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Abstract The importance of look-ahead and flexible ac-
celeration and deceleration (Acc/Dec) technology to
high-precision and high-speed computer numerical con-
trol (CNC) technology was firstly discussed; the mas-
sive data computing and high-precision requirement
problem in NC blocks’ trajectory planning was revealed.
Motived by this, the flexible ACC/DEC and look-ahead
trajectory planning method was systematically studied.
A four-level trajectory planning strategy including posi-
tion, velocity, acceleration, and jerk planning was ad-
dressed in detail. A corner speed control method suit-
able for any multi-axis was expounded, and a classifi-
cation method in forward speed planning was researched
to describe various speed profiles. On the above basis, a
nanoscale trajectory planning method using the long
blocks segmentation method was proposed. The overall
effectiveness of the proposed strategy is demonstrated
by the simulation and machining of a group of identical
impellers.
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1 Introduction

With the continuous development of computer numerical con-
trol (CNC) technology, the CNC system has not only been
used in the control of conventional lathe, three-axis milling
machine, but also more and more widely used in five-axis
machine tools, compound machine tools, and flexible ma-
chine cells. The high-precision and high-speed machining
technology, multi-axis linkage control technology, and nano-
meter interpolation technology has become an important di-
rection of CNC technology [1-3]. In complex surface machin-
ing, such as die and mold machining, fast feed-rates were
selected to travel along the tool path consisted of numerous
short linear segments. The shorter the line, the smaller the
approximation error will be, which has resulted in a large
number of sequential small segments, many of which are only
a few microns long. In this case, considering the requirements
of Acc/Dec in the trajectory planning [4], if the CNC system
executes each block just line by line without pre-reading the
following blocks, the actual feedrate will be less than the pro-
grammed feedrate and the feedrate at the corners between two
blocks become discontinuous. This leads to a very frequent
start-stop process, not only reduces the machining efficiency,
but also inevitably lead to lower surface quality [5-8]. To
solve the above problem, modern CNC systems should have
the look-ahead function which can pre-read hundreds of
blocks and calculates an adequate feedrate for each axis within
the maximum allowable feedrate and Acc/Dec; however, the
function requires much computing power. Recently, with the
advance of CPU power, the number of the blocks that can be
used for look-ahead has grown to a thousand [9], which can
only be used in high-end CNC systems.

In order to reduce the vibration of the machine tools during
machining, the flexible Acc/Dec control technology such as the
S-curve Acc/Dec which can realize the jerk control is also used
in modern CNC systems [10]. But this is computationally
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expensive [11-14]. Meanwhile, the length of the sequential
linear path in the trajectory planning has a large variation range,
maybe from 10000 to 0.001 mm. In nanometer, the range is
from —1x10"" to 1x10"" nm. In binary mode, it is —1x2*” to
1237 If considering the intermediate storage in multiplication,
the range should be from —1x2" to 1x27*; a 75-bit integer
space should be allocated for each direction of the tool position.
As we all know, today’s industrial processors are mostly less
than 64 bits; the double-precision floating-point number is only
64 bits. Although we can realize large integer operation with
32-bit or 64-bit processors through indirect algorithm, the effi-
ciency of the computing process will be reduced. So in high-
end CNC systems, special designed processors are usually used
to realize the large bit integer computing, which brings addi-
tional hardware cost and difficulty of CNC system
development.

With respect to realization of efficient flexible Acc/Dec and
look-ahead technology in high-speed and high-precision ma-
chining, a generalized look-ahead feedrate planning algorithm
is proposed in [12], which can correctly reconfigured with dif-
ferent Acc/Dec schemes, but the S-curve Acc/Dec was not
addressed in detail, and the accuracy control problem also
was not discussed. A whole S-curve speed control algorithm
with look-ahead method was developed in [15], and further
implemented on a five-axis machining center in [13]. The con-
tinuous S-curve Acc/Dec method was also introduced and re-
alized in a pipe cutting CNC system in [14] and used in the
NURBS interpolation in [16]. But all of them did not make a
complete classification of the S-curve Acc/Dec in look-ahead
mode and also did not give detailed steps to compute the speed
profile parameters [ 17]. Trying to use the flexible Acc/Dec with
look-ahead method in the five-axis CNC machining of dual
NURBS makes the trajectory planning even more complex
and fails to give full consideration to problems of computational
efficiency. According to the above analysis, the authors men-
tioned mainly focus on the generation of whole S-curve speed
profiles and did not give enough consideration to the computa-
tion of all possible S-curve Acc/Dec profiles and the algo-
rithm’s calculation efficiency. While in actual processing, for
the real-time requirement of the machining process, the flexible
Acc/Dec with look-ahead method contains many of the special
Acc/Dec cases and needs numerous arithmetic operations.

