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Abstract In order to reduce high chord errors and improve
poor flexibility of interpolation, a novel approach for non-
uniform rational B-spline (NURBS) interpolation through
the integration of an acc-jerk-continuous-based control
method and look-ahead algorithm is proposed. At first,
the principles of NURBS curve interpolation and imple-
mentation are described. Then, modules of the proposed
algorithm, including the feed rate planning and acc-jerk-
continuous modules, are established. In the feed rate plan-
ning module, sharp corners are detected and the curve is
split into some NURBS blocks according to sharp corners.
The knot parameter and restrict feed rate at the sharp cor-
ners are obtained as well as the length of each block is
calculated. In the acc-jerk-continuous control module, in-
formation including the knot parameter, arc length, and
start and end feed rates are handled to plan an acc-jerk-
continuous trajectory. Finally, simulation with one free-
form NURBS curve is conducted and comparison with
the S-shaped scheduling algorithm is carried out to verify
the feasibility and applicability of the proposed algorithm.
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1 Introduction

Computer numerical control (CNC) machining has become
an important part in modern manufacturing fields with
growing demands of high-accuracy and high-efficiency
machining. Complex machined with conventional linear
and circular interpolation will bring such a problem. The
curve of parts needs to be discretized into a large number
of small line segments; the more small line segments gen-
erate, the larger the transmission data will be. Since the
non-uniform rational B-spline (NURBS) curve has lots of
advantages in designing complicated shapes compared
with conventional linear and circular interpolation, its in-
terpolation methods have been developed in computer-
aided design/computer-aided manufacturing (CAD/CAM)
applications [1, 2].

Although many methods connected with NURBS interpo-
lation have been proposed to obtain efficient and accurate
machining, most of them have some common disadvantages
such as high chord errors and poor flexibility. To the best of
our knowledge, the problems of NURBS interpolation for
CNC machines have almost not been dealt with. Based on
our past researches on NURBS interpolation algorithms, this
paper tries to tackle these problems.

Bearing the above observations in mind, a novel ap-
proach for NURBS interpolation through the integration
of an acc-jerk-continuous-based control method and look-
ahead (IAL) algorithm is applied. The rest of this paper is
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organized as follows. In Section 2, some related works are
outlined based on the literature. The principles of NURBS
curve interpolation and implementation are presented in
Section 3. In Section 4, the integrated approach is pro-
posed. In Section 5, simulations with one free-form
NURBS curve is conducted to verify the feasibility and
applicability of the proposed method. Our conclusions
and future works are summarized in Section 6.

2 Literature review

Recent publications relevant to this paper are mainly con-
cerned with two research streams: the look-ahead algorithm
and the acceleration/deceleration (ACC/DEC) control method
for NURBS interpolation. In this section, we try to summarize
the relevant literature.

2.1 The look-ahead algorithm for NURBS interpolation

For the look-ahead algorithm, lots of research has been done
since the last decade. In [3], Nam and Yang proposed a look-
ahead scheme with a jerk-limited acceleration for smoothing
feed rate profile. In [4], Tsai et al. applied a hybrid digital
convolution technique to develop a look-ahead scheme that
smoothed the feed rate between the joint of two curves. In [5],
Liu et al. developed an algorithm that integrated look-ahead,
jerk-limited trajectory planning techniques to reduce velocity
and acceleration fluctuations. In [6], Yau et al. proposed a real-
time look-ahead algorithm by fitting continuous short blocks
into Bezier curves under a given chord tolerance. In [7], Lin
et al. proposed a dynamics-based interpolator with real-time
look-ahead algorithm to generate a smooth and jerk-limited
ACC/DEC feed rate profile. In [8], Ye et al. presented an
interpolation method based on the look-ahead algorithm to
machine complicated contours of special parts. In [9], Tsai
et al. proposed an integrated look-ahead dynamics-based al-
gorithm with the consideration of geometric and servo errors
simultaneously. In [10], Wang et al. introduced a real-time
look-ahead algorithm to detect sharp corners. In [11],
Emami and Arezoo introduced a look-ahead trajectory gen-
eration method which determines the deceleration stage
according to the fast estimated arc length. In [12], Zhang
et al. proposed a new and more efficient look-ahead meth-
od and a feed rate override method to boast the global
machining speed. In [13], Wang and Cao developed a nov-
el look-ahead and adaptive speed control algorithm to im-
prove the efficiency of rapid linking of feed rate for high-
speed machining. In [14], Zhao et al. presented a real-time
look-ahead scheme which comprised path-smoothing, bi-
directional scanning, and feed rate scheduling to acquire a
feed rate profile with smooth acceleration. In [15], Wang
et al. developed a real-time look-ahead interpolation

@ Springer

algorithm based on Akima curve fitting. In [16], Jin et al.
proposed a parametric interpolation method integrated to a
novel real-time look-ahead algorithm as well as presented
some improvements in the fine interpolation stage to fur-
ther enhance the machining accuracy. In [17], Qiao et al.
studied the flexible ACC/DEC and look-ahead trajectory
planning method systematically.

