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Abstract: Feedrate plays a crucial role in determining the machining quality, tool life, and machin-
ing time. Thus, this research aimed to improve the accuracy of NURBS interpolator systems by
minimizing feedrate fluctuations during CNC machining. Previous studies have proposed various
methods to minimize these fluctuations. However, these methods often require complex calculations
and are not suitable for real-time and high-precision machining applications. Given the sensitivity
of the curvature-sensitive region to feedrate variations, this paper proposed a two-level parameter
compensation method to eliminate the feedrate fluctuation. First, in order to address federate fluctu-
ations in non-curvature sensitive areas with low computational costs, we employed the first-level
parameter compensation (FLPC) using the Taylor series expansion method. This compensation
allows us to achieve a chord trajectory for the new interpolation point that matches the original arc
trajectory. Second, even in curvature-sensitive areas, feedrate fluctuations can still occur because
of truncation errors in the first-level parameter compensation. To address this, we employed the
Secant-based method for second-level parameter compensation (SLPC), which does not require
derivative calculations and can regulate feedrate fluctuation within the fluctuation tolerance. Finally,
we applied the proposed method to the simulation of butterfly-shaped NURBS curves. These simu-
lations demonstrated that our method achieved maximum feedrate fluctuation rates below 0.01%
with an average computational time of 360 us, which is sufficient for high-precision and real-time
machining. Additionally, our method outperformed four other feedrate fluctuation elimination
methods, highlighting its feasibility and effectiveness.

Keywords: NURBS interpolator; feedrate fluctuation; parameter compensation; curvature

sensitive area

1. Introduction

In computer-aided manufacturing, Non-Uniform Rational B-Spline (NURBS) inter-
polation is used to generate a toolpath for the CNC machining of parts. Feedrate is an
important parameter that needs to be carefully controlled during machining, as it affects
not only the quality and accuracy of the machined part but also the tool life and the time
required for machining. The feedrate of CNC machines is determined based on the NURBS
curve and the cutting parameters such as spindle speed, depth of cut, and feed per tooth.
However, the feedrate can fluctuate because of irregularities in the NURBS curve, which
can result in unwanted effects such as tool vibration, chatter, and excessive tool wear.
Therefore, minimizing feedrate fluctuations in the NURBS interpolation process is essential
to attain high-precision and high-quality machined parts. Since NURBS curves are con-
structed piecewise using B-spline basis functions, the solution of curve trajectory points,
the calculation of curve arc length, the derivation of NURBS curves, and the calculation
of curvature surfaces have high computational loads. In particular, there is a nonlinear
mapping relationship between the curve parameters and the arc length because of the
segmented structure of the NURBS curve.
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Nie et al. [1] fully considered various constraints when planning the feedrate for
the NURBS interpolator to improve the interpolation accuracy effectively. Liu et al. [2]
generated smooth instructions that satisfy all the specified kinematic requirements. Wang
et al. [3] introduced the pre-compensation-based theory to increase machining precision
by lowering contour errors while maintaining federate. Cao et al. [4] suggested a feedrate
direct interpolator (FDI), which can effectively acquire potentially precise interpolation
parameters without using rounding or compensation techniques. Li et al. [5] employed the
Sigmoid function for feedrate planning, considering both geometric and kinematic errors.
Guo et al. [6] presented a federate scheduling method to overcome the NURBS curvature
changing along the trajectory. Hu et al. [7] presented a brand-new feedrate scheduling
approach based on an S-shape feedrate profile to improve interpolation accuracy. Wang
et al. [8] introduced the cosines theorem in the NURBS interpolation algorithm to minimize
feedrate fluctuations. Sang et al. [9] integrated morphological filtering with an S-shaped
acc/dec profile for the NURBS interpolator in difficult regions. This resulted in more stable
feedrates. Ji et al. [10] corrected the estimated parameters iteratively to achieve smaller
velocity fluctuations and lower computation load. Jiang et al. [11] constrained the feedrate
fluctuation by an iterative method. Zhao et al. [12] generated the smooth feedrate profile
by improving the feed correction polynomial to reduce fluctuations. Zhang et al. [13]
introduced a feedrate optimization method to achieve an ideal feedrate profile efficiently
for the fastest machining efficiency. Ni et al. [14] designed a novel feedrate scheduling
approach that maintains the machining efficiency of interpolation while keeping high
motion smoothness. To minimize fluctuations, Zhong et al. [15] employed federate and
acceleration lookahead operations. Ni et al. [15] employed a two-way control strategy to
maintain NURBS interpolation accuracy under round-off errors. Cho and Kim [16] reduced
the feedrate fluctuation using the compensation mechanism. Peng et al. [17] presented the
improved Adams-Moulton (IAM) method to attain minimal feedrate fluctuation. Huang
and Zhu [18] proposed a sinusoidal representation of the jerk profile for the parametric
interpolator, thus making the feedrate profile more concise. These studies and analy-
ses of the abovementioned literature indicate that direct interpolation of NURBS curves
is a systematic project and obtaining high-speed and high-precision machining effects
is essential.