This paper will focus on the efficient implementation tech-
nology of the trajectory planning with flexible Acc/Dec and
look-ahead method. Firstly, basic methods of trajectory plan-
ning including S-curve Acc/Dec, blocks look-ahead, and four-
level planning including position planning, speed planning,
acceleration planning, and jerk planning method will be sys-
tematically studied. Secondly, the continuous S-curve Acc/
Dec control method with look-ahead function will be detailed
including the corner speed control method, backward and for-
ward speed-profile generation method, in which a speed-
profile classification method of continuous blocks will be
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discussed. Thirdly, a nanoscale trajectory planning method
using long blocks segmentation method will be proposed
based on the analysis of the characteristics of the whole tra-
jectory planning’s calculation process. Finally, simulation and
experiment will be conducted to verify that the proposed strat-
egy is capable of generate continuous S-curve speed-profile
and efficiently accomplish complex surface machining tasks.

2 Basic methods of trajectory planning
2.1 S-curve Acc/Dec

As shown in Fig. 1, a complete S-curve Acc/Dec feedrate
profile should include seven sub-phases [14, 18]: Acc-Acc,
constant Acc, Dec-Acc, constant velocity, Acc-Dec, constant
Dec, and Dec-Dec. The first three sub-phases are the acceler-
ation process, and the last three sub-phases are the decelera-
tion process. The symbols in Fig. 1 are defined as follows: ¢
represents time, s represents displacement, v represents veloc-
ity, a represents acceleration, and J represents jerk; v is the
starting velocity of one program block; v, is the maximum
allowable speed, and v, is the ending velocity; ama.x 1s the
maximum allowable acceleration during acceleration process,
and d,,x 1s the maximum allowable deceleration during de-
celeration process; Jiax 1s the maximum allowable jerk; #(k=
0,1,--,7) is the time boundaries of each sub-phase, where #,=
0; 7(k=1,---,7) denotes the relative time that starts at the
beginning of the k—th sub-phase, and 7,=t—t;—1,t;,— 1 <7:<ty;
T(k=1,---,7) is the duration of the k-th sub-phase, where 7}=
b tp—1.

For a whole S-curve Acc/Dec, it should have T1=T3,T5=
T5,1.e., the Acc-Acc time should equal Dec-Acc, and the Acc-
Dec time should equal Dec-Dec, so as to maintain a smooth
transition of the acceleration. Let T,;=T,=15,T4=1s=1
where T,; and Ty; are constants, determined by the maximum
Acc/Dec ability of the machine tool. The maximum Acc/Dec
Amax and dp.y can be written as

Amax = JmaxTaj

dmax - Jmadej (1)

The jerk function J(¢) of a whole S-curve Acc/Dec is de-
fined as

Jmax tOStStl
0 1hW<t<t
_Jmax 1H<t<t;
Jy=10 t3<1<ty 2)
“Jmax  14<t<ts
0 t5<t<ftg
Jmax le<t<t;
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From a(f)=J5J(t)dt, the acceleration function a(f) can be
formulated as

Jmale tOStStl
Amax 11 <t<t
Amax— JmaxT3 H<t<t3
a(t) =<0 1<t<ty (3)
= I maxTs 14<t<ts
— dmax Is<t=ts
—dmax + JmaxT7  t6<t<ty

From v(£)=[5a(f)dt, the feedrate function w(¢) can be formu-
lated as

1 2
Vs + EJmale , st =1
1 2
VIt GmaxT2, WSt <1, Vi = Vs+ EJmale
1
v +amax7-3_§=]max7—§7 0 <t<t3, V) = V| + amax 2
1 2
V(t) = V3, 31 S f4, V3= Ve = V2t EJmale (4)
1 2
V4~ EJmax7_5 , WSt S 15, v4= V3= Vmx
1 2
Vs— dmax7—67 5=t =15 Vs = Vmax— EJmaxT5
1 2
Vf,*dmaxT7 —+ EJ,naXT7, 16<t<t7, v¢ = V5*dmaxT()

Similarly, the displacement function s(7) is written as

1
3
VsT1 + = Jmale )

<t t < 1
6 0

1 1
ST+ VviT2 +Eamax7-%-, Hh<t<tr, 51 = VsTj +ngaxT?

