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Abstract Five-axis machining is more widely used in
manufacturing of freeform surfaces. However, in five-axis
machining of freeform surfaces, incomplete information
exchange between computer numerical control (CNC) and
computer-aided design/computer-aided manufacturing
(CAM) results in many limitations need to be rectified. In
the paper, a new structure of CNC based on STEP-NC
standard is proposed, where tool path planning, tool offset,
and inverse kinematics are transferred from CAM to CNC.
In order to guarantee good openness, open platform and
standard interface are applied in the development. Technol-
ogy of module collaboration and design of data flow are
studied. A five-axis real-time interpolator for non-uniform
rational B-spline surfaces machining is realized. Based on
these technologies, a five-axis CNC is developed in the
manner of software realization, which consists of interpreter,
task coordinator, axis group, softPLC, etc. The software
CNC system has been applied on a tilt-rotary type five-
axis machine tool, where the milling experiment has been
performed successfully.

Keywords Five axis - STEP-NC - Real-time interpolator -
Free-form surface
1 Introduction

In recent decades, five-axis machining is more widely used in
the manufacturing of freeform surfaces to replace three-axis
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machining due to its benefits on high machining efficiency
and fine surface finish. Generally, a typical procedure for five-
axis machining freeform surfaces includes three parts. Model-
ing of surface is done in computer-aided design (CAD), while
path planning, tool offset, and postprocessor are done in
computer-aided manufacturing (CAM), real-time interpola-
tion in computer numerical control (CNC) systems [1-3].

Due to the broad range and high complexity of technology
concerned about five-axis machining of freeform surfaces, in
the paper, the main research efforts in the field of interpolation
technology and numerical control (NC) programming inter-
face standard are selected to analyze as follows.

1.1 Research on interpolation technology

Conventional CNC machine tools generally provide only
functions for linear and circular interpolations. During the
machining of freeform surfaces, surfaces have to be approx-
imated offline forming series of piecewise line in the CAM
system using allowable tolerance assigned by customers.
This approximation results in unavoidable errors between
the desired paths and the commanded paths.

To overcome these problems, a variety of spline interpo-
lators have been investigated worldwide since the 1980s [4,
5]. Among them, many achievements in non-uniform ratio-
nal B-spline (NURBS) curve interpolation have been
obtained [6, 7]. Zhang and Greenway developed a Taylor’s
first-order expansion algorithm [8]. Cheng proposed a
Taylor’s second-order expansion algorithm [9]. Park real-
ized a two-stage interpolator [10]. Authors also focus the
research on the NURBS curve interpolator and proposed a
NURBS curve interpolator for adaptive feed speed [11].

Although NURBS curve interpolators have been shown to
be effective, there are some problems to be solved. The method
of the decomposition of a surface into curves leads to the
information loss of normal vectors of cutter contact (CC)
points on surface to be machined and tangent vectors of cutting
path. Due to information loss, 3D cutter compensation cannot
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be realized online in CNC. In addition, due to dividing of the
functions of path planning, cutter offset and real-time interpo-
lation into two parts, i.e., CAM and CNC, when size of tool
changes, even very little, programmer has to return to generate
anew part program in CAM, then passes the modified program
to CNC again to machine work. It can be seen that this way
results in productivity reduction.

To solve these problems, the attempt at the surface in-
terpolators has started since the 1990s in the last century, but
most of work is not related to the NURBBS surface in-
terpolators. Cheng Chung-Wei proposed a NURBS surface
interpolator, which focused on three-axis machining [12].

1.2 The research on NC programming interface

In order to avoid information loss on exchanges between
CAD/CAM and CNC, Canadian Professor Altintas devel-
oped a system integrated CAD information to machine
freeform surface [13]; Professor Jeard of New Hampshire
University in the USA studied Numerical Control Marked
Language language to replace G code (ISO 6983) [14].
Although these methods proved effective in some aspect,
they still had limitations on acceptance and perfection.