2.2 The ACC/DEC control method for NURBS
interpolation

Back in 2003, in [18], Yong and Narayanaswami investigated
an off-line NURBS interpolation method to simultaneously
keep both the chord error within a specified tolerance and
the ACC/DEC of corner machining as well as the ACC/
DEC profile polynomial. In [19], Park et al. proposed a two-
stage interpolation method that compensates for interpolation
errors within the machine basic length unit which yield unde-
sirable acceleration and jerk values around the regions. In
[20], Xu et al. proposed an adaptive interpolation scheme
incorporating a machine’s dynamic capability consideration
based on the trapezoidal or triangular ACC/DEC feed rate
profile. In [21], Sekar et al. developed a method for
obtaining continuous velocity and acceleration profiles
which reduces the jerk-related problems in high-speed ma-
chining. In [22], Wang and Yau proposed the use of a real-
time NURBS interpolator with a look-ahead function to
handle numerous short linear segments adopting the S-
shaped jerk-limited acceleration method. In [23], Shen
et al. generated the velocity profile around a corner in the
ACC/DEC stage according to the trapezoidal or triangular
ACC/DEC profile. In [24], Du et al. developed an adaptive
NURBS curve interpolator with real-time and flexible
ACC/DEC control scheme by considering a preset jerk
range with the S-shaped velocity profile. In [25], Wang
et al. introduced the adaptive ACC/DEC and jerk-limited
module to smooth the velocity sharp corner with the S-
shaped velocity profile. In [26], Annoni proposed a
NURBS interpolator that is able to satisfy all the
manufacturing technology requirements based on the cubic
polynomial method. In [27], Wang developed a curvature-
based NURBS surface interpolator with look-ahead ACC/
DEC control with cubic spline methods. In [28], Lee et al.
proposes an off-line feed rate scheduling method of CNC
machines constrained by chord tolerance, acceleration, and
jerk limitations with the sine-curve velocity profile.

2.3 Discussion

Although many approaches for NURBS interpolation have
been proposed in the above literature, they have some com-
mon disadvantages, summarized as follows. Firstly, most
of the researchers present their methods for NURBS



Int J Adv Manuf Technol (2017) 88:961-969

963

G06.2 K-U-X-Y-Z-W-F

NC interpretor

U-X-Y-Z-W-
U-X-Y-Z-W-

NC interpreting

( Date Buffer

Reading NURBS curve

—>|
data

Degree p, Control
points {P;},Weight {w;} ,Knot
vector{uy,..., Un+p+2 }, Feed-rate F

Curve splitting at sharp
corners

|

Block 1 Dividing interval
Block 2 Dividing interval

Feed-rate adjusting at
sharp corners

Look-head
preprocessing

Calculating the length of
NURBS block

Handing NURBS block —|

length S;, start feed-rate 7 and
end feed-rate V,

Vs
U N T
Obtaining knot parameter u; v i

Obtaining restrict feed-rate V; U o
T Ly

Vs Y
" s ﬂ ?

Obtaining arc length S; ! '/S,
A, (1)
Handing knot parameter u;, arc Vinax

Y

Feed-rate profiles
planning

Acc-jerk-continuous-based
> ACC/DEC profiles with7,-Ts, V-

{)T, 7> T; T,

Vs Si-Ss

TAL interpolation for
NURBS Starfish-curve

Interpolation
executing

Generating curve points
X, Y, Zi}

Fig. 1 System architecture of the proposed NURBS interpolation method

interpolation with the second-order Taylor expansion meth-
od. However, the second-order Taylor expansion method re-
fers to the second derivative of the NURBS curve and is com-
plicated. Secondly, either the ACC/DEC control method for
NURBS interpolation is complicated and time-consuming or
the jerk of the ACC/DEC control method is discontinuous as
well as it will bring flexible impulse to CNC machines. In
order to solve the above problems, this paper proposes a novel
approach for NURBS interpolation through the integration of
an acc-jerk-continuous-based control and look-ahead
algorithm. Simulation with one free-form NURBS curve is
conducted to verify the feasibility and applicability of the
proposed method.

