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Nowadays, many manufacturing companies need to face competition both in domestic and
international level. Due to this circumstance, manufacturers recognize that one useful method
to enhance their competence is reducing the lead-time of manufacturing.

There are many researchers focused on minimize the time of actual cutting, tool path
optimization and energy consumption optimization etc. However, few researchers have
investigated the operation optimization of CNC machine that integrating multiple ways to
reduce the operation time of freeform surface cutting. For example, integrating tool path
calculation optimization and machining parameters optimization together for the sake of
providing an optimization solution package to enhance the efficiency of manufacturing.

This master thesis will investigate the main optimization methods of tool path (Iso parametric,
Iso planar and Iso scallop), as well as prediction of operation time and energy consumption
optimization. Then we will provide several approaches for machining a surface on a metal
rectangle to research the effect of different tool paths generation such as Iso parametric and
Iso scallop etc. depend on NC code on machining time and quality.
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Preface

Since the industrial revolution, many manufacturers need to enhance their production efficiency in
order to increase their competitiveness. Because CNC machine is the Irreplaceable production tool of
the manufacturing, so improving the production efficiency of CNC machine is the main way to
improve the competitiveness of the entire manufacturing company.

This master thesis will focus on three-axis CNC machine and the research direction is free surface
operation. The three-axis machine is widely applied in machining free form surface parts. Many
researchers have done several researches on free form surface operation, such as tool path
optimization methods, energy consumption optimization, prediction methods etc. In the second part of
this master thesis, there will be a detailed research report about three different main types of tool path
optimization algorithm, which are iso parametric, iso planar and iso scallop, as well as prediction
model and also including the optimization of energy consumption etc. In the case study part, a free
form surface will be machined on a metal rectangle to test the effect of different tool path optimization
methods.

In the process of making my master thesis, I received lots of help from different people. I would like
to say thank you to my supervisor Gabor Sziebig and co-supervisor Sibul Lazar, I appreciate their
selfless help and patient.

Dingjun Liu
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Abstract

Nowadays, many manufacturing companies need to face competition both in domestic and
international level. Due to this circumstance, manufacturers recognize that one useful method to
enhance their competence is reducing the lead-time of manufacturing.

There are many researchers focused on minimize the time of actual cutting, tool path optimization and
tool change time optimization etc. However, few researchers have investigated the operation
optimization of CNC machine that integrating multiple ways to reduce the operation time of freeform
surface cutting. For example, integrating tool path calculation optimization, prediction method and
machining parameters optimization together for the sake of providing an optimization solution
package to enhance the efficiency of manufacturing.

This master thesis will investigate the main optimization methods of tool path (Iso parametric, Iso
planar and Iso scallop), as well as prediction of operation time and energy consumption optimization.
Then we will provide several approaches for machining a surface on a metal rectangle to research the
effect of different tool paths generation such as Iso parametric and Iso scallop etc. depend on NC code
on machining time and quality.
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1 Introduction

Three-axis machine is widely used in manufacturing parts within the world. The manufacturers are
committed to achieve the highest production efficiency so as to enhance their competitiveness. To
improve the CNC machines’ production efficiency, we need to first know what is CNC machine and
understand its working principle.

Today CNC machines have replaced manual machines that all paths and movements can be programed
and controlled by computer and codes, which is more convenience than by hand, as well as decrease
the total operation time and avoiding human errors [1]. CNC machine can also significantly increase
the productivity by integrating Computer Aided Design (CAD), Computer Aided Manufacturing
(CAM) and Numerical Control (NC), which are described in the below Fig.1. Normally, the G code
can be generated by CAD/CAM packages automatically from the specific software. However, the
parameters such as tool path, feed rate and tool selection are obtained automatically from the program
of the software that is not the optimized solution. Due to this circumstance, we will find some place to
insert in our optimization program after analysis.

STEP IGES CLFILE

CAD ¢ CADD ¢ CAM I CNC CONTROL

Design == Detailing =={ Path Planning Post p===3»| Manufacturing

1 t t t 1

Incomplete Partial Geometry Undocumented Machine  Machine specific control
Information Fixes added Specific  File that works only if all
translator Conditions are correct

Figure 1 —Manufacturing process: CAD-CAM-PP-CNC

CNC machine (Computer Numerical Control) is a sort of production tool that encompasses different
types of machines with variety of shapes, sizes and functions [2]. CNC machines can be divided into
two distinct types, which are turning machines and milling machines. A turning machine is generally
used to remove materials from the workpiece by spinning the workpiece at a high speed and then use
the sharp edge of cutting tool to achieve the desired form [3]. A milling machine is a kind of machine
that holds the workpiece with a clamp and then remove the materials to get the need shape with a
special high-speed rotation cutting tool to spin and cut in many directions and move in three distinct
directions along the x, y and z axis [4].
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CNC Lathe
XYZ

Figure 2 — Four-axis CNC machine, Three-axis CNC machine and CNC lathe.

Fig.2 shows the 4-axis CNC machine, three moving directions of a real CNC machine (3-axis) and
CNC Lathe. The difference between those three types of CNC machine can be seen obviously. 3-axis
CNC machine has no function of rotation in any axis. However, cutting tool can move in x, y and z
directions to produce the required free-form surface. Three-axis CNC machine is not the most
advanced machine nowadays, but it has variety of advantages such as high stability, simple operation
etc. so that we decided to focus on 3-axis CNC machine.

Because at present there is an increasing demand of complex parts with aerodynamic shapes.
Therefore, this master thesis will mainly focus on researching sculpture free-form surfaces with 3-axis
Computer Numerical Control machine. In this master paper, an efficient methodology to calculate
tool-moving path in order to minimize the total operation time will be conducted, as well as other
methods that can contribute to optimize the operation will be investigated in the main chapter.

This master thesis will be organized as follow: chapter one will brief introduce the CNC machine, as
well as the background of the research, which includes three algorithms in machining surface,
prediction methods and tool path generation according to energy consumption. These three research
fields will be discussed detailed in the chapter two with three distinct sub-chapters. Finally, some of
the research content will be utilized in the case study part in the chapter three for the sake of
researching the effects of different tool path on surface machining.

1.1 Background

In order to achieve the highest production efficiency, there are plenty of methods that can help
manufacturers, such as optimizing the energy consumption, tool path generation methods and
prediction of operation cycle time etc. This master thesis will mainly focus on sculpture free form
surface machining. These surfaces are usually produced by three-axis CNC machine by using ball-end
tools.

In this report we will use the sort of ball-end milling of surface machining and then discuss about
plenty of possible methods that can effect the total operation time such as three algorithms (iso
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parametric, iso planar and iso scallop) in machining free form surface, optimization of energy
consumption and prediction method during the machining process.

1.1.1 Three Algorithms in Machining Surface

There is variety of algorithms for three-axis tool path generation that has been researched, among
those methods the three most popular algorithms in machining free form surface adopted in practice
are the iso planar algorithm [5-9], the iso parametric algorithm [10-12] and the iso scallop algorithm
[13-21]. Each of these algorithms has its own calculation methods and characteristics.

If we discuss about the first two tool path algorithms, the iso parametric algorithm can only be used to
parametric surface but the iso planar algorithm has no restriction as iso parametric method. Either of
them is able to calculate a tool path that shows the good surface finishing performance. However,
overlap always occurs between the machining areas of adjacent CC curves on the surface if applying
these two algorithms to generate tool path, sometimes it will lead to cost more machining time when
severe on complicated surfaces. Iso scallop algorithm can eliminate the overlap cause it will start from
an initial CC curve and then create the CC curves continuously so that any two neighboring CC curves
can be maintained. By using this method, the overlap can be reduced dramatically.

S( umu.\ ’ "‘)

Suv,.) — C,(u)

N min
S(u,,,v) y »

min max

Figure 3 — Iso parametric machining path
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Drive surface

Design surface

U.t,)

Tool path

CC point
C,(1,)

Figure 4 — Iso planar machining path

Tool Envelope
CL Path Cutter location surface

Scallop Surface
Scallop Curve

Part Surface

/7 !
Scallop Height  Tool Path Interval Design Surface

Figure 5 — Iso scallop machining path

Fig. 3, 4 and 5 are schematic illustrations of the iso parametric machining path, iso planar machining
path and iso scallop machining path. It can be seen from these figures that different machining method
has its own features and ways to generate the tool path. Iso parametric method is selecting one of the
surface parameters as the forward direction (it is u in Fig. 3) and the initial path will be another
parameter v [22], while iso planar method captures the intersection between the free form surface and
a parallel vertical planes as the CC paths [23]. The process of generating the tool path with iso scallop
method is more complicated than the other two algorithms. The CC path (cutter contact) performs a
tangential trajectory of the ball end machining and the free form surface. In the case of 3D surface
machining, it is necessary to generate an offsetting surface in the normal direction with a distance
equal to the cutter radius so as to get the CL path that is shown in Fig. 5 [24].
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In the chapter 2 there will be a more specific explanation of these three tool path generation algorithms
with illustration and calculation.

1.1.2 Prediction of Part Machining Times

The purpose of digital engineering is to simulate the operation systems by researching the
corresponding mathematical models based on physical principles. This prediction of part machining
times model can predict the structural dynamic behaviour of machine tools by finite element and
multibody dynamics methods [25]. The interaction between the structure and manufacturing processes
is modelled by feeding back the resulting deflections to the process, predicting the process forces and
applying them on the machine structure [26]. The process forces and optimal cutting conditions can be
predicted in a virtual model of machining part operations ahead of pricy physical trials [27]. All the
methods that mentioned above are important in designing better performance machines and
manufacturing operations, the actual machining time of the part is essential in designing and selecting
cutting tools to machine specific part geometry, specially in the aerospace industry that the physical
test are prohibitive because of the high costs of the parts.

CAD Model
- G-Code |
NO10 GO1 X4 F1000 |
N020 X2 F500
NO30 X8 F2000 |
N040 X-4 F1000
Fe e |
Machined Part |
< Feed Drive Axis ' |
| Servo control [T
Law — |
| N
I N~ |
| Feedback > Fm
| Measurement ‘?p_W_Q—‘ ' |
Closed-loop Feed—drive system Trajectory Generation |

Commercial CNC System

Figure 6 — Action order processing in CNC systems

The total operation time of the part in not only decided by the feeds commanded in the NC program
but also by the CNC machine cutting tool’s ability. The machining cycle times are predicted by the NC
programs that are never accurate due to the CAM systems do not consider the rigid body dynamics of
the machining tool. In order to obtain the accurate prediction of cycle time, it should be processing the
part’s NC tool path by the real CNC of the machine or its own simulation model. Despite of these, it is
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impossible to copy the commercial CNC’s interpolation, smoothing, trajectory generation,
compensation and control algorithms, which are hidden in the CNC software.

There are several essays about prediction of machining time from NC programs. The travel time of
circular and linear paths are estimated by the path lengths [28] and transition directions between them
with the deceleration and acceleration constants of the machine [29,30].

The reference [31] has developed a five-axis research of CNC system in real that is used to validate
different smooth trajectory generations, interpolation, active vibration damping and high speed
tracking control of feed drives. When the physical machine’s drives are changed by their closed loop
transfer function blocks, the corresponding CNC changes to a Virtual CNC, which can predict the
exact cycle time of a part [32].

In chapter 2 of this master thesis the cycle time prediction model, which is mainly determined by the
trajectory module of the CNC that can be decided by acceleration, velocity and jerk elements and
limits of the machine will be researched. The trajectory profiles can be obtained from the CNC
manufacturer or simple linear motion test. The path is treated by the trajectory generation module,
which contains kinematic configuration of the cutting tool. The discrete position orders are generated
from the trajectory profiler through the path that determines the cycle time.