1 2 1 3
S2+ T3+ 5 dmaxT3 g-]max7-3 )

1
bt <t 5= s1+ T+ =amul>

2
1
s(t) = 83+ »3Ta, 35 t<1ly, 3= 55+ »Tj+ EJmaxT?
B 1
S4 + V4Ts5— ngang7 3<t<ts, s4= 53+ »ly
1 2
S5+ VsTe— Edmax7-6 )
1
ts< t < tg, Ss= s4+ wTj— g*}mang
1 2 1 3
S6 +  VeT7— Edmax’ﬁ + ngax7_77
1
6=t < t7, s¢= 55+ vsT6— = amaTs

2

(5)

In the real machining, the blocks may not be long enough to
ensure the S-curve Acc/Dec including the whole seven sub-
phases shown in Fig. 1, but still should have T=T5, T5=T5,
Ty <Ty, Ts<T4gj, Amax=JimaxT1, and dryax=Jmax T, S0 as to avoid
sudden change of acceleration. Meanwhile, the ideal S-curve
Acc/Dec profile should be time optimal with the limitation of

maximum allowable speed, accelerate, and jerk. If the look-
ahead function is taken into consideration further, the classifi-
cation of S-curve Acc/Dec profiles between continuous blocks
will be even more complex, it will be discussed in Section 3.3.

2.2 Multiple blocks look-ahead

As shown in Fig. 2, N; denotes the first program block; N,
denotes the second continuous program block and so on.
Through the look-ahead function, the CNC system could con-
duct the trajectory planning of multiple blocks at the same
time. The achieved maximum feedrate is improved, and the
machining time could be reduced. It is obvious that in a single
trajectory calculation, if more program blocks were used, the
calculation amount will be increased, but the feedrate profile
will be more optimized.

In further considering the S-curve Acc/Dec, the CNC sys-
tem need to plan the moving speed, acceleration, and jerk
along with the whole pre-reading machining tool path of each
axes at every interpolation cycle in order to achieve continu-
ous smooth machining with as few corner stop as possible.
The following section will introduce a four-level trajectory
planning strategy in detail to simultaneously realize the S-
curve Acc/Dec and look-ahead function in the multi-axis tra-
jectory plan.

2.3 Four-level trajectory planning strategy

The trajectory planning strategy of multi-axis linkage control
could be divided into four levels: position planning, speed
planning, acceleration planning, and jerk planning. The general
planning principles of the four-level trajectory planning are:

1. The position, velocity, acceleration, and jerk of each
moving axis cannot exceed their respective allow-
able scope, which is determined by the machine
tools’ physical properties.

2. The synthetic motion speed cannot exceed the command
speed, unless there is user-initiated speed adjustment.

3. The planed trajectory should be able to guarantee decel-
eration stop at any intermediate position without over
crossing the end point of the command path.

4. When machining, the actual feedrate of the machine tool
should be as far as possible to reach the command federate
under the condition of not exceeding the maximum accel-
eration limit, so as to improve the actual feedrate.

5. For the linear motion of multi-axis, the displacement,
speed, acceleration, and jerk of each axis should keep con-
stant proportion relationship at any intermediate position.

6. Ineach block of once trajectory planning, there is a master
planning axis; once trajectory parameters is determined,
the following axis’ trajectory parameters could get
through the linear relation.
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Fig. 1 Typical S-curve Acc/Dec _—
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The principles of determining the master planning axis are: 2. Speed planning: (1) Determine the master speed planning
The master position planning axis is the axis with maximum axis, assumed to be axis X; (2) Calculate the maximum
displacement; The master speed planning axis is the axis with allowed speed Vymax, uniform motion speed Vycmg,
the maximum ratio of the axis’ self moving distance to the starting speed Vs, constant speed Vy; (3) Calculate the
axis’ maximum allowable speed in the corresponding block; maximum corner speed through the corner speed control
The master acceleration planning axis is the axis with the algorithm (see Section 3.1) and the maximum allowed
maximum ratio of the axis’s self moving distance to the axis’s end speed V. through the backward speed planning (see
maximum allowable acceleration in the corresponding block; Section 3.2). (4) Determine the type of the master speed
The master jerk planning axis is the axis with the maximum planning axis’ speed profile through the classification
ratio of the axis’s self moving distance to the axis’s maximum method in forward speed planning and the corresponding
allowable jerk in the corresponding block. time parameters (see Section 3.3).