In the 1990s, under the joint efforts worldwide, STEP-
NC interface was released as ISO standard, which aims at
replacing ISO 6983 (G Code). Its benefits have been
addressed by numerous researchers in literatures [15—17].

STEP-NC supports the description of machining freeform
curves and surfaces, where surfaces and curves are described in
the form of NURBS. However, as claimed above, currently
most commercial CNC systems have not provided interpola-
tion of NURBS surface. In the field of machining surfaces
based on STEP-NC, STEP manufacturing group led by Pro-
fessor Martin is a very active international research team. In the
demonstrations of their outcome, machined work parts with
surfaces were generally selected [18]. In the method, in order
to research online cutter compensation, cutter location (CL)
data independent on machine configuration were included in
NC part program written in STEP-NC. However, the approach
is only suitable for little worn cutter compensation. Although
geometric information of surface and the orientation of cutter
axis are available in NC program, CC data corresponding to
CL data are not available, where the method is difficult to
calculate compensation vector. And path intervals also need to
modify, especially in the case of tool changing and tool size
varying. Finally, it cannot be avoided that path planning would
be done again for reprogramming in CAM. Similarly, this way
has not made full use of the benefits of STEP-NC, so it is only
a temporary compromised approach. It should be noted that
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STEP-NC standard are in the initial stage of research and
application, so the efforts on five-axis real-time interpolation
for NURBS surfaces machining are still relatively less.

1.3 The proposed method in the paper

Just as discussed above, the dividing of manufacturing
system into several parts, such as CAD, CAM, and CNC,
etc., has lead to the difficulty in instantaneous and complete
information exchange among these systems. Authors think
the weak computational power of computers at that time is
one of the main reasons. With the advance of computer
technology and the progress of CNC technology, CNC can
access to data of all manufacturing resources at factory floor
especially after using new programming interface standard
STEP-NC so that many tasks that are performed currently in
CAM would be done real-time in CNC in the future.

Authors believe that CAD, CAM, and CNC should be
taken as an integral part to be considered instead of individ-
uals in the research of five-axis NURBS surfaces machin-
ing. So, firstly a new structure of CNC system has been
proposed (see Fig. 1) in the paper, where path planning, tool
offset and inverse kinematics are transferred from CAM to
CNC, and STEP-NC are used as the programming interface
for five-axis machining of NURBS surface. Secondly, five-
axis interpolation of NURBS surface based on STEP-NC
has been studied. Thirdly, one open five-axis CNC system
has been developed. Finally, the milling experiment has
been performed.

2 Five-axis real-time interpolator for NURBS surfaces
based on STEP-NC

There are no instructions to define NURBS surfaces
interpolation in G Code, researchers have to define and
use proprietary instruction format in the past. When new
CNC adopts STEP-NC as part program interface, the
standard instruction format in STEP-NC should be pro-
vided to ensure complete information be transmitted to
CNC, including geometric information of work part and
technological data.

2.1 Description of NURBS surfaces and technological data
in STEP-NC standard

A freeform surface in 3D space can be expressed as:

S(u,v) = x(u,v) 7+y(u,v) 7+z(u,v) ?u,ve [0,1] (1)
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The corresponding NURBS surface can be expressed as:
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According to the mathematical definitions, it can be
seen that a NURBS surface can be determined by four
kinds of parameters: the order of basic functions, con-
trol points, knot vectors, and weights.