1.1.3 Tool Path Generation Regard to Energy Consumption

A typical three axis machining process includes three independent parts. In the computer-aided
manufacturing (CAM), a tool path can be generated on different strategies in the workpiece coordinate
system (WCS), which can setup virtually aligned and fixed on the operation table. Then at the
computer numerical control (CNC) part, the tool path can be transformed into the machine coordinate
system (MCS) by inverse kinematics transformation (IKT) and obtains a part program such as G code
part program, in which the feedrate is adjusted per the machine’s kinematic capacity by the controller.
At the final stage, the cutting stage, the part program is conducted and the energy is consumed.

In this paragraph, the energy consumption and related works will be introduced. In order to improve
the energy efficiency for a given machining process, the investigation of relationship between the
energy consumption and machining parameters. It is important to realize the main contributors to the
energy among all the relevant parameters. In reference [33] has made an overall review of existing
energy consumption models and found that the cutting process contributes the main energy
consumption, which is highly related to the cutting parameters and material removal rate. Reference
[34] made a complete evaluation for various machine tools and made a conclusion that the idle power
can take about 50% of the total power, which consumes more energy than needed. Reference [35]
suggested an empirical way to calibrate the energy consumption model according to their models and
they found that material removal rate (MRR) will result in a significant energy saving and cutting in a
dry condition is more efficient than in a wet condition. Reference [36] established a model efficiency
and specific energy as a unary intention of various parameters and they found that a given set of
parameters could decide the specific energy. Energy reduction was researched by [37], with the power
pattern for the X, Y and Z axis that is got to be linearly to the feedrate in a certain proportion. In
mention to the feedrate, reference [38] has compared the average energy consumption between distinct
feedrate and they found that either small or large feedrate could cause high total energy consumption.
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Finally, they suggested a medium feedrate that can save about 25% of the total energy cost.
Furthermore, such as [39] focused on optimizing different machining parameters by using distinct
cutting tool for the sake of reducing energy consumption. Reference [40] also introduced a prediction
model that can provide more accurate result of energy consumption by analysing the effect of the
feedrate, spindle speed and cutting depth. The connection between the particular power, cutting width
and cutting height is studied in [41]. In order to reduce the plunging energy, the relationship between
particular cutting energy and cutter swept angle is investigated in reference [42]. Recently, a research
for the purpose of minimizing the energy consumption was conduct in [43]. Other investigations such
as [44] and [45] have done various production planning methods for the sake of making the control
process more efficient.

In the chapter 2 of this master thesis, more details about energy consumption optimization will be
introduced in the third sub chapter and it will be organized as follows. Firstly, an energy potential field
on the specific surface will be researched, and then an energy consumption model will be build in
order to obtain the quotient of energy consumption over the swept area. Sequentially, two essential
parameters that used to determine the amount of total energy consumption will be calculated as well.
Finally, the optimal feed direction and principle curve generation will be mentioned for the sake of
optimize the whole machining process.
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2 Research of Optimization Methods

In this chapter, three parts such as tool path algorithm optimization, prediction of operation cycle time
and minimizing of energy consumption that related to optimize the machining would be researched for
the sake of better balancing between the surface operation performance and machining time. This
second chapter is including three axis and five axis CNC machine with ball end and flat end cutting
tool in order to cover all the processing situation as much as possible in this not long master thesis.

The three tool path algorithms focus on optimizing the tool path by calculation in mathematical way
and try to obtain a theoretical value that can be executed in the real operation, which will be conduct
in the case study part as well. The methods in this master thesis have some limit in the real application
due to the optimization method is based on the G code. In the G code optimization process, we can
only adjust the cutting spacing, which will be calculate by using distinct algorithms. Furthermore, the
surface in the real operation at CNC machine is a plane rather than a free form surface. The part that
this master thesis did not contain will be accomplished in the future.

The prediction of machining cycle time is the method to predict the total operation time of the part
with action order processing steps that has been mentioned in Fig.6. The prediction model will utilize
the trajectory generation and corner smoothing models to provide a high accuracy result. In this part,
the trajectory generation profiles will be introduced as the key function of the CNC and 3-axis corner
smoothing will be mentioned in this part as well.

The third part is about the energy consumption model to find out the most efficient energy cost way,
which can also be a part of optimization solution for machining. It should be mentioned that this part
research is based on 5 axis CNC machine with the flat end cutter in order to cover a more
comprehensive range of research. This part will contain a detailed and exhaustive explanation such as
pre determination of tool orientation, establishment of energy consumption model, optimization of
feed direction, principle curve generation and expansion algorithm based on Iso-scallop height. At the
end of this part there will be a brief conclusion of this method.

The tool path algorithm optimization including iso parametric, iso planar and iso scallop will be the
main part of utilization in the real operation. The prediction part should be a theoretical tool for the
purpose of predicting the total operation cycle time and the tool path generation regards to energy
consumption optimization will be used as a theoretical basis in future research work.

2.1 Tool Path Algorithm Optimization

Producing a part with free form surface is one of the most important technologies that are widely
utilized in CAD/CAM software. In order to cut the free form surfaces, ball end cutting tool is the most
popular type of tool that is utilized in three axis CNC milling machines. In the current approach, the
CAM software response for scheduling the CC (cutter contact) path over the free form surface, and
then calculate out their offset curves, which is the CL (cutter location) path [46, 47]. Fig.7 shows the
differences between CC (cutter contact) path and CL (cutter location) path, as well as the location and
direction of normal vector, which will be introduced in the following part. As Fig.7 described, the CC
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path represents the contact or intersection point between the cutter edge and the free form surface,
while the CL path denotes the path that made up by a mount of consecutive linear sectors of the centre
of the ball end cutter.

Tool axis vector

? Normal vector

S

Stream surface

Tool center

(cL) \

Tool axis vector
A Normal vector

Normal vector C N
7 S

Cutter contact
Inside (cC)

yA Tool center

(CL)

Figure 7 — lllustration of CC path, CL path, Tool axis vector and Normal vector.

Table.1 is the nomenclature of calculation in the following section. It should be noted that some of the
parameters in the table.1 are illustrated in Fig.7 as well for the sake of better understanding of the
parameters.

Table 1 - Nomenclature

B Unit vector in the side-step or path-interval direction

c Cutter-contact path

h Scallop-height limit

L Cutter-location path

m Unit normal vector to the planes in iso-planar machining
N Unit normal vector to the surface

r Radius of the ball-end cutter

S Parametric surface

T Unit tangent vector in the CC path direction

t Spatial parameter along the CC path
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u u—v curve in the parametric domain

u,v Surface parameters
v Feedrate along the CC path

Al Distance of the side step

Am Step distance of the planes in iso-planar machining
p Radius of surface curvature in the side-step direction
T Sampling period

In order to generate the tool path, it needs to first define the free form surface, and then choose the
algorithm to generate the parametric curve. After which the cutting tool will be offsite depends on the
surface geometry and the cutting tool’s radius. Finally the CC path will be calculated by three different
algorithms, which are iso parametric, iso planar and iso scallop. The following sections will describe
all the steps in a more detailed way.

2.1.1 Definition of the free form surface
In this master thesis, the free form surface will be machined in the case of ball end milling that can be
defined as:

S =5S5,v), (1)

Where u and v are the surface parameters that are shown in Fig.8, notice that the scope of the u and v
domain (Upin < U < Upmgy a0d Vipin < UV < Unax)-

S(u_ _,v)

max *

S( u, ‘lmu\ )

\ S( U,V i ) Vinin
u min “nm,\

Stu,,,,v)

Figure 8 — Iso parametric machining paths
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2.1.2 CC path scheduling algorithm and cutting tool offsetting

The algorithm for the CC path interpolation and the cutting tool offsetting will be explained in this
section and it should be mentioned that these algorithms are essentially derived from the current
methods [48].

2.1.21 CC path scheduling algorithm

The CNC system has the sampling rate function that can create a sequence of CC dots in order to
follow the CC path at a specific CC velocity and feedrate. At present there are many algorithms about
the parametric curve generation have been researched. One of these researched algorithms will be used
[49]. Before the calculation of CC path interpolation, a C(t), where ¢ is the spatial parameter that
denotes CC path on the free form surface should be introduced. It should be noted that t = u or v for
iso parametric machining. Then let t;,4 and t; to be the amounts of the path parameter ¢ at two
continuous sampling instants, (i + 1)7 and iz, where t is the sampling time. Then:

tivr = Otiy + (1 — 0L, (2)
Where,
tin, = 2.5t; — 2t;_4 + 0.5¢;_,, 3)
1% 4
p 4)

T 1C(E) — C@E)l’

where V' is the specific CC velocity or feedrate. It should be mentioned that at the beginning of the CC
path, t_; and t_, need to be calculated by:

v v 5

t =t —7m—7-—"F7—7"—",t_ =t —T——
TR0 de/dt ey T T Lode/dt| =y
o 1

Then parameter ¢ can be calculated by using Egs. (2)-(5), recursively, at each sampling rate in order to
get the CC point.

2.1.2.2 Tool offsetting
The cutting tool’s radius and the surface geometry can decide the cutter offsetting. L is defined as the
centre of the ball end cutter at the location of cutter.

L=C+r-N-sign(N,), (6)
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where r is the radius of the cutting tool, N is the unit normal vector at point C to the surface, N, is the
component of N at z axis and sign(N,) is the sign function that can keep the tool offsetting on the top
side of the free form surface all the time. Then unit normal of the free form surface can be calculated
by:

25, 0

N = Ju” dv '
95,95 (7)
|6u avl

2.1.3 Three algorithms of CC path scheduling

In this part the three different algorithms of CC path scheduling, which are iso parametric, iso planar
and iso scallop machining methods, respectively will be discussed and then find out the best proposal
for machining free form surface.

2.1.3.1 Iso parametric machining

In the previous section, Fig.8 has described the iso parametric path and introduced the values that
should be used in the calculation. In this part, attending to select one of the surface parameters u as the
forward direction, therefore another boundary curves, which is v = v,,;;, will be the initial CC path.
Let kth CC path can be expressed by C,(u) = S(u, vg). It should be noted that the curve v = vy in
the domain that constitute by u and v according to the CC path C, in the x-y-z domain (Cartesian
domain). The value of the side parameter can be decided one by one,

i.e., Vk+1 = Vg + A'l]k,

where Avy, (the parametric side interval between two neighboring CC paths) can be determined
depends on the scallop height limit, /4 (generally from 0.001 mm to 0.01 mm).

In the general case, the CC path of iso parametric algorithm does not correspond to a constant scallop
height 4 and Avg. For this reason, the maximum scallop height on the CC path will not exceed 4.

The calculation of Avy, can be executed on line the generation of the kth CC path. During this
generation process, every sampled point, which is C;; = Cy(u;), are evaluated in order to get a
corresponding value, Av; , = Avy(u;). At the final point of the kth CC path, the minimum value of
these corresponding values has chosen, i.e., Avy, = min(Av;;'s). According to the Vg4 = vy + Avy,
the next CC path can be settled consequently. The formulas that can calculate the corresponding value,
Av; i, are shown as follows.