Feedrate fluctuation during interpolation is unavoidable because of the improper map-
ping between the NURBS parameter and the arc length along the toolpath. The machining
quality in NURBS interpolation is substantially influenced by feedrate fluctuation [19].
Many strategies have been put up to eliminate feedrate fluctuation successfully. For in-
stance, UI (uniform increment) method [20] is the earliest direct approximation method.
Although Ul is the simplest method in this area, it may cause feedrate fluctuations. Taylor’s
expansion (TE) based methods were widely utilized in the literature [21-25]. However,
the unavoidable rounding-off error will cause feedrate fluctuation. An improved Tay-
lor’s expansion (TE) method [26] was proposed to suppress feedrate fluctuation. The
predictor—corrector interpolators (PCI) methods [27,28] can maintain feedrate fluctuations
within specified tolerances after iteration while requiring variable iterations over succes-
sive sampling periods. Thus, the uncertain computation time caused by iteration is not
conducive to interpolation stability and not suitable for high-speed real-time applications.
Besides, there are remapping methods (RM) based on Hermite cubic splines [29], cubic
polynomials [30], quintic splines [31], and seventh-order polynomials [32], which can re-
duce feedrate fluctuations. However, these methods require much storage space to store
intermediate sub-polynomials and increase the computational load. Besides, the Steffensen-
based iterative method [33] was also employed to refine the estimated initial parameter to
reduce the feedrate fluctuation. However, this method requires continuous iterative and
repeated complex parameter calculations, causing issues such as time-consuming calcula-
tions and enormous difficulties. Some scholars have proposed an arc-length compensation
method [34], in which the command position is corrected by compensating for the arc and
chord lengths in the parameter calculation process to reduce feedrate fluctuation. How-
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ever, this method only considers the truncation error, and obtaining satisfactory results
using the approximate method in the solution process is challenging. Super-resolution
techniques [35,36] can be applied to the interpolated curves to enhance their resolution and
improve their smoothness and curvature continuity. it is possible to improve the accuracy,
precision, and overall quality of the interpolated curves, resulting in better performance
and increased efficiency in various applications. However, super-resolution can bring a
high computational load.

To improve the accuracy of NURBS interpolator systems and minimize feedrate
fluctuations during CNC machining, a two-level parameter compensation strategy is
proposed. The corresponding feedrate fluctuation methods are designed for different
regions according to the curvature characteristics, which can greatly reduce the feedrate
fluctuation rate on the premise of ensuring real-time performance. The first-level parameter
compensation is employed in the non-curvature sensitive area to control the feedrate
fluctuation of the interpolation. In the curvature-sensitive area, the second-level parameter
compensation is adopted after the first-level parameter compensation to overcome the
problem of large federate fluctuations caused by large curvature. This strategy raises the
tolerated time load and cannot affect the interpolator’s real-time performance. It generally
utilizes the fact that feedrate changes are more noticeable in the curvature-sensitive area.