Referring to the definition of B-spline surface in
part 10 of ISO14649, it can been seen that some
derived class from B-spline surface are also defined,
including rational B-spline surface, uniform surface,
quasi-uniform surface, Bezier surface, and B-spline
surface with knots. But the defining each of these
surfaces is not totally equivalent to the above mathe-
matical definition of NURBS surface. It can be found
that B-spline surface with knots includes three kinds of
parameters: control points, knot vectors and the order
of basic functions; rational B-spline surface includes
the order of basic functions, knot vectors and weights;
and their relationship is ANDOR. So referring to the
definition of ANDOR and rules about how to name a
new entity, using rational B-spline surface and B-spline
surface with knots, authors derive a new entity—
b_spline_surface_with_knots _and rational b_spline_
surface. Its main attributes are represented clearly in
Fig. 2, which shows that the entity of NURBS surface
inherits the attributes of parents and the corresponding
rules, including the order of basic functions, control
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points, knot vectors, and weights. The new entity is
defined in EXPRESS language as follows:

ENTITY

b_spline_surface_with_knots_and_rational_b_spline_surface
SUPERTYPE OF (b_spline_surface_with_knots, rational_b_spline_surface);

END_ENTITY;

Except geometric information, technological information
is also defined in STEP-NC. For milling of a freeform
surface, the technological requirements are defined in entity
freeform_operation, including cutting tool, feed, approach
and retract strategy, chordal tolerance, scallop height, etc.
Some parameters related to five-axis machining such as
inclined angle, tilted angle may also be specified by the
entity freeform_operation.

Thus, according to STEP-NC standard, an NC program for
machining surfaces may use the entity b _spline surface
with knots_and rational b_spline surface to exactly de-
scribe the shape of part with NURBS surface, and use the
entity freeform_operation to specify technological data. Con-
sequently, both modeling information from CAD and techno-
logical information created in CAM may be inputted to a
STEP-NC controller system.

2.2 Five-axis interpolator

The proposed interpolator for machining of NURBS sur-
faces is suitable for flat-bottom mills, which may obtain
better machining quality and higher machining efficiency
compared to ball-end mills. The interpolator must calculate
real-time the position increments of five-axis in the set
interpolation period, where the three main items should be
included: (a) tool path planning based on isoparametric
method, (b) calculation of cutter location point and

b_spline_surface_with_knots_and_

rational_b_spline_surface

b_spline_surface_with_knots rational_b_spline_surface

QO
weights_date L[2:?] L[2:7]

ooy ——

u_knots L[2:7]

b_spline_surface

\—- Integer
u_degree

]
v_degree
(s o
control_point_list L[2:?] L[2:?]

Fig. 2 The simplified EXPRESS-G for NURBS surface entity
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orientation based on constant feed rate, and (c) inverse
kinematics transformation independent of machine
configuration.

2.2.1 Tool path planning

Path planning based on isoparameter is to decompose a
NURBS surface into a group of isoparametric curves (CC
paths), shown in Fig. 3, where parameter u or v keep
constant on each curve. The increments of parameter u or
v between a pair of adjacent curves should meet requirement
that the maximum scallop height must be controlled within
an allowable value. In the paper, we suppose first milling in
u direction then milling in v direction. A cutter feeds along
these curves to complete the milling the whole surface.

During the interpolation for the cth path S(u, v.), the
value of parameter increment Av,; between the two corre-
sponding points in the current path and the following CC
path can be calculated from

Avey = Al / ((7 X ?)Sv(uk, vc)) (5)

Where 7 and 7 are the surface unit tangent and the
normal vectors respectively, at the interpolated point S(uy,
v.), and A/ is the incremental length of the CC path interval
which is based on the allowable scallop height 7, the cutter
radius r, and the radius of curvature along path interval R,.

During the interpolation of CC paths, using Eq. (5)
obtains the corresponding Av,, on all of the interpolated
points; choosing the minimum value of all Av.; as the

path interval —,

Fig. 3 Tool path planning and interpolation for NURBS surface
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parameter increment to calculate the following CC path, it is
also v-direction increment to determine the path interval.

2.2.2 Calculation of cutter location point and orientation
based on constant feed rate

This job can be finished in following two steps: one is to
calculate the coordinates of CC points, another is calculation
of tool offset.

Calculation of CC points: Because the isoparametric
approach is adopted, where the value of parameter v is fixed
along one tool path and only the value of parameter u varies,
the calculation of CC points is virtually converted to the
interpolation of NURBS surfaces.