Figure 3 shows the data flow chart of the whole motion 3. Acceleration planning: (1) Determine the master acceler-
control process with the four-level trajectory planning strate- ation planning axis; (2) Determine the maximum acceler-
gy. The function and general process of each level is described ation value of the master acceleration axis, which is used
as follows: to obtain the time parameters of the sub-phases where the

jerk value is not zero.

1. Position planning: (1) Calculate each axis’ displace- 4. Jerk planning: (1) Determine the master jerk planning
ment of every block; (2) Determine the master posi- axis; (2) The jerk value of the master jerk planning axis
tion planning axis; (3) Determine the displacement in the corresponding block’s Acc-Acc, Dec-Acc, Acc-
ratio between each axis, which is also the speed, Dec, and Dec-Dec process is the axis’ maximum allowed
acceleration, and jerk ratio between each axis. jerk value.

Fig.2 Advantages of the S-curve AV
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Fig. 3 Data flow chart of the four-level trajectory planning strategy

It is observed that the speed planning is the most important
level in the trajectory planning. Through the speed planning,
the whole speed profile of the pre-read blocks is obtained and
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the time parameters of the seven sub-phases are calculated.
The look-ahead function and S-curve Acc/Dec is realized
through the generation of the continuous S-curve speed profile.
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3 S-curve speed planning with look-ahead function
3.1 Corner speed control method

Due to the direction and magnitude of two successive
blocks are most likely to change, the corner speed needs
to be properly controlled to avoid the speed sudden
change, which will cause machine vibration. In general,
the axes of the machine tool are orthogonal to each
other, the control of the joint acceleration of the ma-
chine tool can be simplified into the control of the mas-
ter acceleration planning axis, as the master acceleration

planning axis is the axis that will most likely exceed the
allowed acceleration.

Xe1—Xs1 Yei—Ysi Zg1—Zs)
vx1 s VY1 L vzl L
Ap1—A Bp1—B Cp—C
v = FELES = R RS = S
Ly Ly L (6)
oo — F Xpp—Xs2 S Yip—Ys _F Zpr—Zs)
X2 Ea e vz L
Ap—A Bp,—B Cpp—C
v = R p BB | g CerCs
Ly Ly Ly

For convenience of explanation, take six axes’ linear con-
tinuous motion as an example; the first block is N; and the

Table 1 Classification of speed profile in forward speed planning
Main Type [ Main type II
m m
h\ . [\\ s
Ty Tz T: Ty Ts Ts T; t T, Ty Ts Ty Ts Te T, t
v, <y, v, >V,
Type I-1 Type I-2 Type 1I-1-a Type II-1-b
T T, T Ty Ts Ts Ty =t T, T. T3 Ty Ts Ts Ty =t T, i Ts > T, T, T3 T4 Ts T Ty :t
v, <v, v, >V, Ty=T3, T4=Ts=Te=T=0 T\=Ts, Ts =T; , T4*0
Type I-1-a Type I-1-b Type I-1-¢ Type I-1-d
M m m[ |
T T T Tt A T, T, T, T T Tt R R

Ti=T;,T4+=Ts=Te=T:=0 T\=Ts, Ts=Ty, T4=0, Te=0

T\=Ts, Ts=T7, T4=0, Te*0 T\=T;, Ts=T7, T4*0

Type 1-2-a Type I-2-b Type I-2-¢ Type 1-2-d
h\ m m |
T T, Ts >t T T T Ts ™t T L L T Tt TLLT T T T Ot