Given a sample point on the parametric surface C;, = S(u;, vx), the radius of curvature in the side

direction p need to find first, which can be calculated by [50]:
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_ea’+2fa+g (8)

P = aa?+ 2ba +c’
Where,
ds
gyl a5 9s _ as s S 0S _azsNb_aZS N _OZSN
a5 T du ! T I T T VP e VTN
du

where N is the unit normal vector to the parametric surface and 7 is the unit tangent vector on the CC
path direction. Then T will be obtained since the tool path is used in the u direction:

T_(?S aS
_au/laul'

then, side step distance Al can be calculated for each evaluated point [51]:

8prh
Al = / ”+ ,
+r

p (9)

where / is the scallop height that has introduced in the previous description, r is the cutting tool radius,

the plus minus sign depends on the case of the surface shape is convex or concave that is illustrated in
Fig.9.

tool tool
\\ CL path
CC path CL path \
CC path
(a) convex (b) concave

Figure 9 — Convex and concave surface

It should be noted that the CC path direction (7)) and the surface normal (V) are orthogonal to the side
step direction. Since Al is in mm unit distance and it is generally not in the v direction, a
transformation from Al to the parametric side Av is necessary.
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(v direction)

(side direction) as
B=NxT av

(u or path direction)

dS/I ﬁl
Ju du

T=

Figure 10 — Side step distance Al and parametric side interval Av

This transformation process is described in Fig.10. Depends on the geometrical relationship that
illustrate in Fig.10,

Al =B 05 A
- (av) v’

where,
B = NXT,

where B is a unit vector in the side direction. In the end part, the corresponding path interval Av; , for
the ith sampled point on the kth path can be obtained by:

Al
aS.’
NXT - 5
( 617) (10)

Avi,k =

By using the CC path scheduling algorithm and tool offsetting that have described above, as well as
the iso parametric algorithm presented in the above section, the iso parametric algorithm can be
implemented in a CNC machine tool. More details and the process of calculation are shown in
appendix.

2.1.3.2 Iso scallop machining

The iso scallop machining path is shown in a schematic illustration in Fig.11. The scallop height is
produced by two neighboring CC path that equal to the assigned limit 4. It can be seen from the figure
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below that each CC path C(t) has a corresponding specific curve U(t) in the domain made up by u
and v. In the general case, the curve does not follow a constant u and v.

S(unmx ’ \‘)

U, (1)

S(u,v,,.)
~

[

“lll.l,\ &
C.(u)

\ S(u, v, ) Vmin \\

u

min ”nm\

S(umin ’ “)

Figure 11 — Iso scallop machining path

There is a existing method that generate the (k + 1)th CL or CC path based on the curve fitting of the
increment points Xy41, Vik+1, Zk+1 from a set of chosen points xy, Vi, Z, on the kth path. The 3D curve
is fitting [51]:

L(@) = (x(),y(),2()),

where ¢ is the time consuming of the path parameter. Furthermore, in order to obtain sufficient position
accuracy, a lot of points need to be evaluated, as well as several spine segments to fit a machining path.
Therefore a proposed method is suggested that makes the machining path by 2D curve U(t) =
(u(t), v(t)) in the parameter domain. It is obvious that the 2D curve fitting for U(t) is uncomplicated
for calculation compares with L(t). Fig.12 compares the existing and the proposed methods for the
machining path generation.
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Figure 12 — A comparison of the existing and the proposed methods

In addition, the proposed method does not need tolerance or allowable error to fit U(t). The reasons of
this are:

(1) Even though an inaccurate value is applied into the surface function, the CC point is still located
on the surface because of 2D curve.

(2) The parameter error can only result in the deviation in the scallop height, which is extremely less
than the path interval.

As same as the iso parametric method, the surface parameter u is chosen as the forward machining
direction. Therefore another boundary curves, which is v = v,,;,, will be the initial CC path and the
initial curve is Uy(t,) = (u(ty), Vimin) in the domain that consist of u and v. In order to explain it in a
more simplicity way, the initial path parameter need to be defined as ty = u, which can also
represented as Uy (ty) = Uy(u). So that U, (ty) = (ug(tr), vi(tx)) means the kth curve in the u — v
domain and the two components uy (ty) and vy (t;) express t; through curve fitting as polynomials.
Then in consequent, the kth CC path becomes to Cy (t;) = Sy (U (t)) and a cubic spline is used to fit
U(t) for a exact CC path because a tight curve fitting for U(t) is not required.

As mentioned in the above section and the illustration in Fig.12 (b), Uy 41 (tx+1) is obtained based on
Uk (ty). In the existing method, four set of (U1, tx+1) should be calculated to fit the curve Uy,q.
While the proposed method will finish this process by generating the kth and the (k + 1)th CC path.
In addition, the four sets path parameter are selected as:

te =t +j(ty —t3)/3, =0,1,2,3),
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where t; and tj, are the end and the start of the path parameter for Uy. For each of the four sets, they
have:

Uk+1 = Uk + AUk,
where AUy, = (Auy, Avy).

Let t 41 = ty to define the path parameter for the subsequent path. Then the key issues can be focused
to calculated in order to determine an iso scallop machining path, which are the increment of the
surface parameters (Auy, Avy), as well as the end and the start of the path parameter tj;, and t3.

After the explaination, the proposed algorithm can be started. Given a set of (Uy, ty), the first step is
to calculate N (the unit surface normal) and T (the tangent vector). N can be obtained by using Eq. (7)
and T can be calculated by:

ds S du 0S dv
r—_dt__ Judttovde
ds S du 0SS dv,’
! lau @ taw ar!

(11)

Then Al (the side step distance) can be calculated by utilizing a given scallop height h based on Eqgs.
(8) and (9). The transformation from Alto the increment of the surface parameters (Auy, Avy) can be
obtained by:

a5 (12)

where B = NXT is the unit vector in the side step direction.

In the calculation process, the end and the start path parameter ty and tj, for U, are correlating to the
intersections of the curve Uy and U = Ui, U = Upmax> V = Vmin and/or v = vy, (the boundaries of
the parametric domain). There are some numerical methods that have been researched to have these
intersection points [52]. In this master thesis, a more advance and fast algorithm will be researched for
determining t and t; and the proposed algorithm is introduced in the following.
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Figure 13 — Schematic description for determining t;,

Fig.13 is the schematic description for determining tj. As the explanations above, Uy (t;) is an iso-
scallop increment curve that is obtained from Uy_;(tx_,). The initial parameter set Uy_q(t5_,) is
defined that has a corresponding increment parameter set (uy, vy ). As shown in the Fig.13 (a), t} is
corresponding to the intersection of Uy and u = u,,;,. Therefore, (uy, vg) and (Upin, Vi) are two
adjacent point on Uy. Then t} can be calculated by:

*
U — Upnin
duk

tis; = t; - )
Y
dtk (tk - tk)

(13)

where t; = tjj_;. Eq. (13) gives us a good method to find approximation value for tj, it can be
approached to the real solution additionally by changing t; by the presently calculated t; and
repeating the calculation through Eq. (13). It should be mentioned that Fig.13 (b) illustrate the value ¢},
may be corresponding to the junction of Uy and v = vy,4,. In this circumstance, Eq. (13) should be
changed by:

*
Uk — Umin
dvy,

t’i = t; - )
g%
dtk (tk - tk)

(14)

The algorithm for obtaining the end of the path parameter t;, is as same as tj.
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By using the CC path scheduling algorithm and tool offsetting that have described above, as well as
the iso scallop algorithm presented in the above section, the iso scallop algorithm can be implemented
in a CNC machine tool. More details and the process of calculation are shown in appendix.

2.1.3.3 Iso planar machining
The iso planar machining path is shown in a schematic illustration in Fig.14. It can be seen from the

figure that the CC path are obtained form the intersections of a series of parallel vertical planes and the
parametric surface.

»
) max

V
min

u u

min max

Figure 14 — Iso planar machining paths

In this master report, the unit normal vector perpendicular to the vertical planes that can be denoted by
M = (my,m,,0), and the distance between two close parallel planes is represented by Am as shown
in Fig.14 as well. The proposed algorithm for the iso planar is as same as the iso scallop method,
which can be seen from Fig.10 and Fig.14 that each CC path C (t) corresponds to a unique curve U(t)
in the parametric domain. For instance, C(t) = S(U(t)).

In the processing, U(t) can be obtained recursively by :
Uk+1 = Up + AU,
where AUy, = (Auy, Avy).

The main difference between the iso scallop approach and iso planar algorithm is the method to
calculate the parameter increment, which is (Auy, Avy).

The kth curve is defined as Ui (ty), and then the iso planar increment curve can be obtained:

Ukt1(tks1),
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where tyq = ti.

For two adjacent points on Uy and Uy 4, the related CC points C, = S(Uy) and Cyyq = S(Uk4q) are
both placed on the surface. The different vector between these two points, which is (C,,1 — Ci) can
be obtained approximately by:

In the geometrical consideration, this distinction vector is placed on a cross section that is developed
by the side vector M and the tool axis vector Z. Therefore,

N N (15)
—Auy + —Avy, = AmM + AzZ
Jdu dv

Depends on the components x and y, Auy and Avican be solved, and then Uy,q = (uy + Auy, vy +

Avy,) can be obtained.

The same as the above section and the illustration in Fig.12 (b), Uy41(tx+1) is obtained based on
Uk (ty). In the existing method, four set of (Uy41,tx+1) need to be calculated to fit the curve Uy,q.
While the proposed method will finish this process by generating the kth and the (k + 1) th CC path.
In addition, the four sets path parameter are selected as:

te =t +j(ty —t3)/3, =0,1,2,3),

where t; and tj, are the end and the start of the path parameter for Uy. For each of the four sets, they
have:

Uk+1 = Ux + AU,
where AUy, = (Auy, Avy).

An initial curve U, should be created first in the case of this value does not correspond to a boundary
of the u — v domain for the iso planar scheduling. There is an uncomplicated method that can get Uy.
Lets say there exist four representative points on four directions from the left bottom corner
(Wnin» Vmin) on Uy, and the four directions are 0°, 30°, 60° and 90°, respectively. The original CC
path, Co, = S(Uy), is placed on a vertical plane and deviate from the surface corner S(Up,in, Vmin) by
the distance of AmM. Correspondingly, all the points on Uy = (ug, vo) should satisfy:

as aS (16)
[% (uo — Umin) + v (Vo = Vmin)] - M = Am,
Therefore, (1, Vo) = (4,0), [(V3/2)A,(1/2)A], [(1/2)4, ('3/2)A] and (0, 1) can be inserted into Eq.
(16) in order to obtain the four solutions.

By using the CC path scheduling algorithm and tool offsetting that have described above, as well as
the iso planar algorithm presented in the above section, the iso planar algorithm can be implemented in
a CNC machine tool. More details and the process of calculation are shown in appendix.
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2.2 Prediction of Part Machining Times

The prediction model is introduced in this sub chapter based on researching of trajectory generation
profiles and corner smoothing algorithm, which can determine the total cycle time. The trajectory
module will be divided into acceleration, velocity and jerk in order to better explain the influence of
these parameters. This prediction model will give us the theoretical basis of prediction field in the
future utilization.

2.2.1 Trajectory Generation

The action order processing in a CNC system is mentioned before in Fig.6. The G code, which is the
main optimization part in this master thesis that belongs to the NC program, can be parsed into linear,
circular and spline path section. The total travel distance L for every path section can be calculated and
divided into acceleration, constant feed and deceleration area that are shown in Fig. 15. The discrete
displacement will be calculated through the path, which is a function of the trajectory profile at
continuous interpolation time intervals T;,; and then dissolve the constant interpolation time intervals
into axis position orders. The function is implemented by the interpolator functions and sent the
information to drive servo controllers over the cutting tool’s inverse kinematic module.

A
S
> t
Displacement
A
L ]
S
> t
Feed rate
[ 1 ]
S > t

Acceleration

L e VAL auand

Jerk

Figure 15 — Jerk continuous trajectory command generation profile
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There is a replacement of a fifth order polynomial function of time when the CNC system attend to
maintain the continuous velocity, acceleration and jerk profiles that is shown in Fig. 15. The less
proportion content can be obtained is the acceleration and jerk are smooth and this will decrease the
vibrations during high-speed contour operation [31].