Supposed that cutter moves at the speed V. along
the cth isoparametric tool path S(u, v.) on the NURBS
surface S(u, v), V.. can be expressed as

ds(u,v.)

Vee = H dt

(6)

Supposed interpolation period is 7, the relationship
between the value of u; at the current interpolation time
t,=kT and the value of u;., at the following interpolation time
tir1=(k+1)T can be expressed as

TVee + (Tz/z)(chc/dl‘)
VEP+ 07+ @)
(TVcc)z (X/XN +y/yN + Z/ZN)
B 2 2 2 2 (7)
2(W)+ )+ @)

Upy1 = U +

Substituting the resultant (1., v.) into Eq. (1), CC point
can be obtained.

Tool offset: In order to machine parts, the data of CC point
must be converted to the CL data. The CC data includes
cutter’s position vector C and the inclination angle A and
tilted angle w; while CL data includes the cutter’s center
position vector P and orientation, also referred to as tool
axis orientation vector O. The conversion procedure is
called tool offset. Through geometry transformation, CL
data are calculated:

- — . - .
P = CC+r(ff coshcos @ + n sink— b cosX51nw)

(8)

- . — - . .
O = f sinhcosw + 7 cosh+ b sinAsinw 9)

Where 9? is the coordinate of CC point, 7 is @)e radius of
the cutter, f is the unit vector in feed direction, b is the unit
vector in direction of tool pass interval.

2.2.3 Inverse kinematics transformation independent
of machine configuration

Through the above calculations, CL data for five-axis machin-
ing has been obtained, which consists of a set of tool center
position vector P and tool axis orientation vector O. In order to
control the motion of machine tool, CL data in the coordinate
system of workpiece must be transformed to the coordinates
of every axis in the machine coordinate system through in-
verse kinematics transformation, which is dependent on spe-
cific configuration of machine tool. Here, the tilt-rotary
table type five-axis milling machine is discussed. The
two rotational coordinates axes refer to 4 and C, which are
realized by worktable. Transformation equation is following:

X cos(C) —sin(C) 0 wpx + my | | px

Y| | cos(4)sin(C) cos(4)cos(C) —sin(4d) wp,+m, | |py

Z | | sin(4)sin(C) sin(4)cos(C) cos(C)  wp.+m; | |p:

1 0 0 0 1 1
(10)

/02 + O?
A=—cos | L T

1/0)%—0—0)2;-1-03 (11)

(0)
= tan~' [ =
C = tan <Oy)

The workpiece offset vector, wp, is the position of the
workpiece coordinate system relative to the tilt-rotary table
coordinate systems. The machine offset vector, m, is the
position of the workpiece coordinate system to the machine
coordinate system. The parameters (X, ¥, Z, 4, C) are instruc-
tion values for the stages of a five-axis milling machine.

3 Development of a software STEP-NC controller
3.1 State of the art on STEP-NC controllers

Since the establishment of STEP-NC model of data, lots of
research works have been carried out on the design and
implementation of STEP-NC controller [16]. According to
reference [19], the controller is classified into three types.
In the first type of STEP-NC controller, an interpreter of
STEP-NC program is developed, and conventional control-
ler can be used without modification. The first prototype
was developed by European STEP-NC project, which
designed a converter from STEP-NC files to G&M instruc-
tions added to the front-end of SIEMENS 840D controller.
STEP Tools developed software tools as plug-ins to imple-
ment STEP-NC machining on industrial CNC machine
tools. The National Institute of Standards and Technology
(NIST) in the USA built two STEP-NC interpreters for
milling operations: one using ISO 14649, the other using
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AP 238 of ISO 10303, where STEP-NC program was
interpreted to generate specific machine instructions [20].
Similar solution can be found in reference [21].