The novelty of the proposed two-level parameter compensation method lies in
(1) proposing a two-level parameter compensation method specifically for NURBS in-
terpolation to minimize feedrate fluctuation and improve machining quality, which utilizes
the Taylor series expansion method in the first level and an iterative method without deriva-
tive calculations in the second level; (2) developing a novel approach for reducing feedrate
fluctuation that considers the sensitivity of the curvature-sensitive areas, which can result
in significant improvements in the quality of the final product; And (3) demonstrating
the effectiveness of the proposed method through simulation studies and experiments,
which show that the maximum feedrate fluctuation rate is below 0.01% with an average
computational time of 360 us and that the proposed method outperforms other feedrate
fluctuation elimination methods. Overall, the minimization of feedrate fluctuations is a
novel contribution that can be applied to various applications, including those that re-
quire high precision and accuracy in motion control systems, such as 3D printing, CNC
machining, and robotics.

The main contributions of this paper can be summarized as follows:

(1) We focused on the critical role of curvature in feedrate fluctuation, proposed
the concept of the curvature-sensitive area, and divide the NURBS curve into curvature-
sensitive areas and non-curvature-sensitive areas according to the curvature threshold to
adapt to the curvature variations;

(2) A NURBS interpolator with minimum feedrate fluctuation based on two-level
parameter compensation was proposed;

(3) The first-level parameter compensation based on Taylor series expansion was
employed in the non-curvature-sensitive area; the second-level parameter compensation
based on Secant method was employed in the curvature-sensitive area. Compared with the
other four methods for eliminating feedrate fluctuation, the proposed method performed
best and controlled the feedrate fluctuation within the standard range.

The remainder of this paper is structured as follows. Section 2 introduces the NURBS
interpolation and feedrate fluctuation. Section 3 describes the feedrate fluctuation elimina-
tion method based on the two-level parameter compensation. The simulation results of
applying the suggested method on NURBS curves with a butterfly shape are presented in
Section 4. Finally, conclusions and future aspects are presented in Section 5.
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2. NURBS Interpolation and Feedrate Fluctuation
2.1. The NURBS Curve and Parameter Discretization

NURBS curves are often expressed in the following rational fractional form [1]:

x(u) i Nix(u)wip
Clu) = |y(u) | = 5——— (1)
z(u) gONz,k(u)wi

where P; is the control point, w; is the weight of P;, u is the non-uniform knot vector, and
N; i (u) is the kth-order B-spline basic function.

Determining the curve parameter u for every interpolation period in the NURBS curve
interpolation process is essential. The definition of the NURBS curve gives a deterministic
mathematical expression for the free curve. Therefore, the key function of the NURBS
interpolator is to discretize the curve parameter 1 and obtain the coordinates of interpolation
point C(u) that meet the requirements of dynamic and motion characteristics.

The Taylor expansion approach effectively creates commands in general motion sys-
tems to discretize the curve parameter. By applying the Taylor expansion on the function
u(t) at t = t; and ignoring the higher-order terms, the First-order Taylor expansion method

can be expressed as

du
uipg =ui+ | T 2

t=t;

Additionally, the Second-order Taylor expansion method can be written as

du 1d%u 5
B _ -2 T
Uit uj + dt —t 2 dr2 —t, (3)
Then, the curve velocity v(u;) can be derived as
., dC(u) ., dC(u) du
o) = I, =10, @

Since the curve parameter discretization by Taylor expansion approximation ignores
the higher-order terms, there is a deviation between the discretized and actual values of u.
Subsequently, this will cause a bias between the expected and actual arc lengths. Therefore,
according to Equation (4), the bias of the arc length will cause a deviation between the
interpolation and actual velocities.