3 Principle of NURBS curve interpolation
and implementation

Suppose C(u) represents a NURBS curve and is given by [29]

Z N,-,p(u)w,-Pi
_ i=0

Cu) = (1)

n
Z Nip(u)w;i
=0

where {P;} are the control points, {w;} is the weight of {P;},
(n+1) is the number of the control points, and p is the degree
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of NURBS curve.{N; (1)} is the pth-degree B-spline basis
function and can be calculated using the recursive formulas
given as follows:

_ 1 lf u,SuSuiH
Nio(u) = {0 otherwise

(2)

U—u; U; —u
Nip-1(u) + LNHL‘U*I (u) (3)

Nip(u) =
i (1) Uiypr1 Uit

Ujitp~U;

where {uo,..., u, + 2} represents the knot vectors and u is the
interpolation parameter.

To implement NURBS interpolation, the Adams—
Bashforth method (ABM) is adopted here. Using the ABM
method, the curve approximation up is given as follows:

T . ) . )
Untl = U + 57 (55f4=59f k1 +37f 4279/ 13)
_du V(w) V (tt)

fk = ‘t:/m = / =
dt C (up, - .
[|C ()| \/(d(:]u(u)>2+ (dca,’imm)>2+ (dcdu()>2
(4)

where V(u,,), T, and C'(u,,) denote the feed rate, the sampling
time, and the first derivatives of the NURBS curve, respec-
tively, and Cy(u,,), Cy(u,,), and C,(u,,) denote the x, y, and z
components of a point on the NURBS curve corresponding to
the parameter u,,, respectively. The Cox—de Boor algorithm is
chosen to compute the values of C(u,,) and C'(u,,) for
implementation.

4 The proposed IAL algorithm
4.1 System architecture

In this subsection, the system architecture of the proposed IAL
algorithm is established in Fig. 1, which is utilized to imple-
ment CNC control tasks. The IAL interpolation consists of
two different parts: look-ahead preprocessing and interpola-
tion executing. Look-ahead preprocessing consists of two dif-
ferent modules: the feed rate planning module and the acc-
jerk-continuous control module. In the feed rate planning
module, sharp corners are firstly detected and the curve is split
into some NURBS blocks according to sharp corners. Then,
the knot parameter u; and the restrict feed rate V; at the sharp
corners are obtained as well as the length of each block S, is
calculated. Finally, in the acc-jerk-continuous control module,
information including the knot parameter u;, arc length S, start
feed rate V;, and end feed rate V, are handled to plan an acc-
jerk-continuous trajectory, and then ACC/DEC parameters are
passed to complete the interpolation executing process.
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4.2 Feed rate planning module

The task of the feed rate planning module is to obtain feed rate
at the sharp corners. According to Eq. 4, the ABM interpola-
tion algorithm cannot make the curve speed accurately equal
to the desired value V(u,,). To achieve high machine accuracy,
the chord error must be controlled within a tolerance range
during the interpolation, as shown in Fig. 2. There are two
common methods to calculate the chord error. Equation 5 is
a direct method with the assumption that the contour error 6,
is located in the middle point of two adjacent interpolated
points. Equation 6 is the other method using curve curvature
to calculate the chord error §,,,.
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Fig. 3 The acc-jerk-continuous feed rate profile
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5 ’C (um + umH) C(up) + Clumsr) (5) Table 1  Interpolation conditions for the starfish curve
m = -

2 2 Parameters Symbols Values

5 L, 2 Feed rate F 200 mm/s
Om = p m~ A\ Pm™ 7 (6) Maximum acceleration Amax 3000 mm/s’

Maximum jerk Jmax 60,000 mm/s’

where p,, = l/k,,; p,, is the radius of curvature at the parameter =~ Maximum chord error Simax 0.001 mm
value u,,. The curvature £, can be given by Eq. 7. Sampling time T 0.001 s

€ ) =€ )|
1€ ()|

m

(7)

This paper uses Eq. 5 to calculate the chord errors since it is
time-consuming to calculate the second derivative of the
NURBS curve.