Ti=T=T5=T4=0,T5s=T; T=Ts, Ts=T7, T4=0 , T,=0

Ti=T;, Ts=T5, T4=0, T,*0 T=Ts, Ts=T7, T4*0
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Fig. 5 Nanoscale trajectory planning method using long blocks
segmentation

next block is N,. The start point and the end point of N; are
(Xs1, Ys1,Zs1,451,B51,Cs1) and (Xg1, Ye1,Zg1,Ag1,BE1, Cer)s
respectively. The start point and the end point of N, are
(Xs2, Y52, 252,452, B52,Cs2) and (X2, Y2, Zp2, A2, BE2, Cra)s
respectively. Besides, the feedrate of N is Fy, and the feedrate
of N, is F». In this case, the speed of blocks N; and N, in the
direction of each axis are given by Eq. (6). Where v; (i=X, Y, Z,
A,B,C;j=1,2) is the speed of each axis. L,(i=1,2) is the length
of block N;.

The speed variation Av(i=X,Y,Z,4,B,C) of each axis be-
tween two continuous blocks is as follows:

Avy = (vx2—vx1), Avy = (vy2—vy1), Avz = (vy2—vy1),
Avy = (vio—va1), Avg = (vp—vy1), Avg = (ver—ver),

The maximum allowable speed variation of each axis is
defined as Av,,(i=X,Y,Z,4,B,C;j=1,2). In Eq. (9), Q is the
maximum speed variation degree of all the axes.

Avy Avy Avy Avy Avyg Ave (8)
Ava, AVW!Y7 AVmZ’ AVmA, Ava’ Ava

0= max{

Obviously, when Q<1, the speed of each axis will not
exceed the maximum allowable speed of each axis at the cor-
ner; When O>1, the speed of one or more axes exceed the
responding axis’ maximum allowable speed, which means the
speed of each axis needs to be limited. The limited speed v;,,z
of each axis at the end of block N, and the maximum allowed
speed v, of each axis at the beginning of block N, can be
computed as
Vil
Vimel = —5°

v, i=X,Y,Z,4,B,C 9)
Vims2 = —~

From Eq. (9), the speed variation of each axis at the corner
could be efficiently controlled so as to realize high-speed ma-
chining of continuous micro line blocks.

3.2 Backward speed planning

In the look-ahead mode, the machine tool should be able to
smoothly stop at any position along the machining path without
running deviation, so the maximum end speed v;,,,(i=X, ¥,Z, 4,
B,C;j=1,2,3,...n) of each pre-read block needs to be calculat-
ed firstly with the initial condition v;,,.,,(i=X, Y, Z,4,B,C;j=1,2,
3,...n)=0, i.e., the end speed of the last block N, is 0. It is a
reverse calculation process, starts from the last block N, and
ends at the first block N;. Assume the master speed planning
axis’ maximum end speed of block N; is v,, and the moving
distance is s, v, is the maximum start speed which needs to

(7) " be calculated through S-curve profile. As shown in Fig. 4a,
Table 2 Simulation data of four-level trajectory planning strategy
N; s; (m) Vimax (0V/S) Vie (M/s) Jimax (0/ 53) Standard axis vector Type
N, 0.053 0.178 0.178 2.236 (0.447, 0.447, 0.447, 0.447, 0.447) I-1-a
N, 0.593 0.581 0.476 5.136 (0.195, 0.487, 0.234, 0.779, 0.253) I-1-b
N; 0.455 0.689 0.633 2.713 (0.368, 0.553, 0.737, 0.123, 0.000) I-1-c
Ny 0.280 0.691 0.659 1.597 (0.626, 0.188, 0.438, 0.250, 0.564) I-1d
N 0.382 0.659 0.536 6.307 (0.159, 0.190, 0.349, 0.713, 0.555) [-2-a
Ng 0.252 0.573 0.474 1.641 (0.609, 0.183, 0.548, 0.427, 0.335) 1-2-b
N, 0.402 0.539 0.339 3.309 (0.302, 0.332, 0.635, 0.363, 0.514) I-1c
Ng 0.342 0.404 0.203 3.348 (0.299, 0.777, 0.478, 0.239, 0.149) I-1d
No 0.078 0.203 0.123 4.082 (0.245, 0.612, 0.392, 0.441, 0.465) II-1-a
Nio 0.081 0.123 0.000 3.341 (0.299, 0.299, 0.718, 0.359, 0.419) 1I-1-b
@ Springer
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an S-curve acceleration process generally contains Acc-
Dec, constant Dec, Dec-Dec, but when the moving dis-
tance is not long enough, as shown in Fig. 4b, the constant
Dec sub-phase will not appear. Assume s; is the critical
value under which the S-curve profile only contains the
Acc-Acc and Dec-Acc sub-phase. The value of s; could
be calculated through Egs. (4) and (5) with the condition
Ts=T;=Tg4. When s>s,, the S-curve profile contains con-
stant Dec sub-phase, the moving distance s of the master
speed planning axis can be written as:

1 2 3 2
_JmadejT6 + (Ve +_Jmadej>T6

72 2 (10)
+2veTaj + Jmax T3
Set
A = lJmadej
2y
B = v+ EJmaxTﬁ,j (11)

C=2vT4j+ JmaxTy;=s

Where A, B, and C can be obtained directly, then 7, can be
formulated as

—B + VB*~44C
To = ———— (12)

v, can be computed by Eq. (4). When s<s1, there are Tx=0,
T5:T7, and

5 = Jmax T3+ 2veTs (13)

Fig. 6 Simulation result of four-
level trajectory planning strategy

Eq. (13) is a cubic equation, according to the method for
solving cubic equation, set

A =2775 +\4(6mane) + (27205) (14)
We can get
2\ 1 /A
Ts=-2v( %) +55—(5 :
. W(A) +3me(2) (15)

Then the maximum start v, of the current block can be
calculated by Eq. (4), through the backward speed planning
method elaborated in Section 2.3, the maximum end speed v,
of the last block should be less than v,.

3.3 Forward speed planning

In forward speed planning, the task is to compute the time
parameters Tx(k=1--7) of each block from N; to block N,
with the known conditions, i.e., s, v, vy, and ve(Vi>Vve). As the
displacement, start speed, maximum end speed of each axis is
various; the speed profiles will not be a complete 7-segment
process in general. As shown in Table 1, we give a classifica-
tion method of the speed profile in forward speed planning
through the master planning axis’ displacement gradually in-
creasing way. Firstly, the speed profile is classified into two
main types by the magnitude of the start speed v and target
speed v when v<v, called Type I, and when v>v,, called
Type 1I; Secondly, Type I can be divided into two subtypes:
Type I-1 when v;<v,; and Type I-2 when v;>v,; Finally, Type
I-1, Type 1-2, and Type II can be further classified into even

BRI fyl_llsl
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Fig. 7 Impeller machining experiment applying nanoscale trajectory
strategy. a Impeller CAD model. b The CNC system used for the
machining. ¢ The machined part

more subtypes I-1-a to I-1-d, [-2-a to [-2-d, and II-1-a to II-1-b
by the way of gradually increasing the master planning axis’

Table 3  Statistics of the four comparing groups

displacement. All of the speed profiles of the involved types
are shown in Table 1. According to the speed profiles and
Egs. (2) to (5), the time parameters 7(k=1---7) can be even-
tually computed by solving the responding equation set.

4 Nanoscale trajectory method

In order to solve the computing precision control problem
caused by the large variation range of the length of the con-
tinuous blocks and make the whole trajectory planning strat-
egy have better cross-platform features, we analyzed the four-
level planning processes in detail, and found that the length of
the blocks is the key factor influencing the computing preci-
sion. When the blocks are short enough such as only a few
microns, the calculation result can be expressed with high
precision, can even reach the nanometer level. So, the nano-
scale trajectory planning method can be realized by using long
blocks segmentation.

With detailed calculation, the length unit of the blocks was
firstly set to 1 in 27 nm, so as to ensure minimal accuracy loss.
For 32-bit length data, the length range would be —1 x2*~1 x
2**nm, i.e., —16.777~16.777 mm. As shown in Fig. 5, in order
to make the length of all the blocks fall into the range, the long
blocks were divided into short blocks. As the segmentation
could be executed before the look-ahead function, the trajectory
planning method with look-ahead and S-curve Acc/Dec did not
need other changes besides processing more blocks.

The proposed nanoscale trajectory planning method can
bring the following advantages:

1. With ordinary 32-bit processor, the length data of CNC
blocks can be represented with high accuracy, which can
reach less than 0.01 nm.

2. Improve the input data accuracy of the interpolation
module; Make it possible to realize nanoscale inter-
polation on ordinary 32-bit industrial processors.

