut (a,,) for each increment in the
first stage (S4);

e. calculating a stock removal (3,) of the second stage
using the calculated instantaneous workpiece rotational
speed obtained from step d, a pre-selected number of
increments (n,) in the second stage and a pre-identified
aggressiveness number of the second stage correspond-
ing to a depth of cut (a,,) during the second stage (S5);

f. calculating the stock removal in the first stage (9,) by
subtracting the stock removal in the second stage (9,)
from the total stock removal () from the workpiece
(S6); and

g. repeating steps b to f using the stock removal of first
stage (9,) obtained in step f until the same stock
removal (9,) for the first stage is achieved in step f as
in the previous iteration of the first and second stage
(S7).

thereby determining the instantaneous workpiece rota-
tional speed, the number of increments in the first stage
(n,), the depth of cut (a,,) in each increment in the first
stage and the depth of cut (a,,) in each increment in the
second stage.

11. A method according to claim 10, wherein the iterations
are made using a constant wheel speed of the grinding wheel
for the first and the second stage.

12. A method according to claim 10, wherein the itera-
tions are made based on a constant depth of cut during the
first stage of the grinding method.

13. A method according to claim 10, wherein the itera-
tions are made based on a constant depth of cut during the
second stage of the grinding method.

14. A computer program product for determining process-
ing parameters of a grinding method, wherein said computer
program product comprises computer program instructions
stored on a non-transitory computer readable medium read-
able by a computer to cause one or more computer proces-
sors to perform the operations of:

a. selecting a total stock to be removed (8) from the
workpiece as the stock removed in the first stage (3,)
(S1);

b. calculating a number of increments in the first stage
(n,) with a corresponding depth of cut (a,,) for each
increment in the first stage for achieving the stock
removed in the first stage (8,) while controlling an
instantaneous workpiece rotational speed with the pur-
pose of maintaining a pre-selected maximum surface
temperature (6%) of the workpiece (S2),
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c. calculating a grinding cycle time (t,) resulting from the
number of increments of the first stage and the instan-
taneous workpiece rotational speed obtained in step b
(S3),

. in case the grinding cycle time (t,) obtained in step c is
equal to or less a grinding time (1, ,) which would be
achieved for a grinding cycle comprising one less
increment in the first stage, repeating steps b and ¢ for
a grinding cycle comprising one additional increment
until the grinding time obtained is greater than a
grinding time for a grinding cycle comprising one less
increment, thereby obtaining a calculated instantaneous
workpiece rotational speed for the first stage, a calcu-
lated number of increments for the first stage (n,) and
a calculated depth of cut (a,, ) for each increment in the
first stage (S4);

e. calculating a stock removal (3,) of the second stage
using the calculated instantaneous workpiece rotational
speed obtained from step d, a pre-selected number of
increments (n,) in the second stage and a pre-identified
aggressiveness number of the second stage correspond-
ing to a depth of cut (a_,) during the second stage (S5);

f. calculating the stock removal in the first stage (8,) by
subtracting the stock removal in the second stage (3,)
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from the total stock removal () from the workpiece
(S6); and

. repeating steps b to f using the stock removal of first
stage (9,) obtained in step f until the same stock
removal (3, ) for the first stagy e is achieved in step f as
in the previous iteration of the first and second stage
(S7).

thereby determining the instantaneous workpiece rota-
tional speed, the number of increments in the first stage
(n,), the depth of cut (a,,) in each increment in the first
stage and the depth of cut (a,,) in each increment in the
second stage.

15. A computer program product according to claim 14,
wherein said computer program product further comprises
computer program instructions to cause one or more com-
puter processors to provide to an electronic control unit or
another computer one or more of the instantaneous work-
piece rotational speed, the number of increments in the first
stage (n, ), the depth of cut (a,, ) in each increment in the first
stage and the depth of cut (a,,) in each increment in the
second stage.

16. (canceled)