The predicted feed rate V., and the expected feed rate V.,
are given by Eqgs. 8 and 9, respectively.

d\/(cx<um)7cx(um*l>)2 + (Cy<um)7cy(um*l>)2 + (Cz(un1)7cz(”mfl))2

dt
(8)

[ Omax
Vexp = 5—/ Vpre (9)

where .« 1S the contour error limitation.

While the tool moves across the sharp corners, it may result
in violent change of acceleration or jerk on each axis. So, three
constraints of chord error, acceleration, and jerk are consid-
ered simultaneously in Eq. 10.

. 5max Vexp Amax Vexp 3 J max VpreT
V, = mm{1 /—5, Vores > A /25max, 1 5
m max

Vire =

(10)
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Fig. 4 A starfish curve

where V;, A, and Ji.x are suitable feed rate at the sharp
corners, maximum acceleration, and maximum jerk,
respectively.

After obtaining the sharp corners, the curve can be divided
into several segments. The length of each segment, L., and
the cumulative segment length, S;, are calculated by the fol-
lowing equations [7]:

N"
Ll =Y [Cluirr)=C(u;)]
i=1
B
=

where 7 is the index of each segment, N, is the number of
interpolation points within the mth segment, and « is the cu-
mulative segment number of a NURBS curve.

(11)

4.3 Acc-jerk-continuous control method

When the feed rate planning module is finished, the value of
(u;, V;) can be obtained and stored. In the stage of acc-jerk-
continuous module, the task is to construct an acc-jerk-
continuous feed rate profile shown in Fig. 3 since it is more
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Fig. 5 Starfish curve and block
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continuous than the typical S-shaped velocity profile. In this
paper, the acc-jerk-continuous feed rate profile is chosen to
generate the acceleration profile, and its acceleration equation
can be given as formula 12.

A .
;’/ <lfcos%t) 0<t< t,
A,.g/' ™
1 — (1=t H<t<t
B ( + cos Tz( 1)) 15 2
At)=40 H<t<
Aver
_T”(l—cos%(t—tg)) B<t<ty
Aref
1 — (1t 14<t t
5 + cos Ts( 4) 4=t < 15

(12)

where 71 =T, and T, = Ts. Integrating Eq. 13 yields the veloc-
ity equation.

v+ e (DT 0<t <t
_lin(
; 2 ™ T] - !
ArefT] Aref T, . ™
Vs —t — — (=t n<t<t
+ 2 + 2 (t=t1) + o sn 2 (t=11) 1 )
V(t) =< Vi+ Ar(/Tl H<t< 13
Are T
Vit AT ((t*t3)*—45in<Tl(t*t3)>> Bt < ty
4
ArerTs Arer Ts
_ _ - DSsin( = (4= <
Vi + Am/Tl ) > (l 14) + . sin T ([ 14) 141t < t5

(13)

where V, V., Vg, and A,.r show the start, end, and maximum
feed rates and the actual acceleration, respectively.
Differentiating Eq. 13, one obtains the jerk equation.

Vs s
——AperSin—1 0<tr<t
2T1 ref’ Tl = 1
— T Apegsin— (t—t ) H<t<t

2T2 ref’ T 1 1= 2

J(t)=<¢0 H<t< B

™
—— Apersin— (-t HB<t<t
2T4 ref T ( 3) 3 4

s

_ﬁA"’fsmT (t—t4) 1<t < ts

(14)

According to Eq. 14, one equation can be obtained.

(V/;VS) (15)

Aref =
where V;is the allowable feed rate.

When Eq. 15 is substituted into Eqgs. 12, 13, and 14, the
new acceleration equation, velocity equation, and jerk equa-
tion can be expressed as

(vVi=vy) ™
— <
7 1 cosT t 0<t< t,
V=V,
( équ) <1+cosT (t= t|)> Hn<t<t
Ar) = VeV H<t< B
Vs ™
- 1—cos — (¢t B<t<t
7, ( cosT4( 3)) 1<t < 1y
(Vf—V.‘) T
_\" — <
o7, <1 + cos T, (¢ t4)> 1<t < ts