Besides, the CNC interpolation trajectory comprises micro-straight lines fed at v(;)
per cycle. There is a gap between the feed micro-line and the planned arc trajectory, called
the chord error. If the feedrate v(u;) is inappropriate, it might become unsatisfactory.
Throughout the interpolation procedure, the curve velocity v(u;) must be modified adap-
tively depending on the curvature to maintain the chord error within a tolerance range. As
shown in [37], the adaptive velocity corresponding to the maximum chord error can be
obtained as:

Ui = % ' \/(1/ki)2 — (1/k; = Omax)? ®)

where k; is the curvature of the current interpolation point v(u;). The interpolation feedrate
cannot always be constant since the velocity is adaptively altered in response to curvature
changes. Set the given maximum feedrate to F, then we can get

N F, Zf (% Z F
o(ui) = {vi, if vi<F ©
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Substituting Equation (6) into Equation (2) yields the first-order adaptive-feedrate
method (FAM):
) — o(u;)
ir = uit et
LT .
Wit ey feizF @)

'UiT .
it ety fo<E

Substituting Equation (6) into Equation (3) yields the second-order adaptive-feedrate
method (SAM):

L — . o(ui) V() C (i) C” (u;) 2
Migt = Wi e T 201" (uy) ¥
. FT _ F2T2C'(u;)C" (u;) s
N A= 1" () [® if iz F ®)
) ol @PTCw)C () e
i e AR ifvi <F

The interpolation parameter 1,1 of the next point is first predicted according to
the current adaptive velocity v(u;) and the interpolation period by FAM or SAM. SAM has
one more item than FAM, with higher calculation accuracy, while FAM should calculate
the second-order derivative, which has higher calculation complexity.

2.2. Feedrate Fluctuation Analysis

Feedrate fluctuation, resulting from a nonlinear correspondence between the curve
parameters and the arc length displacement, is the difference between the desired and
actual feed rates. The actual feedrate during the interpolation process can be expressed
as [34]

S=(ds/dt) = |C'(w)] - (d/ds;) (dsg/dt) ©)
—— ———
actual feedrate command feedrate flucuation  desired feedrate

where s is the actual arc length, C'(u) is the derivative of the NURBS curve, || | is the
Euclidean norm, 7 is the predicted parameter, and s; is the desired arc length.

There is no accurate analytical expression for the NURBS curve’s parameters and
arc length because of their unique definitions in Equation (1). The acquisition of the
predicted parameter i generally adopts an approximate method (such as FAM or SAM).
Because of the deviation of the estimated parameter # from the actual value, the arc
displacement along the curved path is inaccurately mapped to the spline parameters,
causing the term ||C’(u)]| - (di1/ds;) not to be equal to 1. Consequently, the inequality

$ # (ds;/dt) holds and feedrate fluctuations follow.

A ———
actual feedrate command — ogived feedrate

According to Figure 1, A and B represent the actual ith point and the predicted

(i + 1)th point. AB and AB are the arc and chord lengths, respectively. The arc length
between A and B is S;,1, and the chord length AB is /;;1. When the arc length is tiny
enough, a circle with the same curvature can approximate it. R; is the curvature radius at
point A.

Interpolation feedrate can be obtained as

L:
Uit1 = 1;1 (10)

The theoretical feedrate can be calculated as

Sit1
o = 5 an
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For the path with nonzero curvatures, as depicted in Figure 1, the expression I; 1 #
Si+1 holds, which results in v;,1 # v';;1. Consequently, feedrate fluctuations during
the NURBS curve interpolation may result from discrepancies between the actual and
predicted trajectories.

NURBS Curve

Circle of
curvature

Figure 1. NURBS curve interpolation trajectory.

Thus, the feedrate fluctuations rate of the (i + 1)th interpolation point can be defined as

/
Vit1 — Vit1
€it1 = # (12)
1
It can be rewritten as s l
o —liyq
&i+1 = % (13)
1

From Figure 1, according to the relationship between arc length and radian, it can be
obtained as

Siy1 _ _ (L
= R;-6 = R;-arcsin 2R, (14)

R; is the curvature radius at point A
In (14), the arcsine term can be roughly calculated using the Maclaurin series, which is

written as
arcsin i A lit —l—1 it ’ (15)
2R; 2R; 6\ 2R;

Substituting Equation (15) into Equation (14) yields

S;21 = 2( R;-arcsin Ly = 2R; Zi“+1 lit ’ =1 +(Zi+1)3 (16)
i+l i 2R; "\ 2R; " 6\ 2R; 1T D4R2