The second type of the STEP-NC controller can provide
the function of tool path generation and realize machining
based on manufacturing features. At POSTECH, the team led
by Professor Suh developed an open platform called Korea
STEP-NC, which included floor shop programming system,
tool path generator, tool path viewer, man—machine—interface
module and CNC kernel [22]. They had made efforts on
turning application based on STEP-NC [23, 24]. At the Uni-
versity of Auckland, Xu et al. developed a STEP-NC control-
ler with hierarchical architecture using function block [25]. A
prototype system for turning application was also developed,
which consists of three levels: input level, NC level, and signal
level [26]. At IRCCyN in France, the platform, called SPAIM,
which controls current industrial CNC machine tools directly
from STEP-NC file was presented [27]. It includes HMI, tool
paths generation module, CAD reconstruction module, simu-
lation module, programming module, etc.

The third type of the STEP-NC controller is expected to
be the intelligent, autonomous CNC controller. The ideas
and methods on real-time monitoring and diagnosis, self-
learning decision, adaptive optimization, close-loop ma-
chining based on STEP-NC have been proposed and expe-
rienced in the laboratories [28—30]. In the Foundation for the
Factory of the Future (FoFdation) project funded by Euro-
pean Commission, a generalized, adaptive Smart
Manufacturing Controller architecture is proposed, which
satisfies both commercial and open source CNC controller.
The use cases demonstrate optimization by simulation and
in-situ quality and process monitoring. The FoFdation pro-
ject is ongoing and its ultimate goal is higher productivity
and quality with lower impact to the environment [31].

STEP-NC data model provides an effective data exchange
mechanism between design systems and manufacturing
systems. However, the progress on developing the true intel-
ligent, autonomous STEP-NC controller is still slow, and
more efforts need to be made.

3.2 Development platform and system structure

To develop a five-axis software CNC system for machining
surfaces is the goal of the paper, i.e., the manner of software

Table 1 System platform and interface of STEP-NC controller

realization is applied. In the development, system platform
and interface used are showed in Table 1 to follow the
openness rule.

The structure of the STEP-NC controller is shown in
Fig. 4. First, windows and RTX are adopted as software
development platform. The main reason is that they fulfill
the two requirements for openness and real-time.

STEP-NC is chosen as NC programming interface, which
ensures geometric information and technologic information
to be input to CNC entirely. Based on previous discussion,
CNC system would become more intelligent. Naturally,
much more tasks need to be developed.

In addition to the adoption of STEP-NC as NC
programming interface, SERCOS protocol as an inter-
national standard interface also be used to exchange
data between the CNC system and servo system, [/O
devices. In the project, SERCOS communication is
completed through SoftSERCANS card that is installed
in PC. SoftSERCANS card is the product from
Indramat. SoftSERCANS provides API in the manner
of Dynamically Linked Library (DLL) to realize
SERCOS communication. Using the API, program for
data communication can be complied easily, for exam-
ple, cyclic transmission of command values and feed-
back values. This manner is fully accord with the style
of the project, software realization, which increases
openness of CNC.

Based on above platform and standard communica-
tion interface, a five-axis CNC has been developed,
which consists of a set of software modules. Both
motion control and PLC control functions are included
in the software CNC. The software modules are classi-
fied into real-time modules and non-real-time modules.
HMI and STEP-NC Interpreter are COM components
and run under Windows environment, Task Coordinator
module, Axis Group module, and SoftPLC module are
DLLs and run under RTX environment. The information
exchange between real-time task and non-real-time task
can be done by using shared memory. The function of
main modules follows:

STEP-NC Interpreter interprets a part program into a
series of structure data which include geometric param-
eters, coordinates, machining strategies, tool data, ma-
chine function, etc.