The most CNC machine system has a double exponential feed profile that is illustrated in Fig.16. The
three time zones including acceleration, constant feedrate and deceleration can be expressed in the
mathematical way as following:

%(ne—(tﬁl) — Te /M) + £, te [0,t)
1 — 12
f@) = fe t € [ty,t1 +t3)
fo —fe —((t—t1=t3)/Ty) —((t—t1=t3)/Ty)
ﬁ(’rle 17 "2 1 —Tze 17"z 2)+fe, t e [t1+t2,t1+t2+t3]
1 — 12

(17)

where t = kT, k = 1,2, ..., N and Ty, T, are specified time constants.

f. = Start Feedrate

f. = Commanded Feedrate
f. = End Feedrate

Feedrate (mm/sec)

f Acceleration Constant Feedrate Deceleration

Time (sec)

€« > € >€ >

Figure 16 — Exponential feed generation profile

T;, T, are specified time constants that obtained from a series of linear travel commands, which are
conducted on each drive, as well as the real velocities are obtained and measured by using the CNC’s
internal data storage part over the application of programming interface.

The time constants are determined by a non-linear least squared identification method in this research.
So that the corresponding travel length [(t) can be obtained by integrating the feed from Eq. (17)
along the path.
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(18)

It should be mentioned that the time t is discretised as t = kTj,, at the interpolation interval time Tj;.
The part machining cycle time can be predicted by the machining time if assuming each path segment
length is finished, for instance L = [(t; + t; + t3).

The CNC systems have several trajectory generation modules, they are infinite and constant profiles,
as well as continuous and exponential jerk profiles as shown in Fig. 15 and Fig. 16.

In order to evaluate the machining time, the main influencing factors should be known first. From
reference [31] and [53] the operation time is influenced by the feed speed transitions between the
smoothing feed and NC blocks to avoid high frequency jitters that may causes inertial vibrations.
Nonetheless, the trajectory generation profile and corner smoothing calculations are the main factors
that affect the machining time.

Fig. 17 is the three-axis corner smooth algorithm in order to increase the accuracy of prediction. The
initial path has a sharp corner regarding to a tool tip coordinate of p, for a three-axis machining
application. For the sake of avoiding the dimensional rightness, the corner path can be adjusted. In
another hand, the CNC can be adjusted as well to stop at the end of each action so as to achieve zero
error. A five order micro spline can be fitted by locating 7 points, which are Py, Py, P5, P5 ..., Pg
through the path sectors when maintaining the part tolerance &, at the corner that can be seen in Fig.
17.

The tool path through the corner spline can be calculated by the following equations:

5 5
P(u): POECOTLun-I_"'PSECSnun+P6'0; OSUSOS
n=0 n=5
5 5
P0'0+P5ZD5nun+---P6ZD6nun+P6, OSSUS1
n=1 n=1
(19)

where u = 0.5 according to the corner point.

In order to make sure the jerk and acceleration continuity at the union points Py(u = 0) and
Pg(u = 1), the parameters of the spline and the locations of the control points should be defined.
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Figure 17 — 3-axis corner smoothing of sharp corner

It should be mentioned that some of the CNC systems start executing the next block earlier than while
the machine reaches at the corner. It will be explained in the following example:

The example NC Program is:
NO10 GO1 X4 F1000

N020 X2 F500

NO030 X8 F2000

NO040 X-4 F1000

The Fig. 18 [60] is the commanded feedrate in four subsequent NC blocks. The next NC block will
start moving when the previous block is finished.

=0 Block 1
A Block 2

1000 /’\ A —>» Block 3
0 /‘L\ Time (sec)

— 100G 1 2

Figure 18 — Four subsequent NC blocks [60]

Feedrate (mm/min)

The time shifting of action blocks of CNC can be obtained and it can be seen from Fig. 19 that when
the linear command begin to decelerate, the next NC block, for instance linear motion command, is
shifted advanced of its schedule time.
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Figure 19 —Time shifting of motion blocks [60]

This scheme mixes the sharp corners in a smooth way but the disadvantage of this is ignoring the
constraint of the path error with the tolerance of the machining part. The block shifting strategy can be
executed in the virtual CNC by mixing the block transitions that is shown in Fig. 20.

E 2000

~

E 100q o amm

E

L o

=

¥ _100 Time (sec)
N 0 1 2

Figure 20 — Fixed feed profiles for continuous block transitions [60]

In this part of study, the two main factors have been researched that can affect the total machining
cycle time in three-axis CNC system, which is not the limitation of the virtual CNC system. More
descriptions are in the appendix. The virtual CNC system cannot only simulate three-axis tool path but
also all range systems from one to five axis. All the servo states can be simulated including torque,
position and acceleration etc., as well as total machining time and contouring errors. Despite that, the
two main factors that have been studied still affect the total cycle time most.

2.3 Tool Path Generation Consider to Energy Consumption

This part of research is based on a five-axis CNC system for the purpose of making this master thesis
study a wider range of coverage, then some useful part will be researched to utilize in the case study
part. The case study part will only focus on three-axis surface machining optimization and the five-

axis machining will be researched in the future work.

Table 2 is the nomenclature for the calculation in this section. The factors are listed according to the

sequence of appearance.

Table 2 - Nomenclature

Lead angle (rad)

Tilt angle (rad)
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Ui Surface radius of curvature through feed direction (mm)
T, Effective cutting radius of a flat-end mill (mm)
Ty Surface radius of curvature that perpendicular to feed direction (mm)
Feedrate (mm/min)
S Spindle speed (rad/s)
Pigie Idle power (W)
Py Cutting power (W)
Pp Driving power (W)
Jk Inertia of each axis
Fy Viscosity friction coefficient of each axis
Uk Friction coefficient of each axis
v Axis velocity
a Axis acceleration
Er Energy consumption due to cutting power (J)
Ep Energy consumption due to driving power (J)
w; Effective cutting width (mm)
A; Swept area (mm?)
Specific energy (J/mm?)
dr Forward step (mm)
dg Side step (mm)

The five-axis milling is widely used in machining complicated surfaces with high accuracy needs. It is
implemented in many industries such as aerospace and shipbuilding etc. This part will study the
optimization method regarding to energy consumption by the following sectors:

1. Build an energy potential field on the known surface that includes the distinct power demand
through any feed directions at random cutter contact point.

a. Determinate the tool orientation before establishing the energy consumption model

b. Make a energy consumption model to find out the parameters that can determine the energy
consumption

2. Find an optimal tool path generation that fits to the minimum directions of the field and meet the
maximum scallop height needs at the same time.

Page 28 of 89




2.3.1 Energy Potential Field

2.3.1.1 Determination of tool orientation

Generally, in a five-axis machining, a tool path is consisting of cutter location curve (CL), which is the
trajectory of the tool tip and a tool orientation T. Sequentially, the surface normal n can be used and
feed direction f, as well as the cross product k corresponding to n and f to determine a local reference
frame.

Where, k = f X n.

It is obvious to see in the Fig. 21 that the tool orientation T can be defined by two angles a (lead angle)
and S (tilt angle).

In this part, the flat-end cutter will be considered to use because it has close tool surface contact and
large cutting width. Furthermore, the flat-end cutter is intrinsically related to orientation of the tool
and the work of analysis will be complex, specially considering the side and rear gouging that is
illustrated in Fig. 22.

7CL curve

CC curve

Figure 21 — Parameters define the local frame

If CC point p is given, the lead angle o should be positive so as to protect the rear gouging when the
surface radius of curvature 5 through the feed direction f is negative. The relationship of these

parameters is shown in Fig. 22 as well.
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The lead angle a should be:

a= sin‘l(i), (20)

Negative r,

Surface

Surface

CC point

Figure 22 — Side and rear gouging considering a flat-end cutter
The real cutting profile of a flat-end cutter is a kind of ellipse and its effective cutting radius 7, (as
shown in schematic figure 23) can be calculated refer to reference [54]:

2
1 + tan?6 3/2 (21)

r, = t*r}(———m—m— ,
e (tz + r2tan?0

where t = rsina - cosp = 6 = tan~(tana - sinf).

Effective cutting ellipse

Figure 23 — The effective cutting shape (ellipse)

In order to meet the side gouging free needs, the lead angle o and the tilt angle 8 need to be optimized
by the following equation:
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re(a,f) = —————
Max(——=—,0)
Tk (22)

where 7y is the radius of curvature on the surface at point p through k.

Then the concave case can be known, in which the lead angle a is positive when 7y is negative in
order to protect the local gouging. On the contrary, the lead angle a can be infinitely closed to 0 for
the sake of having the largest cutting width.

In the case that the global collision has been maintained, the tilt angle £ is set to 0 so as to have a more
regular cutting strip. Then the pre-determined the tool orientation can be implemented by using the
following equation:

(@, B) = (Max(0, sin~*(—), sin~1(—)),0), (23)
—7% —Ty

In the workpiece coordinate system, the tool orientation can be expressed as:
T; = (a;, by, c;) = ncosa + f sinacosff — k sinasinf, (24)

The tool orientation can be a unary function of feed direction f because of the different feed directions
can cause the changing of 1y and ry, which means the known CC curve can define a unique tool

orientation of the flat-end cutter.

If we consider the ball-end tool that will be utilized for our case study, Eq. (24) will be simplified if a
positive and fixed lead angle a has been take care as invariant when the tilt angle § becomes to zero.

2.3.1.2 The model of energy consumption

We know that the feedrate is the tool tip’s speed when the tool moves through the tool path. This
speed is usually changed in process by the controller of the machine so as to avoid from exceeding the
machine’s kinematic or dynamic constraints when transforms the tool tip’s speed to the speed of the
machine’s axis.

In order to make such similar system, a reference constant feedrate f should be assigned to simulate
the machine in verse kinematic and then the machine axis’s velocity and acceleration can be calculated
in advance to ensure whether the given feedrate is conservative, and then decrease it if the virtual
numerical controller is unaccepted. When the above work is finished, the energy consumption model
can be build with both the feedrate and tool orientation specified.

In general, there are three main contributing factors to the power demand that are power demand P4,
cutter power demand Pr and driving power demand Pp, respectively according to reference [38] and
[55].

If assuming the tool moves an infinitesimal distance from CC point P; to P; ;4 by the specified feedrate
f, then the total consumed energy of the cutting movement can be calculated:
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. — P
E = (P, + Py + Pp) * Ilpmf lllj (25)

[[Pi+1 —

Pl . . .
where iis the time consuming between P; and P;, 1, to be denoted as At.

Each machine tools have their own intrinsic characteristic that can be calibrated. For example the
inertia of each axis Ji, the idle running power P;4;, and the viscosity friction coefficient ;. The
energy requirement according to cutting power demand Py for compensating the cutting force is:

At ho

E:pT*”““f—_Pi”:f J.(Ft(h,t)rS)dhdt, -
0y 26

where F;(h, t) is the intensity of the tangential force at a given height h and a given time t. S is the
spindle speed and r is the tool radius. Therefore, the part thO(Ft(h, t)rS)dh of the equation is the

cutting power at time ¢t.

Each axis’s power demand Pp should be independent to each other, so other variable power demand in
the machine coordinate system needs to be investigated. The internal friction force and the torque in
the machine coordinate system require extra energy for acceleration. Therefore, the velocity v and
acceleration a;, should be calculated of each axis at the first step. Suppose that the chord error e is
known, and then the two adjacent CC points can be found out due to the feed direction f.

Fig. 24 is the illustration of the parameters that are needed to the calculation. Assume that the cutter
posture at point p; in the workpiece coordinate system can be expressed as:

(xi, Vi, Zi, 4, bi' Ci)l

where T; = (ay, b;, c;) is the tool orientation that determined previously.

Figure 24 — Three adjacent cutter postures with the chord error

Then the cutter postures p;_q,p; and p;41 can be converted into their corresponding machine
coordinates by utilizing the inverse kinematics transformation:

Page 32 of 89



(m 1, m,my3,m; 4, mis) = IKT (x;,yi, 2, a;, by, ¢;) (27)

For more information about IKT is given in the appendix. Then the velocity v, and acceleration a; of
each axis can be calculated by following:

Vi = (Mg — Mig)/At, (28)

ar = (Miy1x — 2myp + my_q)/AL?, k=1,234,5, (29)

According to the Eq. (28) and Eq. (29), the total energy cost of the driving power demand can be

obtained by:
ED = PDAt
5 1
= Z (Ui vicAt + FvgAt + Glie(wie + apAt)? - vi),if a, >0 (30)
k=1 0,if ap <0})

It should be mentioned that the part kinetic energy demand % Tk (v + agAt)? - v2is 0 for any axis

when a; < 0 is following the laws of energy conservation. In the contrary, the motor has to provide
more energy to accelerate the whole inertia that related with the axis.