Substituting Equation (16) into Equation (13) gives

3
I W)
ey = St i _ M aeE )
" li+1 lit1 24(R1')211'+1

(17)

Equation (17) shows that the curvature radius change directly determines the feedrate
fluctuation’s magnitude.
As the reciprocal of the curvature equals the curvature radius, R; = k(lT-)R holds,
1

where k(u;) is the curvature obtained as follows:
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C'(ui) x C” (u;)
€ (uy)?
where the first and second-order derivatives of the current point are denoted by C’(u;) and

C” (u;), respectively.
Equation (17) can be rewritten as

k(u;) = (18)

Si+1 = 2 =
) 241,
24 () T "

Under the same actual interpolation trajectory length /, it can be concluded from
Equation (19) that greater curvature leads to more significant feedrate fluctuations. Af-

ter eliminating the feedrate fluctuations, it is necessary to take corresponding measures
combined with the curvature properties.

1) (1)° (k(uy))? (19)

3. Two-Level Parameter Compensation

In this research, we aimed to address the issue of feedrate fluctuations that occur dur-
ing NURBS interpolation. Such fluctuations can significantly impact the quality, accuracy,
and efficiency of Computer Numerical Control (CNC) machining processes. Although
various methods have been proposed in previous studies to reduce these fluctuations, most
of them involve complex calculations and are not conducive to real-time and high-precision
machining applications. Hence, we proposed a new two-level parameter compensation
method that effectively minimizes feedrate fluctuations, considering the curvature-sensitive
areas in the NURBS curve.

3.1. Feedrate Fluctuation Elimination Strategy

In order to balance efficiency and effectiveness, a two-level parameter compensation
method is suggested to avoid feedrate fluctuations. Figure 2 shows the schematic diagram
of two-level parameter compensation for the (i + 1)th interpolation point. Firstly, to address
the federate fluctuation in non-curvature sensitive areas with low computational cost, first-
level parameter compensation is performed. The compensation is achieved through the
Taylor series expansion method, ensuring that the chord trajectory of the new interpolation
point after compensation closely matches the original arc trajectory. Secondly, although the
first-level parameter compensation reduces truncation error in curvature-sensitive areas,
significant feedrate fluctuations can still occur. To further address this issue, second-level
parameter compensation is performed using an iterative method that does not require
derivative calculations.

As shown in Figure 2, initially, parameters such as u; and curvature k(u;) of the cur-
rent interpolation point, command feedrate F, the maximum chord error dmax, curvature
threshold k014, and the feedrate fluctuation tolerance € are input into the two-level
parameter compensation module. Then, the first-level parameter compensation is per-
formed. In this process, the adaptive velocity of the next interpolation point is calculated
using the adaptive velocity approach described in Equation (5) and is restrained under
the command feedrate constraint according to Equation (6). The estimated parameters
Upre,i+1 Of the next interpolation point are obtained by using the FAM or SAM described
in Equations (7) and (8). As the numerical approximation method is utilized to obtain the
estimated parameters, there are inevitable discrepancies between these parameters and
the actual ones. Consequently, the arc displacement along the curved path is inaccurately
mapped to the spline parameters, leading to fluctuations in the federate. In this paper, we
provided a theoretical derivation process for compensating for the problem of feedrate fluc-
tuation caused by parameter estimation deviation. More details can be found in Section 3.2.
Therefore, we can obtain the parameter compensation step size Au; ;1 according to the
method called first-level compensation in this paper. In this way, the first-level parameter
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compensation is completed and we can update the new predicted parameter through the

formula Ufit] = Upre,itl + Aujy .