Ve +—2—"t (Vf sm T O<t<t
s 2T1 ' =
Arele ) ™
Vv > t t — t—t Hh<t t
s+ ) 2T1 1) sm Tl( 1) 1St< by
V() =< Vi+ AT h<t < 3 (17)
Ve+ AT~ < (t-t3) —s1n(]7,r (t—t3)>> 1Bt < ty
4
ArefT4 / \% ) T4 . ™
Vs AerTi1— =ty — — (1t 0<t<t
+ Ay 5 2T4 (1=t4) +—sin T (tt4) 4 5
m(Ve=Vy) . 7 . . . . .
TsmT—lt 0<t< t; velocity, acceleration, and jerk, the following equation can
(Vv . w be obtained.
*lesmT—l(t*tl) Hh<t<t
J) =20 n<t <t (18)
m(ViVy) (Vi=Vs)  [m(V=Vy)
— 5 sin——(t-1) BSt<ty T = max (19)
2T T Aref 2mec
_rVeVy) ini(H ) 1<t <t '
ot asi= s

During the whole ACC+CF+DEC (Acceleration+
Constant-Feedrate+Deceleration), according to the limits of
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The process of calculating 7} is similar to that of calculat-
ing 7. The areas under the ACC/DEC sections of the acc-
jerk-continuous feed rate profile are derived as
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hn h Vi4+ V)T
Sacc :/ Vldl‘—‘r/ V2dt:¥
0

4l
t E Vi + V)T
Spec = / V4dl‘+/ Vsdt = %

13 14

(20)

Therefore, time in the CF section of the acc-jerk-
continuous feed rate profile is obtained.

_ Si=Sacc—Spec

T
3 v,

(21)

where Sxcc, Spec, and S; are the areas under the ACC and
DEC and the length of the NURBS block.

5 Simulation results and interpolation analysis

In this section, a NURBS curve named starfish, shown in
Fig. 4, is used as an example to test the feasibility of the
developed interpolation scheme. The command generator pro-
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-2000}
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Timx(s)

grams are written by Matlab and are executed on a personal
computer with Intel(R) Core(TM) i5-2450M 2.50-GHz CPU.

According to Fig. 4, the starfish curve has the following
parameters:

P; = {[40 60] ,[25 40] ,[0 40],[20 20],[15 0] ,[40
15],[65 0] ,[60 20] ,[80 40] ,[55 40] ,[40 60]},

w={1,1,1,1,1,1,1,1,1,1,1},

U={0,0,0,0.1110,0.2220,0.3330,0.4440,0.5550,
0.6660,0.7770,0.8880,1,1,1},

where P;, w;, and U are the control point, weight, and knot
vectors, respectively.

The interpolation conditions for the starfish curve are
listed in Table 1. Based on the interpolation conditions
for the starfish curve, the starfish curve and block are
shown in Fig. 5.

From Fig. 6¢, d, we know that the acceleration and jerk
value of the S-shape-based interpolation algorithm are
both beyond the maximum acceleration and jerk.
However, the acceleration and jerk value of the proposed
IAL interpolation algorithm are controlled within the
maximum acceleration and jerk in Fig. 7c, d, respectively.

b
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35 : : L L L N N
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Fig. 6 Chord error (a), free date profile (b), acceleration profile (¢), and jerk profile (d) by the S-shaped algorithm
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Fig. 7 Chord error (a), free date profile (b), acceleration profile (c¢), and jerk profile (d) by the IAL interpolation algorithm

From Table 2, the proposed IAL interpolation algorithm
and the S-shape-based interpolation algorithm reduce the
maximum chord error by 67.44 and 66.46 %, respectively.
The former algorithm can obtain less chord error than the
latter algorithm. Although the machining time of the pro-
posed IAL interpolation algorithm is 0.027 s more than
the S-shape-based interpolation algorithm, the gap is very
small. From the above, the proposed IAL interpolation

Table 2 Statistical comparisons of chord error, interpolating points,
and machining time

Interpolation Chord error Interpolating ~ Machining

algorithm (um) points time ()
MAX RMS

S-shaped 0.3354  0.0934 1534 1.534

IAL 0.3256 0.0852 1561 1.561

@ Springer

algorithm in this paper has better flexibility than the S-
shape-based interpolation algorithm.

6 Conclusions and future work

This paper proposed an integrated approach based on the
acc-jerk-continuous-based control method and look-ahead
algorithm for NURBS interpolation. The NURBS interpo-
lation algorithm is described and the key modules of the
proposed approach, such as the feed rate planning module
and the acc-jerk-continuous control module, are presented.
Finally, an industry application example is provided and
several simulation experiments were carried out.
Simulation with one free-form NURBS curve is conducted
to verify the feasibility and applicability of the proposed
algorithm.

In future studies, the authors plan to set up the laboratory
table and integrate the proposed algorithm with real-time in-
terpolation to further verify its capability.
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