Until now the three main factors of energy consumption have been calculated. In order to obtain the
infinitesimal energy consumption of any neighboring two CC points, the three main factors, which are
Eq. (25), Eq. (26) and Eq. (30) can be simply summed up as follows:

E = PidleAt + ET + ED , (31)

There is a new factor named the area swept A; by the cutter from p; to p;4¢ that is used to better
evaluate the energy efficiency. The area swept value A; can be determined by the equation as
following:

L 32
Ai=E(Wi+Wi+1)||Pi+1 - pill, *

where w; is the effective cutting width on the surface at point p; that is determined by the length of the

effective cutting chip from the nominal surface S to the tolerance surface S'. Fig. 25 illustrates the two
distinct cases according to the effective cutting width.
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(a) Concave (b) Convex

Figure 25 — The two different cases considering of effective cutting width of flat-end milling

It is obvious to distinguish the difference between the concave and convex considering of the effective
cutting width of flat-end milling. The distance of cutting width of concave case is defined between the
two intersection points from the ellipse shape to the local arc of the tolerance surface S’ that can be
determined by solving the two parameters 6 and ¢ of the following equations:

1 — (rx — h)cos6 = rsina - rsinacosg,
1,Sinf = rsing , (33)

The effective cutting width w; of the concave case can be simply calculate as follows and the
illustration of the relationship between r and ¢ can be seen in appendix:

w; = 2rsing , (34)

Similarly, it is obvious to see from the Fig. 25 that the distance of cutting width of convex case is
degenerated into the cord length between the nominal surface S and the tolerance surface S’. Then the
effective cutting width w; of the convex case can be calculated by the following formula:

w; = min(2r,/8rh), (35)

After determination of the effective cutting width w;, the specific energy can be obtained at a random
CC point and through any feed direction is then the quotient of the energy consumption over the swept
area:
PigieAt + Er + E
U=E / A= - idle T D ’
5 Wi + Wi )i — pi

(36)
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2.3.1.3 Energy consumption based on tool path generation

In a five-axis machining, the tool path is composed of a series of discrete CL curves that dominate the
tool tip position and the relevant tool orientation in the workpiece coordinate system. In general, the
CC curves are composed of groups of discrete CC points. Usually, the CC curves are decided at first
on the nominal surface, and then a tool orientation is decided subsequently, and then calculates the CL
curves according to the CC curves, the corresponding tool orientation and the nominal surface.

According to the requirements of machining accuracy, two important constraints should be defined
while planning a tool path:

1. The maximum value of scallop height should be keeping below a threshold.
2. The chord error e of any two neighboring CC points cannot exceed a known tolerance.

Fig. 26 shows the definition of the side step and forward step. There are two important factors dg and
dy in this figure require to explain: the side step d; is the distance between any two adjacent CC points
and the forward step dy is the maximum distance between any two subsequent CC points. Both the
side step d; and the forward step dy are depending on the local surface curvature. In Eq. (35) the
effective cutting width w; is being the side step when calculating d;. The forward step df can be

calculated by the following formula [56]:

dy = min( /86|rf| — 4e?,dg), (37)

where 77 is the curvature radius of the surface along the feed direction and dy is a constant that can be

set to bound the forward step in the situation ¢ is infinite.

As mentions and explanations above, the feed direction, which is the direction orthogonal to the CC
curve at the CC point, can determine the tool orientation at any CC point. The target of this sub
chapter is not only satisfying d; and df at each CC point, but also attend to optimize the total energy
consumption according to the Eq. (36). The final solution should be the iteration of the principle curve
generation and iso scallop height that will be introduced in the next part.

2.3.1.4 Feed direction optimization

The specific energy term is a pure quantity which changes continuously versus different feed
directions, this means a vector field about the energy cost efficiency embedded on the entire surface,
which is extremely dependent on the machine's configuration. It can be called as the machine based
energy potential field. There is a distinct feed direction f; through the specific energy cost is the lowest
between all the others for each CC point p;. Furthermore, this feed direction can be named as the
optimal specific energy direction.

There are two properties of the potential field that is described as below:
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1. For any point on the surface, it has two opposite optimal directions. However, if the specific
energy U in Eq. (36) for arbitrary point on the surface is a constant, there is an exception for the
case of flat surface.

2. The flow lines on the surface are continuous and will never interact to itself.

When the potential field is defined, the tool path should be defined in a way that the feed directions
are as close as possible to the individual optimal directional flow lines of the machine based energy
potential field in order to minimize the energy consumption. There is some of the research such as
reference [57] and [58] that attended to fit a tool path into a known vector field. A better way to
balance between the best fitting to the machine based energy potential field and the demand regular
patterns of CC curves can be found.

If a free-form surface is defined as:
Sw,v) = X(wv),Y(w,v),Z(u,v),

a discrete NXN grid of the machine based energy potential field is created upon the parametric uv
domain [0,1]%[0,1] of the surface.

For each point y;; = (u,v) on the grid, the specific energy U that is calculated in Eq. (36) at point

S(u, v) can be obtained for every k radian of feed direction from 0 to 27, where

this can be recorded as a value of vector U;; that is shown in Fig. 26.

the machine based energy potential field is required to constantly calculate at an random S(u, v) in the
process of computation of CC curves. This is better than directly calculating it for the case of a grid
point y;;. To be more clear, for an arbitrary node:

p=Swv),
then let:
Uy, i=1234,

which is the machine based energy potential field of the four neighboring grid nodes of (u, v). Then
the machine based energy potential field vector u of S(u, v) can be calculated by:

1 24 Ui
u = —,
o 1 Laq|lp — wll?

=l — wll? (38)
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Figure 26 — Discrete the machine based energy potential field in the uv domain

The optimal feed direction f at the arbitrary S(u, v) is directly obtained if using the minimum of the
27 /k values once u is calculated. By using this method, a principle CC curve can be obtained, which
will be introduced in the next part.

2.3.1.5 Principle curve generation

Generally, the principle cutter contact curve is planned foremost to direct the general tendency of the
subsequent cutter contact curve, which is expanded based on the distinct criteria that have been
introduced in the sub-chapter 2.1 such as iso-parametric, iso-planar and iso-scallop.

The original principle curve is generated in the parametric uv domain of the known surface on which
the machine based energy potential field is embedded. It can be started with a random initial point p;,
which related vector u; and the optimal feed direction f; of the machine based energy potential field
on the sampled NXN grid are already known if this node can be obtained by Eq. (38). By continuous
the steps from f; with a forward step dy in the workpiece coordinate system, the following CC point

pi+1 can be calculated as shown:

N s : >
Pi+1 = Di E(fi- )2+ 2F(fi ) (fi V) + G(f; - 13)2f“
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where 1 and ¥ are the fundamental unit vectors of the uv domain, as well as E, F, G are the modulus
of the first basic form in differential geometry [59].

The principle curve can be generated in the forward step until reach the uv domain’s boundary. Then
it can be started the similar process from p; to generate the backward step through the opposite
direction of f;. Finally, the whole principle curve can be fully generated by cascading the forward and
backward part.

2.3.1.6 Expansion algorithm according to Iso-scallop height

After generating the principle curve, cutter contact curves can be expanded to its both sides in order to
filling the whole surface. According to the iso-scallop height needs, the side step between the
neighboring CC curves should be enlarged as more as possible, as much as possible the maximum
scallop height.

If the tangent direction determines with the optimal feed direction at each CC point on the principle
curve, the expansion of the CC curve is impossible. Fig. 27 shows how to generate the first expanded
curve according to the traditional iso-scallop height expansion rules: shift a side step dg = w; that
perpendicular to the feed direction f; for each CC point p; on the principle curve.

Reference [56] provides the equation for the sake of calculating p; as shown below:

lpipil = wi, (40)
aSdu 0Sdv (41)
= DY (——+——)=0
(P pl)(au it Vv ar '
where the differential form Z_i% + %% is the feed direction f; at p; in theoretically.

The Taylor expansion can eliminate higher order terms of the value p;:

, oS S (42)
pi —pi+aAu+$Av,
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Figure 27 — The way to generate the first expanded curve according to the traditional iso-scallop height expansion
rules

By utilization of the Egs. (40)-(42), the parametric increment of p; can be calculated in order to match
the key equations:

dv
Ay = l(F + G at
\/(EG - FZ)(E(— 2 4 opdUAV | AV, ) (43)
dt dt dt
du dv
Ay +w; (E dt + FE
dudv (44)
_ F2 daaV) 2
\/(EG F )(E( +2th dt+G(dt) )
where E = Z—z-g—i ,F = g_s 9s and G = —S ? are the factors of the first basic form in differential
geometry.
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Figure 28 — Three expansion groups of cutter contact curves that mantle the whole surface domain

The bias between the optimal feed direction and the tangent direction of the expand curve will be
extremely large if the expansion step have been finished and have the certain expanded curves. Then a
concept of quality evaluation should be introduced, which will terminated the expansion when the
deviation is exceeding a threshold that is expressed as the ratio:

2u; — Xy
Xy '

where Y} u; is the sum of the machine based energy potential field value through the real feed direction
at all the cutter contact points on the expanded curve, as well as ), u;, is the sum of the optimal
machine based energy potential field value at each CC point on the curve. It should be noted that the
ratio should be 0 for a principle curve.

As Fig. 28 shown, three expansion groups with the principle curve coloured in blue can cover the
entire surface domain. This sub-chapter has introduced a path generation considering the energy
consumption, which will be selective utilized to the case study and the rest will be used to future work
of research.

Page 40 of 89



3 Case Study

The purpose of the case study section is that to find the most optimized solution of the target shape by
researching and adjusting the G codes of the machining. Generally, the machining simulation software
such as EdgeCAM will generate a default tool path that can process the target shape according to the
blueprint. However, the default solution cannot meet our specific requirements in instance, for
example surface smoothness requirements and machining time optimization needs etc.. In this master
thesis, we will choose a surface shape that is shown in Fig. 29, which is chosen for the sake of easier

observing and comparing intuitively.

Figure 29 — The four views of the target stock and surface

We use EdgeCAM to plan the tool path, simulate and generate the G codes in this thesis. The G codes
of all the methods and approaches are attached in the appendix part at the end of this paper. The
illustration and investigation of the G codes will be conduct by the diagrammatic sketch in order to
explain the codes in a simple and intuitive way.

In this chapter, we will first generate different types of tool path approaches and compare with them in
the simulation software, and then the solution will be obtained by combining the optimized machining
method. At the end of this chapter the final optimized solution will be conduct in the CNC machine
and will be compared with the default case depends on the operation time and smoothness of working
surface.
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3.1 Analysis of Default Generation Path Based on G codes

As the above description, the tool path of the default solution can be read in the G code file and
illustrated in the Fig. 30. The main tool path of the default one is moving in the y-axis direction (top
figure of Fig. 30) and cutting layer by layer through the z-axis.

36
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Target Surface Feedrate
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Yy
36 27 21 16 11 7 4

Figure 30 — The tool path illustration of default solution from EdgeCAM

Fig. 31 shows the tool path simulation by G code simulation software. The general shape of the target
surface can be seen in this figure by the route of tool movement. The machining time is about 16
minutes and the surface is rough, which cannot meet our requirements in both smoothness and
operation time. Therefore, the optimized solutions and approaches are proposed in the following sub
chapters.
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Figure 31 — Tool path simulation figure of the default case

3.2 Approaches to the Case Based on G codes (simulation)

It is obvious that the default solution mentioned above is not a satisfactory program. Therefore, several
approaches in this section will be mentioned to optimize the surface machining. It should be
mentioned that this section’s research and comparison of the different approaches are based on the
simulation software in order to save time and money, as well as comparison of different tool path’s
processing performance. There are four optimization approaches that will be investigate by analysing
the G codes, which are attached in the appendix part and in the attachment as well.