Platform API

Hardware Operating system

Communication interface

NC programming interface ~ Servo system and I/O

PC+communication card
(Indramat SoftSERCANS card)

Windows+RTX (Real-Time
eXtension for Windows)

Referencing OMAC
partly [34]

STEP-NC SERCOS
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HMI

|Task CoordinatoH Interpreterl

[AxisGroup| | Soft PLC

WindowsAPI+ Realtime API

Windows + RTX

PC + Soft SERCANS board

Fig. 4 The structure of the STEP-NC controller

SERCOS

< Servo system
<

Task Coordinator module gets interpretations through
shared memory and finishes cutting path planning and plan-
ning for machine device turning on/off; Execution Step unit
of two types can be obtained by planning, one of which is
related to interpolation, another of which is related to dis-
crete logic control. Task Coordinator in the system mainly
serves as the center of management, which is responsible for
coordination of all modules, switch of operation modes, and
loading, startup, monitoring, shutdown, and unloading of
real-time modules, etc.

Axis Group Module is responsible for real-time interpolation.

SoftPLC module is responsible for reading and writing
status of I/O devices periodically, and logic calculation.

In addition, SERCOS communication object based upon
SoftSERCANS technology is a component placed in Task
Coordinator, which provides a SERCOS standard interface
to exchange data between CNC, servo system, and 1/O
devices.

Fig. 5 Collaboration of

3.3 Module collaboration and design of data flow

Modularity is the key features in the system. The coordina-
tion of modules, interoperation among modules and the
design of data flow are all the major issues need to be solved
in the development of system [32]. Figure 5 is used to
explain in the STEP-NC controller how one STEP-NC
program for NURBS surface machining is dealt with, mod-
ules collaborate, and data flow is transferred in auto mode.

In step 1, the Interpreter module translates a STEP-
NC part program into a series of structure data—execut-
ables including all of geometric and technological infor-
mation, where the contents correspond to the definition
of entity working step and entity nc_function in ISO
14649 [33].

In step 2, Task Coordinator uses getExecutables() to
retrieve all of interpretation results. In the system, the Task
Coordinator module running in RTX and the Interpreter
executing in Windows exchange data using share memory,
and keep synchronization using interprocess communication
object such as mutex, semaphore, etc.

In step 3, after Task Coordinator deals with the interpreta-
tion by calling the method generatingTask() to complete cut-
ting path planning and discrete logic task planning,
executables are converted into a series of Execution Step
Units which are of nested finite state machine data and can
be classified different types according to the difference of its
content. Execution Step Unit is of embedded finite state
machine, which mainly contains task units of two types,
MachiningworkStep unit (for example, CNurbsSurfSegement
which is embedded in CNurbsSurfExecuteStep ) related to

modules in CNC
STERNCPart Program

(1) translate()

Windows

#7= PROPERTY_PARAMETER('E=200000N/M2");
#8= SETUP('SETUPI1' #171,#162,(#9));
#9= WORKPIECE_SETUP(#4.#174,$,%,0):

#10= MACHINING_WORKINGSTEP('WS FINISH
NURBS SURFACEI' #162,(#18),#20.%);
#18=NURBS('Nurbssurfacel', #4, (#20), #21, 3, 3, ...
((#50,#51 #52 #53 #54 #55 #56 #57 #58),

STEP-NC Interpreter

Task
Coordinator

(4) update()

_%
3). Execution l
gc:,;lerliltl(r)lg Step
asks
]
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(2) getExecutables()
/

Shared Memory (8)setNexlDiscrelTask()/\\\
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SoftPLC
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Task b (10) updateCommand
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ExecutionStep MachiningWorkStep

(e.g., CNurbsSurfExecutionStep)

(e.g., CNurbsSurfSegment)

Task Coordinator——o|
—blt—Execution Step —Dl

@ the embedded
init MachiningWorkStep
Initialization( s passed m_ .
AxisGroupmotion ninitialize:
Initialized queue ___init prepare for
run Initialization(), interpolation
runningAction()
A check the @alized o
: state of H
@/R\l_l;@vlachining run E
a0~ 0 WorkStep  runningAction() &)
O 2 do ]
»6\%?‘ int lation "
o™ interpo
© calculation <

N
& P&( o
S
Done o

Fig. 6 Execution procedure of the nested task units in CNC

interpolation and DiscreteLogicTask unit ( for example,
CCoolantTurnOn ) related to discrete logical control.