3. Although the number of blocks increases, but in fact, when
the CNC system do the trajectory planning, position control
of long blocks will appear more calculated idle time. There-
fore, the segmentation of long blocks will not really result in
an increase in the processor load, but can improve

Using nanoscale segmentation

Not using nanoscale segmentation

Machining Average CPU Maximum CPU Machining Average CPU Maximum CPU
time utilization (%) utilization (%) time utilization (%) utilization (%)
Using look-ahead 58 min 30 s 46 68 58 min 27 s 41 66
Not using look-ahead 62 min 20 s 33 45 62 min 15 s 28 44
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computation efficiency and achieve rational allocation of
computing resources.

4. The hardware performance requirements and design diffi-
culty will decrease, thus reducing design and manufactur-
ing cost of high-precision motion control systems.

5 Simulation and experimental results

The proposed four-level trajectory planning strategy was first-
ly validated through continuous S-curve Acc/Dec simulation
of a series of typical continuous micro line segments which
contains all the speed profile types mentioned in Section 3.3.
The simulation data is listed in Table 2, in which s; is the
length of line segment Nj, Viyax 1S the corresponding maxi-
mum speed reached in the line segment N, v;. is the end speed
at the end of line segment N;, Jiax 1S the max jerk reached in
the line segment N;. $i, Vimax> Vie» aNd Jimax are the resultant
vectors by five-axis vectors; the stand axis vectors and the
type of N; are all listed in the table.

As shown in Fig. 6, the displacement, speed, acceleration,
and jerk profiles of the continuous micro line segments are
drawn together. From the speed profile, it can be seen that the
transition between each two continuous blocks is smooth.
There is no sudden acceleration change in the acceleration
profile. The jerk of the whole moving path is successfully
controlled under the maximum allowable jerk, which could
effectively reduce the machining shocks and improve the sur-
face quality.

To further verify the effectiveness of the proposed nano-
scale trajectory planning method, an experiment including
four comparing groups were made on a CNC milling machine.
An impeller CAD model shown in Fig. 7a was used to gener-
ate the NC programs. The whole nanoscale trajectory planning
strategy with the S-curve Acc/Dec and look-ahead function
was integrated into an embedded CNC system based on ARM
and DSP, which is shown in Fig. 7b. The machining process
and the part are shown in Fig. 7c.

The first group used both the nanoscale segmentation
method and look-ahead function; The second group just
uses the nanoscale segmentation method; The third
group just used the look-ahead function; The fourth
group did not use the nanoscale segmentation method
nor look-ahead function; In the machining process, the
machining time, average CPU utilization, and maximum
CPU utilization of each group were recorded; the statis-
tics are shown in Table 3.

From the statistics, we can find that when using the
look-ahead function, the CPU utilization increased about
10 %, while the machining time was significantly re-
duced, from 62 min 20 s to 58 min 30 s; When using
the nanoscale segmentation method, the average CPU

@ Springer

utilization increased about 5 %; however, the maximum
CPU utilization just increased by 1-2 %. So, the exper-
iment result shows that the look-ahead function can ef-
fectively reduce the machining time, and the nanoscale
segmentation method will result in comparatively obvi-
ous average CPU utilization increase, but little maxi-
mum CPU utilization increase, which can effectively
increase the internal calculation accuracy and make
more reasonable allocation of CPU computing resources.

6 Conclusion

Multiple blocks look-ahead, corner speed control, and S-curve
Acc/Dec are the key issues of the high-speed and high-
precision machining technology; this paper presents a four-
level trajectory planning strategy which can realize continuous
S-curve Acc/Dec control with jerk limitation. Firstly, a com-
mon corner speed control method used for multiple axes was
proposed to compute the maximum allowed speed between
two continuous blocks. Secondly, the profiles in the forward
speed planning of the S-curve Acc/Dec control were classified
into 10 types, which can cover every possible Acc/Dec situa-
tion. Thirdly, for the accuracy loss caused by the large varia-
tion range of the length of the continuous blocks, a long blocks
segmentation method was designed to realize nanoscale tra-
jectory planning on an ordinary 32-bit processor. Finally, the
efficiency and practicality of the overall nanoscale trajectory
planning strategy was first successfully validated by continu-
ous S-curve Acc/Dec simulation of a series of typical contin-
uous micro line segments, and then by machining a group of
identical impellers.
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