In this thesis, we will propose a module method to optimize the tool path movement. The main module
can be divided into two different machining ways:

1. Linear tool path movement module
2. 3D tool path movement module

Then we will optimize each module to produce the optimized module, and then combine the optimized
module together to provide the final proposal of tool path optimization, which will be execute in the
CNC machine.

3.2.1 Surface Machining Optimization Method 1: Linear Path only

Fig. 32 and Fig 33 show the tool path illustration by investigating of the G codes. The Rough milling
will be the first step to mill the target stock in the x-axis, afterwards the profile milling will be
conducted in order to fulfil the smoothness requirements.
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Figure 32 — Rough milling illustration of linear path only optimization solution (RM module)
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Figure 33 — Profile milling illustration of linear path only optimization solution (PM module)

It should be mentioned that Fig. 32 and Fig. 33 are described the tool path movement in the top view
of the stock. The interval between the adjacent tool paths can be seen from the G codes and illustrated
in the Fig. 32 as well. However, in the profile milling stage, the neighboring tool paths are not in the
same axis. In another word, each tool path is in the distinct depth, which is illustrated in the Fig. 34
(left view of the stock). The principle of the machining of surface is: through iterations of several
small processing paths in the x-axis direction, the target surface will be formed by an infinite
approximation of the shape of the surface.
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Figure 34 — Machining illustration of linear path only optimization solution based on left view of the stock

Fig. 35 is generated from the same G code simulation software. It can be seen from this figure that the
surface smoothness is better than the default case. Nonetheless, the machining time is longer than the
default case. We will compare the operation time of all the simulation approaches in the comparison
section.
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Figure 35 — Tool path simulation figure of the linear only optimization case

Method 1 is the original method to conduct the surface machining in linear way as we introduced in
the previous section. In the next section we will propose a 3D machining method that has different
tool path compare to the linear operation.
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3.2.2 Surface Machining Optimization Method 2: Iso Scallop Method

This section will experiment the feasibility of the 3D machining method. Fig. 36 is the tool path
illustration of the iso scallop method. The tool path is through the y-axis direction if we consider the
tool route in the top view of the stock. The actual path is increment in the z-axis direction and moved
in the y-axis, which is the reason we use the short line on the arrow to indicate the incremental change
on the other axis.
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Figure 36 — Tool path illustration of iso scallop optimization solution (CM module)

Figure 37 — Tool path simulation figure of the scallop optimization case

There is a serious problem in the machining of iso scallop method. We can read the start point of the
tool path through the G codes. The path is from the bottom to the top of the surface. However, the
vertical distance of the surface is 30mm, which is longer than the tool length. Moreover, the ball-end
cutting tool cannot be perpendicular to the target plane in the real machining. Therefore, we need to
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purpose an optimization solution of this 3D machining method, which will be carried out in the next
section.

3.2.3 Surface Machining Optimization: Optimization of Method 2

Due to the tool crash problem that has mentioned in the above section, we will add a rough milling
step in the front of the method 2 in order to avoid tool damage.

A
34
i 5mm
29 .
24
19
14 > Feedrate
>
7 X
\J
A
|
1 ! | ! | | ! ! ! |
| ' ' ' | | ' ' | ' |
] | ! | ! | ! ! | | !
! ! | | 1 ! ! | | | §
] | ! ! 1 | | ! | | |
! | | | ! | | | ! 1 | |
1 ! ! ! ! ! ! | ' 4 | Feedrate
| | | ! 1 | | 1 1 | |
| ' | ' | ' ' 1 1 | |
! ! | ! ! ! ! ! ! !
! | ! 1 | ! | | § |
! 1 ! | | 1 | | |
1 1 | | | ! | |
' ' ! ' | ! ! '
' ' ' ' | |
1 | ! ! 1 1 |
1 1 1 | | ! | |
1 1 1 | ! | | |
| | ! ! ! | | |
o > x
2 mm

Figure 38 — Tool path illustration of combination of RM module & CM module (iso scallop)

Fig. 38 describes the tool movement of iso scallop method. It needs the rough milling before iso
scallop machining. Like a double-edged sword, the iso scallop method provides better smoothness
while also consuming more processing time due to the small step over in our simple surface case. The
iso scallop method might has a better balance performance in the processing time and processing
accuracy in the more complex cases. Due to this reason, we will make a more complex surface to test
the different algorithms on five-axis CNC machine in the future works.
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Figure 39 — Tool path simulation figure of combination of RM module & CM module (iso scallop) case

It can be seen in Fig.39 that the optimization of method 2 is avoiding the damage to the cutting tool
and increasing the accuracy of processing at the same time, which means the 3D machining method is
an optimized solution that can be considered in the real CNC machining (adjusting of the parameters
such as feedrate and spindle speed will be conducted in the real processing in the following chapter).

3.2.4 Surface Machining Optimization: Optimization of Method 1

Method 1 is an approach that makes the tool travel in a linear way in x-axis direction. As the
illustration Fig. 32 shown, the cutting tool needs to travel back to the previous x-axis coordinates so as
to start the new cutting step. This travel time will probably waste the energy and total machining time.
In order to optimize the linear method, the best solution is to make the tool path moving without the
travelling time.

Fig. 40 shows the tool path of the optimization of method 1. The main difference between the
optimized one and the origin one is the rough milling’s tool path. The following machining can be
profile milling or small step over rough milling so as to achieve the surface as close as possible to the
final surface we want to process.
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Figure 40 — Tool path illustration of optimization of method 1 (rough milling module optimization)

We can see from the Fig. 41 that the tool path is changed in the rough milling step. It should be
mentioned that he path interval is not small enough in both the linear cutting and 3D cutting
simulations. All the simulations are using the same parameters such as feedrate, path interval, cutting
depth etc. to make the reasonable comparison, which will be made in the next section.

In the next part, the comparison through machining time, tool distance and program line will be made
according to the four optimized approaches and the default case. Then the two real program proposals
will be proposed so as to test the result of optimization method.
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Figure 41 — Tool path simulation figure of optimized method 1 case

3.3 Comparison of the Different Approaches & Final Proposal

The data of Table 3 from left to right is arranged in the order in which they appear in the previous
section and the resources of these data are attached in the appendix part.

Table 3 — Comparison of the five simulations

DEFAULT | LINEAR | | . OPT.
CASE | cASE | 3D CASE | LINEAR+3D - LINEAR
MACH ! ! ] :
CHING 16m00s i 24m07s i 07mO01s ; 18m12s ; 20m53s
TIME ; | | |
PATH i i : :
1856122 | 32474 L 12610. | 2544927 1 28749.
DISTANCE 856 | 3247483 1 1261995 | 2544927 | 28749.98
FEEDRATE 1000 i 1000 1000 1000 | 1000
SPEED (RPM) 5730 ¢ 6366 L 6366  : 6366 6366
PROGRAM | | | 5
0G 1288 | 710 2262 i 2382 588
LINE | | | |
MACHINING : : : i
Rough ! Smooth i Tool Damage Smooth : Smooth
TECHNOLOGY | | | :

There are four methods from the chart that can be considered to the comparison such as default case,
linear case, linear + 3D case and optimized linear case except the tool damage approach (3D case).
Then we ruled out rough case for machined faces (default case) and the most time consuming case
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(linear case). At the final stage, we have two optimized options (blue column) that need to implement
in the real CNC machining so as to test the performance of this two methods.

As the comparison chart shows to us, although the simulation above is the most resource saving
method and the results of the simulation can help us to choose what kind of program should be
implement in the real case, but its limitations are obvious, that is, it can not be intuitive to reflect the
specific performance of specific program. In order to make our research more practical, the
experiment of comparing these two methods will be conducted in the next section. It should be noted
that the machining parameters would be modified for the sake of achieving the highest performance of
each method.

3.4 Experimental Results & Conclusion

3.4.1 Experimental Process & Results

Fig. 42 is the linear method surface, which will be the reference material compare with the linear + 3D
method. In order to increase the contrast, our linear processing program is only used in the simulation
part of the selected processing methods, which means the specific parameters are not optimized. The
total operation time is about 22 minutes and the surface quality of this method is not satisfactory as

shown in the figure.

Figure 42 — Linear method surface

Then we plan to machine the surface by using linear + 3D approach. As we mentioned before, this
method is using the iso scallop method (the path interval is 0.4mm) for the profile milling step and the
parameters such as feedrate and spindle speed are calculated by following:

Ve (45)

where N is the spindle speed, V, is the specific speed that is selected depends on different materials
and D is the diameter of the cutting tool.
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fr=N'n'fz'

where f,. is the feedrate of each machining, n is the number of teeth and f,, is the ERC feed depends on

different materials.

We also need the formula to calculate the material removal rate so as to compare the performance of

distinct machining:
MRR =a.-ay " fr,

where a, is the width of cut and a,, is the depth of cut.

Then we can utilize Eq. (45) and Eq. (46) to calculate the parameters for our specific milling method

(linear + 3D machining).
For the machining of first rough milling by using 12mm Flute End Mill:

v, 350

N: =
m-D m-0.012

= 9288RPM

fr=N-n-f,=9288-3:0.1 =2786 mm/min
For the machining of second rough milling by using 12mm Flute End Mill:
fr=N-n-f,=9288-3-0.14 = 3900 mm/min
where f, for each step is adjusted by different correction factor depends on distinct a,.

For the machining of profile milling by using 10mm Ball Nose End Mill:

V. 440
7+D 1001

N = = 14012RPM

fr=N-n-f, =14012-2-0.057 = 1597 mm/min

Figure 43 — Linear +3D method surface
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After calculation of the specific parameters, we execute the machining by using these numbers. Then
we obtain a smoother surface than the contrast surface as shown in Fig. 43 and the total machining
time is about 30 minutes.

Table 4 — Comparison of the two real CNC machining

LINEAR CASE . LINEAR + 3D CASE
MACHING TIME 22m § 30m
Feedrate (mm/min) 2250 ; 2786
FIRST |
STEP Spindle Speed (RPM) 8000 ! 9288
ROUGH :
MRR (mm3 /min) 32400 25074
Feedrate (mm/min) 995 § 3900
SECOND i
STEP Spindle Speed (RPM) 9550 ; 9288
PROFILE ;
MRR (mm3 /min) 746 2808
Feedrate (mm/min) N/A § 1597
THIRD ;
STEP Spindle Speed (RPM) N/A ; 14012
FINISH i
MRR (mm3 /min) N/A ! 638

It is obvious that the optimized linear + 3D method can process more smoother surface without
consuming too much time. More comparison of the two methods can be seen in table 4.