In step 4, Task Coordinator triggers execution of Execute
Step Units’ finite state machine. Step 4 may be repeated
several times as in the case where the Execution Step may
have to synchronize with lower level modules (e.g., such as
waiting until the current NURBS surface interpolation have
first completed).

In step 5, Execution Step unit in active state appends the
embedded machiningWorkStep to motion queue in Axis
Group module using the method setNextMotionSegment().
Once the MachiningWorkStep unit is loaded onto the Aixs
Group queue, it waits for activation.

Fig. 7 Five-axis machine tool
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#10= MACHINING_WORKINGSTEP('WS FINISH NURBS
SURFACEL1'#162,(#18).#20.$);
machining _#]8=b_spline_surface_with_knots_and_rational_b_spline_surface

feature | (‘Nurbssurfacel’, #4, (#20), #21, 3, 3; the order of
basis functions

((#50,...#58), ...,(#122...,#130));
UNSPECIFIED., ., F., Uo(4, 1 1 1, 1 T, - ( thelst of control points|
(0,0.1,0.3,0.4, 0.5, 0.6, 1.0),(0,0.1,0.3,0.4, 0.5, 0,6,1.0),\
.UNSPECIFIED., knotvecon)
(L, L L L L,
technologic _#20= ($, #33, 'NURBS Mach',
requirement | 160.000, $, #25, #28, #30, $, $, $, #35);
#21= AXIS2_PLACEMENT_3D('NURBS Surf1'#22 #23 #24);
#22= CARTESIAN_POINT('NURBS Surf:Location',
(0.000,0.000, 0.000));
#23= DIRECTION(" AXIS ',(0.000,0.000,1.000));
#24= DIRECTION(' REF_DIRECTION',(1.000,0.000,0.000));
#25=MILLING_CUTTING_TOOL ('Mill 1', #26, (#45), $, $, $);
#26=BULLNOSE_ENDMILL (#27, $, $, $, $); flat-bottom cutter
#27=TOOL_DIMENSION (8.0, 0,0, $.0.0. 40 g jrate(misec)
#28=MILLING_TECHNOLOGY (0.005, .TCP., $,
166.667, $. F.. F.. .F..$). spindle speed (I/sec)
#30=MILLING_MACHINE_FUNCTIONS (.F., $.$, .F., $,
0,.T.8,$, 0); _inclined angle = — tilted angle
#33=FIVE_AXES_CONST_TILT_YAW(8, 0);
#35=UV75TRATEGY(.zigzag4, .climb., #37, $, #39, #40); path mode
#37=TOLERANCES(0.100, 0.1!!!);
. chordaltolerance scallop height
#50=CARTESIAN_POINT('1 1‘,(0.0000,0.()()00,10.000Q%{he coordinates of
000));

weights

. control points
#130=CARTESIAN_POINT(' 9 9',(120.000, 80.000, 10.

Fig. 8 The part program for five-axis machining of a NURBS surface

In step 6, once activation, machiningWorkStep’s update()
method runs periodically in every interpolation cycle. At the
same time, the finite state machine of outer level Execution
Step unit is running in Task Coordinator to monitor the
execution of the machiningWorkStep, until interpolation of
the machiningWorkStep is completed, converted to Done
state. The Next Execution Step enters into active state,
repeating steps 4 or 7.

In step 7, Axis Group sends position commands to
SERCOS Communication Object which is responsible of
bi-direction data exchange between CNC and servo system
by calling the method updateCommand AndStatus().