N26490 G 25.0001 Gl X40.2 Y62.8665 Z-0.0018 N82389 G1 Y-3.3565
N26500 XB86.322 Y8.5378 Go 28 N82399 Y-0.4827 2-27.9289
N26510 2-17 X40.6 Y-6,3581 NB2400 Y9.2358 2-27.134
N26520 G1 Z-18 Z-31.2411 NB82410 Y3.1006 2-24.1539
N26530 G XB84.8144 Y7.8903 CR«3 G1 Y-3.3581 NB2420 Y3.8281 2-23.427
N26549 G1 XB4,5687 Y7.6668 POLY PO[Y)=(-0.484,0,0.013) PO[2)=(~27.931,0,-0.011) NB2430 Y7.4204 2-20.0795
N26550 G2 X89.1142 Y5.6154 CR=6.224 POLY)=(9.234,0.007,0.005) PO[Z]=(-27.136,-0.007,-0.004) NB2440 Y11.0127 2-17.0791
N2656@ G1 X0.005 Y5.6138 PO(Y)=(3.108,-0.013,0.033) PO[Z)~(-24.155,0.012,-0.031) NB2450 Y11.7312 2-16.5208
N26570 X-0.4947 YS.6447 PO[Y)=(3.827,0.017,-0.01) PO[Z]=(-23.428,-0.018,0.011) NB2460 Y15.3235 2-13.864
N26580 X-0.9914 YS.7072 PO[Y)=(7.419,-0.787,0.811) PO[Z)~(~20.081,-0.823,0.797) NB2479 Y18.1974 2-11.9816
N26599 X-1.4831 Y5.8013 POIY)=(11.011,-0.879,1.774) PO[Z)=(-17.08,-0.638,1.256) NB2489 Y19.6343 2-11.073
N2660@ C3 X-3.0348 Y5.8627 CR=3 PO(Y)=(11.73,-0.006,0.023) PO[Z)~(-16.522,0.007,-0.927) NB2499 Y22.5081 2-9.427
N26610 G Z5.0001 PO(Y)=(15.322,-0.295,0.306) PO(Z)=(-13.865,-0.32,0.306) NB2500 Y23.9451 2-8.652
N26620 XB7.1593 Y11.5474 PO(Y)=(19.633,-5.558,9.248) PO[Z)=(-11.074,-3.699,6.055) N82510 Y26.8189 2-7.2321
N26630 2-17.6 PO[Y)=(22.507,-0.012,0.036) PO[2])=(-9.429,0.019,-0.062) NB2520 Y28.2558 2-6.5749
N26640 G1 2-18.6 PO(Y)=(23.943,0,005,0.008) POIZ)~(-8.653, 11,-0.013) NB2530 ¥31,1297 2-5.3699
N26650 G3 X86.0916 Y10.025 CRe3 PO(Y)=(26.817,-0.004,0.021) PO[2)=(-7.223 07,-0.042) NB2540 Y32.5666 2-4.8186
N2666@ G1 X85.8341 Y9.0088 PO(Y)=(28.254,0,0.013) PO[Z)=(-6.576,-0.002 027) NB2550 Y35.4404 23,8189
N26670 G2 X83.1103 Y5.7006 CRe=6.2223 PO[Y)=(31.128,-0.001,0.014) PO[2)=(-5.371,0.002,-0.033) NB2560 Y36.8774 2-3.3618
N26689 G1 X82.231 Y5.3044 PO(Y)=(36.876,-4.319,6.592) PO[Z)~(-3.362,-1.519,2.112) NB2570 Y39.7512 2-2.5591
N26690 G2 X79.4007 Y4.3258 CA=14.193 PO[Y)=(39.75,-0.005,0.015) PO[2]=(-2.56,0.017,-0.052) NB2589 Y41.1881 2-2.18%
N26700 X75.4463 Y3.7475 (R=26.4408 PO(Y)=(41,187,0.007,-0.003) PO(Z)=(~2.186,-0.032,0.015) NB2599 Y45.4989 2-1.2725
N26710 X68.4515 Y3.5152 CR=111.8083 PO(Y)=(45.497,-1.017,1.028) PO[2])=(~1.273,-0.266,0.216) NB260Q Y49.8097 2-9.5626
N26720 X44.4516 Y3.4869 CR=5301.8995 POLY)=(49.808,-1.035,2.077) PO[Z)=(-0.626,-9.105,0.16) NB2610 Y51.2466 2-9.4783
N26730 G1 X3.4516 Y3,.4868 PO[Y)=(51.245,-0.005,0.011) PO[Z])~(-0.478,0.035,-0.085) NB2629 Y54.8389 2-0.1602
N26740 X2.452 Y3.5141 PO(Y)=(54.837,0,0.002) PO(Z)=(-0.16,0.005,-0.02) NB2630 Y55.1982 2-9.1388
N26750 X1.4759 Y3.7316 PO(Y)=(55.197,0,0) PO[Z]~(-0.139,0,-0.009) NB2640 Y59.8682 7-90.0017
N26768 XB.5517 Y¥4.1136 PO(Y)=(59.867,0,0) PO(Z]=(-0.0902,0,-0.01) NB2650 Y62.8682

N26770 X-9.3016 Y4.6349 Gl X40.6 Y62.8666 2-0.0018 NB2660 G@ 25

N26780 G3 X-1.3021 Y5.072 CRe3 6o 25 NB2670 X67.8 Y-6.3565

(a) Linear arc

(b) Spline

Figure 44 — Three different NC programs
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However, the surface is not smooth enough in the horizontal direction cause the output method of NC
program. There are three types of NC program that we can select for the surface machining and these
three programs are shown in Fig. 44. In the end we chose the none type NC program, which is the
linear moving of the cutting tool. The chosen surface is not made with a circular radius so that it
cannot be implemented as a linear arc NC program, as well as the spline NC program cannot be used
causes limitation of the CNC machine.

3.4.2 Conclusion

According to the experimental results, the optimized method (linear + 3D solution) can get more than
the previous surface several times the smoothness, while with only an increase of 36% of the
processing time. Thus, through the whole research in the previous chapters and the case study, we can
draw the following conclusions:

1. Only the path optimization tool path method that combines the machining parameters with the
optimized calculation can achieve maximum optimization performance.

2. 3D machining methods such as iso parametric, iso scallop and iso planar methods might cost more
processing time than the linear methods, but they can achieve a higher degree of smoothness. So
in the surface processing methods, 3D processing methods have better overall performance than
linear ones.

3. For the 3D machining step, the type of spline NC program should have the best performance and
smoothness than the other two options.

According to the research previously, in the 3D machining methods, iso scallop might have the best
performance in machining more complex free form surface. In the future work, we will investigate the
application of iso scallop method in five axis CNC machine for machining more complicated free
form surface compare with other optimization methods. Moreover, the future work will be an
increased optimization level. We will focus on the overall energy consumption of the machining that is
mentioned in the before chapter, to optimize the energy consumption of the entire process so as to
achieve the ultimate goal of the optimization.
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Appendix: Notes of Iso-Parametric Machining
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Appendix: Notes of Iso-Planar Machining
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Appendix: Notes of Iso-Scallop Machining
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Appendix: Notes of Tool path generation regard to
energy consumption page 1

2| Dra - dgtenpslwidtan a{ LR 2al e s R

Condifinn il ot 3 o ey e G50 0,8,
\@8 onfln o shodd o poddbnl e iy Pagation

or —_— — g T Lo fewl vy O 4o othiet  logut
c_uﬂ»\j oA

cen) = Nota g flimaionp —‘«i--«s‘-»\} N

p! 1 - cm1 v"\“”\'wv\ M‘-‘

refemin et geed wte {7
[[) . > l“(n efittes Leal  igtmeat,
10 =D

Br (Puw+tr4P) ¢
/ j \‘\‘»_i/~ ‘. . ;W(.-.h'.'nnvo-l flwe | at

e petr o Aridony  poesr
dewe-d b Ly a?w-‘

u collbradel
g foel v

el speenl Crmd/
Sp ty cllehl jf Qpecmé%n;""' B
\, - W%N : g..n: PONRC ot

/ (SAone gt Tiea ¢

fongperial forat 1~.M"1mﬁ

AC - e e:m-a feble it vy o vetam]  oves L (Rppeadie)

(Wil Win, Wy | whe 'f_"_‘) = 16T o 1 b ok, g
vt
M« W) WMk, =T Wik )
Vk\c 0“. $ q‘r = k:l.l-‘.‘l,l-

IS

Page 64 of 89



Appendix: Notes of Tool path generation regard to
energy consumption page 2

Ep= oot = 5':_“ (Mdimet 4 Fuwlots {{k(('&i%é‘--\\.‘))‘) i ow>D

lost 3o o4 fhe \

rwatly %M

(et & o oo of  Cuamy m.a
ZZErr e

O ‘-f CucD

E = P at 4 Br ¢ 6
Te o-en seopt 51 ctr froma P o Py,
A =

Cw; ¢ Wi ) B8 i

'I[M. c'»ohM a‘ w unwd T R swep O, .

i1 £ . ?_31"“**‘:1050
(\ "l(w..'h'.ql)l‘Pi!l -P',“

Moskins, - bosed  evorgy  poroviol  Field CMBRRR)

fwo _progectiss l?q«'! 1} Bodk i1 hos  trm GROCHC wpttwed  olirctinn,
eqiuﬂw\ % roee ovd Ww‘.\

|§r‘f¢.v§1 1 Flow s e ominees (ol o S — wternt

Tl perh chall topbe pesHr ket 08 muh M RV g Phived
diedtioma. of  AEEPE

2, Mbn enargy bosed f‘--&-o«&s dyol rv,.f\n Je»o«:.».\

(L wwves =0 tuel  eriosieion v M for edn pént —

ClL corves haed vn €L Ly —— ohsviledel  dusl origtodiang

&

Page 65 of 89



Appendix: Notes of Tool path generation regard to
energy consumption page 3

Pue 40 M‘.—U W'M Canstrringy -

PR 1
@ T wopwam Scollt gt e e fwih Sk et ch pete
o Huehed EAT

@’M thvd e e of Oy 0 o jotest CL polety vt ot Qucaod

n gean tolerona. |

ds: Fig.8 Wi wia QF , JPran ) P B R re-Rradin

d{.' h)_, d{ » Mn (J?.!r(,l - Uet, of)

Surteat rodins of cwrvibere Al Hha Lol destivn

\ M?\eﬁ‘ s d‘.# WJ womiwlae  vetal N}‘! i it AL

19—~ Teuger

3.0 W:--J Peed direaivn

l ——————g
v u:
A 5 S — .
—::' 1 - i..- “'- VIL l. ]
- Ml

3L Princfa (el Guaeion

MNegr oL 'o'.\-R ?"-u

P> it 2 o .
Bof W) b o e e T

Yy lgeo- scolley bught  baged Lepessiim  Algorivium
B st DRE IR o B Fer Bpdy 5 BoR Br a4 ok A R EAE

’

P, caludntion - [fiy."[-u;
,\ g3c de  ax v
b= P W%«Ldt ‘ov N0

—

1= S m—

‘
'Tkﬂ'tlﬂ‘o‘\-‘ e -(QJ diatia € ot P

Page 66 of 89



Appendix: Notes of Tool path generation regard to
energy consumption page 4

b T i
. = ("4%4“# i;:ov

colenlade ol Lo V‘;j W\N‘.M L )

. iu;-ldio
Masgartprs redia 3 ;Wi Ghatd he 0 on r'..;M e
w;
W t (orgar e sr o farowl-l Lwrvt |
o . ok > o
- forwnmed heows oL
N

K prei

3. DBSEs v Bive = o N"l

Ditectine - bawed  Scalow  Froads

\-»V\ v FLS 2 M)qd-q(ﬁ-’d,’(”,,d_“)

Ll T ke fud et

L e e S

\
‘
T"‘S.V V\-i Tw -0 M‘""f C i LeT
B e~
C\wes) Cles) CMCS)
1 t {
kit ceandiude Ty comdinane Magina Cadinge
<\‘sh- s\m-s gvn--

Page 67 of 89



Appendix: Notes of Tool path generation regard to
energy consumption page 5

Z-&L: foree of Toawy evel w:ll'::] |

M'«D Gdaﬁ WVith & actenT baliy Q\ULQ :

i — J—

! —

P = Ol ) igiﬁ@-i“i-a_)ik

o Ha o]
| wradiste 4 Ftemn

F’f o CT<S )

ihe  rotebinn el of b powd

roitAie, c»uo\& of  tha L»“‘»:I poit

ku.r' L i
S ;Q" wefgices ey it

~—d

dF‘_ - q'kt.:‘ﬁ -IL‘() ol2 "'('t‘kkdz
A {
dFr - | tr(\’_‘(‘f) « da .‘l tu d

\
d‘F“ - \k\‘*‘f'(-{u(-)) dz ! k\-l"da
f -
d?() Hhtdaress 2 -T‘v‘t) = Mo (o, {*t 'F‘: )
"

\/

Page 68 of 89



Appendix: Notes of Tool path generation regard
energy consumption page 6

s M(-»l e Obfforemt w“CU fore  n o Game w.«lnj
{m g et uhfvsowh Shatol he Nmfws.o‘ baade. b

e TS,

dF.A -—s'"wdﬂf) -usc:f) (o) clk,
div | = | —omyq) Saiif ) o dF,
JFW O o -\ U Fe

~ Limerse km..:g.; Fronsfrrpant i

dmerst i of five-omis  madvice w‘.H.\'

‘-\tﬁw iz el s o o hew rof-“w\ O Yt .2\, &L b, <)
Lt ©

-~

o - ‘b\%_‘
it L e e o T WS~y
‘Mi’"g .h‘lf. u\::())"‘

—

p L3

We shotd Sode dve AR s BT iy X ad 3.
o Jdetensina +Hoa Lk“

Page 69 of 89



Appendix: Notes of Tool path generation regard to
energy consumption page 7

1 i . 1
Cov, 51,0, 1) = Rt (3w = ™ig ) v Rt (X = wi,¢) -Lo, 0,001 3
l%p"‘ to
Q7 Snlm:i ) ® S (mip )
Lb\ T(s'\w(h\,Q)‘ Lob (w5 )
L ) w) L\m‘.,,)

w}“*\ ha “wo st W\ uwrd\-odcs o"m:d . 42 *MHTJW\
Wttt (W e, ) of o Tes S torny of Aot E
(o bE Qpragsed as

1
Cwmy ,m,, my () = Rat k?(...""l,v)'l?of(%u.'\;.,)‘L’(i,‘f‘.,%:, l]T

C:M\j PR 6T Sobdien (dmy, ,M:,\.N‘..\.M:.u,hl,(‘h'_,‘j s Ob‘bc,.\o(

= a

;.g?-jdhiz Y Teerst Eiesedios *f"-‘f*“*lm!

Page 70 of 89



Appendix: G codes simple definition page 1

G-Codes simple definition

GO00
GO1
Go2
Go3

Rapid traverse

Linear interpoiation with feedrate
Curcutar interpolation (clockwise)
Circutar interpolation (counter clockwise)

G2/G3 Helical interpolation

G4
GOS
G0s

Dwedl ime in milliseconds
Spline definition
Spiline interpolation

GO07 Tangential circular interpolation / Helix interpolation / Polygon interpolation /
Feadrate infternolet

8

2R28R2R282222388888

Ramping function at block transiion / Look ahead "off”
No ramping function al block transilion / Look ahead “on*
Siop dynamic block preprocessing

Slop interpolation during block preprocessing
Circular interpolation (cw) with radius

Circular interpolation (cow) with radius

Polar coordinate programming, absolute

Polar coordinate programming, relative

Definition of the pole point of the polar coordinate system
Selection of the X, Y plane
Selection of the Z, X plane

Selection of the Y, Z plane

Selection of a freely definable plane
Parallel axes "on"

Parallel axes "off"

Safe zone programming; lower kit values

Safe zone programming; upper imit values

Safe zone programming “off”

Safe zone programming “on"

Thread cutling with constant pitch

Thread cutling with dynamic pitch

Mirror imaging “on*

Mirror imaging “off*

Path compensations “off”

Path compensation left of the work piece contour

Path compensation right of the work piece contour

Path compensation left of the work piece conlour with allered approach
Path compensation right of the work piece contour with altered approach
Scaling

Part rotation; programming in degrees

Part rotation; programming in radians

Zero offset off
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Appendix: G codes simple definition page 2

§882%88¢

G70
Gn
Gr2
G73
G74
G75
G76
G78
G79

Zero offset #1

Zero offset #2

Zero offset #3

Zero offset 84

Zero offset #5

Zero offset #6

Food / spindie override not active
Food / spindie override active

Inch format active

Metric format active
Interpolation with precision stop “olf*
Interpolation with precision stop “on”
Move 10 home position

Curvature function activation
Curvature acceleration limit
Normalcy function “on™ (rotational axis orentation)
Normalcy function “off*

GBO - GBI for miling apphcations.

g§geggeBRes

Canned cycle "off"

Drilling 1o final depth canned cycle

Spot facing with dwell ime canned cycle

Deep hole driling canned cycie

Tapping or Thread cutting with balanced chuck canned cycle
Reaming conned cycle

Boring canned cycle

Reaming with measuring stop canned cycle

Boring with spindie stop canned cycle

Boring with intermediale stop canned cycle

G81 - GBS for cylindrical grinding applications.

G81

§328838838888¢8¢8

Constant lool circumference velocity "on” (grinding wheel)
Foed in mm / min (or inch / min)

Feed per revolution (mm / rev or inch / rev)
Constant cutting speed “on”
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Appendix: G codes simple definition page 3

End of program

Spindie clockwise

Spindle counterclockwise

Spindie slop

Tool change (see Note below)

Spindle orientation

Start oscilation (configured by G35)

End oscillation

End of program
Automalic spindle gear range selection
Spindie gear lransmission step 1

Spindle gear transmission step 2

Spindle gear transmission step 3

Spindle gear ransmission step 4

Spindle gear Iransmission step 5

M46  Spindle gear lransmission step 6

M70  Spline definition, beginning and end curve 0
M71  Spline definition, beginning tangential, end curve 0
M72  Spline definition, beginning curve 0, end tangential
M73
M80

EEEEESESRBRERE

5§

Spline definition, beginning and end tangential
Delete rest of distance using probe function, from axis measuring input
M&1  Drive On application block (resynchronize axis position via PLC signal during
the block)
M101-M108 Turn off fast output byte bit 1 (to 8)
M109  Turn off all (8) bils in the fast output byte
M111-M118 Turn on fast output byte bit 1 (to 8)
M121-M128 Pulsate (on/off) fast output byte bit 1 (1o 8)
M140 Distance regulation “on” (configured by G265)
M141  Distance regulation “off”
M150 Delete rest of distance using probe function, for a probe input (one of 186,
M151-M168)
M151-M158 Digital input byte 1 bit 1 (to bit 8) is the active probe input
Mi158 PLC cannot define the bit mask for the probe inputs
M160 PLC can define the bit mask for the probe inputs (up to 16)
M161-M168 Digital input byte 2 bit 1 (to bit 8) is the active probe input
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Appendix: G codes of linear path only page 2

G X0.00 .oov:im—o.onﬂ e ?oJ'.-q {w. cwroer M“T‘“:‘“

Gl Xieo. ¥
G) xise. 07 Cre0. 0199
G1 Y4.0)

X149 909

ao 23

X2.942% YI6.0408
¥-1.7972

. Yib. 1=AC (4,.4510) J=AC(25.055%5%) M
3 X2.6504 Y26.T50T I=AC(A4,491)) J=AC(25.08%%)

X1.9904 Y21.270)
X140.009%
ao 25
Xx1.9906
i-1.5
Gl %+6.5
X1.9011 ¥y
X140,00%%
Gh x5
AXY. 0008 ¥25.2TN)
1.0
a1 ¥-6.8
X1.0016 Y2 .27 o
X140.00%4
ao
X1.991) yaeaamm
-1.5
ax i-6.9
X1.9921 ¥iz.2am
X140.0094
GO 25

X1.9918 ¥15.277) ( glc_,u‘

&-1.5

G &-6.5

X1.9025 ¥1.27M)

X140.0004

Gb 28

X1.9922 Y10.270)

1.5

G -6.%

X1.99) ¥2.29m

X150.009)

X150,009% Y29.5%62%

X0 ¥29.99%0

X=0,0096 ¥Y29.556%

x~0,0097 Yo.0101

€3 %0.0051 Y-0.0087 CRe0.0206
Gl X149.9942 ¥-0.0080

GF X150.009) YO.006) Cwed 0200
Gl y2.270)
X349,9093
G 2%

X2,0067 ¥19.03

2+4.7072

. . BT
GIT GY X2.0372 viv.2
A X027 VIR
X2.0104 Y19.120)
X1.9900 v19.12%2
Xi40.0094
[ 4
X1.5909
4.5
al -9.5
x1.9015 Yla.1242
Xi48.009¢
[~ A
xi. 991 Y1v.1262
4.5
Gl 2+9.5
xi.902) ¥9.1242
X148.0004
o s
X007 Y12.1262
4.9
Gl 2+9.%
XL.9927 Ya12M2
X190.009)
X130.009% ¥2).241
X0 ¥23.250)

1=AC (4. 4914) J-AC (18, T54T) TURNe2 \
P AWAC(4.4914) J=AC(I8.T547)
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Appendix: G codes of linear path only page 3

x=0.0096 ¥2).2%
x=0.0097 y0,0101
G) X0.0051 ¥-0,0084 Cne0 0206

G X149,9942 ¥-0,0084

G X150,0093 ¥0.004) Cwed. 0208 l
Gl ye02Mm
X149.909)

@ 38

X2.0143 Y1),%42
E~7.7972

- Tie, =AC(4.4010) JeAC(1),6299) m-zw
7 3 X2.0083 Y14 WAC(4.4916) JOAC(LY 62990
ol XTI

X1.991 Y14.0624

X148.0094

G0 25

X199

2-7.5

Gl 2-12.5

%x1,9918 ¥9.0404
- X148,0094
G0 33
X1.991) Y12.0404
-7.5
Gl 2-12.%
X1,.9926 ¥4.0644
X150.0093
X150.0054 ¥13.13%4
X0 ¥18.1302
X=0.009¢ yla.13}
Xx=0.0097 y0.010%
G3 X0.00S) ¥-0.0086 Cr=0.0206
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Appendix: G codes of optimized method 1 page 2

X0 ¥2).255)
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X+0.0097 ¥0.0101

G) X0.0081 Y-0.0006
GI X349.9942 Y-0.0008
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%+0.00% ¥0.0101
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.0
* 1200
X-0.0007 12,2408
vo.0101
G) X0.0081 ¥+0.0086
Gl X14D. 42 1-0.0008
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G) X158 TI.00) MM
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sgue
o% B

;
SRV

76 ¥1.723%

ST

T6.4339 FIIN.m
L6019 Y6408 NI

¥ HEY

>

¥1.4008 F1)6.91

e
BN

76 Y1.1874

Firez.

¥S.9157 F1236. 9
+6019 YS. 8546 M782. 4

foEggunege

1

8546 F1326.90

ngoEe

Pow
Bt
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Y. nen
L6019 Y5058 N4

"

Y
5 S¥N

10.338) Fi)é.M

o ]
11
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X150 Y4.007 nie.m
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guagongeyLpaEgsynge

X-3 Y-0.7141 F12)6.M
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X155.2425 ¥-0.9589
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C3 x-5 ¥-1,2336 N1336.9
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X155.249 v-1.450¢

G -5 LS

G X359 Y2.297 FIOM.M

Gl X3459.6019% Y2.2672 12N

8
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x-S ¥-1.7228 F1336.91
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X1S5,2¢47 Y-1,.9468

€1 2-2S F1782.54

€3 X150 Y2,7958 riié.sl

Gl X149,.6019 ¥2.7758 nME2.%4

S ¥-2.2242 nIYM.MN
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>

- uaﬂ
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goyeoargtn

B
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i
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Appendix: Simulation data of five methods
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v - .:: l
=
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0 00 PP
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n— |
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== =7 Result of 3D crash case
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o = Vs
mr  me an .
pd == Result of linear+3D case
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~ J;‘li -
0 100.20% |
008 00 FPW
v . : x
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e == Result of optimized linear case
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