From step 8 to step 10, the work similar to steps 4 to 7 is
done. In Task Coordinator, DiscreteLogicTasks which are
embedded in Execution Step in order are passed to SoftPLC
module. Once DiscreteLogicTask active, the update() meth-
od runs automatically in every PLC cycle. At the same time,
its outer level Execution Step also executes to poll
the DiscreteLogicTask’s state, until DiscreteLogicTask
converts to Done state. SoftPLC update output devices’
status by SERCOS communication object. Similarly, the
Next Execution Step enters into active state, repeating
steps 4 or 8.

Figure 6 shows the state transition of MachiningWorkStep
and the change in management object of MachiningWorkStep
when it is transferred and executed. First, nested Execution
Step units are created in Task Coordinator. Task Coordinator
activate finite state machine of outer level Execution Step,
using Execution Step’s method update() to pass the embedded
MachiningWorkStep to Axis Group motion queue and to make
the MachiningWorkStep entering to running state. In the
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Fig. 9 The machined work
part; a the machined work part
with NURBS surface, b the
geometric shape of the
corresponding surface

The machined workpart with NURBS surface

above process, embedded MachiningWorkStep state
doesn’t change. Then, Axis Group module calls the
MachiningWorkStep’s method update(), where the
MachiningWorkStep finite state machine handles with
the event in it and the event run orderly to activate
interpolation calculation until MachiningWorkStep enters
into the state Done. At the same time, outer level
Execution Step in Task Coordinator still keeps in state
running, and periodically polls whether the embedded
MachiningWorkStep has been completed. Once complet-
ed, Axis Group deletes the MachiningWorkStep from
motion queue; at the same time, Task Coordinator
makes the next Execution Step into the active state.
On the two sides in Fig. 6, the corresponding manage-
ment objects of Execution Step and MachiningWorkStep
are showed at different time.

From the above example, it shows that, using the design
of Execution Step with nested structure, Task Coordinator
not only ensure NC data is exchanged orderly and accurate-
ly, but also coordinate and monitor the lower level modules
to realize the expected functions.

4 The five-axis milling experiment

The five-axis software STEP-NC controller has been devel-
oped and executed on a five-axis machine tool with tilt—
rotary table, as shown in Fig. 7.

In the machine tool, the milling of one workpart with
NURBS surface has been performed. The surface has
the shape of saddle, and is modeled by 9x9 control
points. The milling experiment was carried out under
the following condition: spindle speed, 1,000 r/min;
feed rate, 300 mm/min; flat-bottom cutter with radius,
4 mm; inclined angle, 8°; tilted angle, 0°; scallop
height, 0.1 mm. These geometric information and tech-
nological information are entirely included in a part
program written in STEP-NC. A part of the part pro-
gram is shown in Fig. 8. The machined work part and
the shape of the corresponding NURBS surface are
shown in Fig. 9.

The geometric shape of the coresponding surface

The following conclusions have been drawn through the
experiment.

The structure of STEP-NC controller is well designed,
the expected functions have been completed, the coordi-
nation among modules is good, the data exchange is
accurate.

The proposed method for five-axis machining of
NURBS surface based on STEP-NC proved accurate
and valid, which overcomes the limitations in conven-
tional method.

The STEP-NC controller has capability of cutting path
planning and generation, and meeting requirement on real-
time. Currently, the interpolation cycle time is set 2 ms. In
the milling experiment, the real longest time of interpolation
calculation is 0.138 ms (approximately accounting for
6.9 %).

5 Conclusions

The open system platform and the standard interfaces have
been adopted to develop the STEP-NC controller, which
improve the openness of controller. To realize of the ma-
chining freeform surfaces, the description of NURBS sur-
face in STEP-NC standard is investigated. A five-axis
STEP-NC prototype system with a series of software has
been built, where the functions of path planning, CC calcu-
lation, tool offset and inverse kinematics transformation are
transferred from CAM to controller. Milling experiment has
been performed. Experimental results prove the proposed
method valid.

The work provides an effective, new method in the
machining freeform surfaces, and demonstrates the potential
of STEP-NC data model on the machining of freeform
surfaces.
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