Interpolation start
ui ki F T 5max kthreshold
]
Y

The adaptive velocity
calculation v,

v

—————— ) F, if v2F
Getting feedrate Vv(U;) - V(Ui)={vi, if v, <F

I
Prediction parameter

calculation by FAM or
SAM upre,i+1

v 2
a= "C'(uiﬁ)”

pu, = obrb?—dac Parametelr C?T_pensi“o” < {b=2(C'(,).C(u.) ~C(W)
i+ U;
2a calculation i+1 C:”C(Uiq)—C(Ui)Hz_Visz

v
Updating prediction
parameter Us i

| First-level |
| parameter |
| compensation |

: (1/ki )Z _(J/ki ~ Opnax )Z

¢vi=

=N

< Usig =Upein T AU,

Y

Curvature-sensitive area? Uy =Us iy

vy

Second-level | Initialize k, u, , U,

| parameter | k:k‘“l—ﬁ
f (uk)(uk—l 7uk)

| compensation | Parameter updating <y, =y, (e t)
f(u.)-f(u)

—_— e — — — —

-
I

Current velocity v, ,,

-t Vi :llc(uk+1)7c(ui)||/T

caculation
Updating u, ,u,,
L S
N
Y

Updating prediction < U —u
parameter Ui, L Tk

-l

/
Coordinate position
calculation C(U;,,)

Servo control system

Figure 2. The flowchart of the parameter compensation.
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Greater curvature leads to more prominent fluctuation in feedrate. Even after eliminat-
ing the feedrate variation through the first-level parameter compensation in the curvature-
sensitive area, there is still a pressing issue of substantial feedrate fluctuations. This paper
presents a second-level parameter compensation method that is combined with curvature
characteristics to address this problem. As shown in Figure 2, after completing the first-level
parameter compensation, it is important to check whether the next interpolation point is
situated in the curvature-sensitive area. If the point is located in the non-curvature-sensitive
area, the NURBS interpolator will proceed with the calculation process, which involves
obtaining the interpolation position based on the parameters. Once this is done, the feed
system will execute the interpolation action to complete the feed process. If the point falls
within the curvature-sensitive area, then proceed to the second-level parameter compensa-
tion based on the Secant iteration method. First, initialize the parameters, including the
number of iterations, 1 and uy_1, etc. In each iteration, a new compensated parameter
uy1 is updated according to the formula uy, 1 = uy — % Then, the estimated
feedrate vy, 1 is obtained by the ratio of the distance between two points w1 and u;, which
are the new compensated interpolation point and the previous interpolation point, to the
interpolation period. After that, the new feedrate fluctuation is gained and is compared
with the set fluctuation tolerance ¢. If the feedrate fluctuation is still higher than the set
tolerance, the number of iterations k will update and the next update iteration process
proceed. If the current parameter compensation results in the feedrate fluctuation being
within the set tolerance and meets the accuracy condition, then, the second-level compen-
sation will end. Next, the NURBS interpolator will solve the curve point coordinates and
perform the feed motion. The specific process of second-level parameter compensation is
detailed in Section 3.3. After two-level parameter compensation, the feedrate fluctuation of
the estimated point can be well eliminated, and the quality of the processed surface can be
better guaranteed.

High curvature regions are the curve parts that exceed the curvature threshold in
the second-level parameter compensation. The NURBS curve is firstly divided into low
and high curvature regions by the curvature threshold. The curve’s curvature threshold
is determined by considering dynamic limitations and geometric properties. Taking F as
the maximum command feedrate, and dax as the chord error tolerance, the curvature
threshold can be determined from Equation (5) as

k _ 80max
threshold — W

max

(20)

Then, the curve is divided into numerous sections based on the curvature threshold.
The NURBS curve’s high and low-curvature areas are defined as the portion with curvature
larger and less than the threshold, respectively. It can be seen from the curvature character-
istics that when the interpolation point is located in the low curvature area, the feedrate
fluctuation is slight, and only the first-level parameter compensation is required. In contrast,
when the interpolation point is located in the high curvature area, the feedrate fluctuation
is significant, and it is necessary to perform the second-level parameter compensation after
the first-level parameter compensation.

3.2. The First-Level Parameter Compensation

The main factor causing feedrate fluctuation is that the synthesis trajectory is a short
straight line instead of a circular arc. In order to make the chord trajectory of the new
interpolation point after compensation as similar to the original arc trajectory as possible,
the first-level parameter compensation was performed, as shown in Figure 1, where C is
the new point of point B after the first-level compensation.

The parameters of B and C were set as ue,i+11f,11. The parameter compensation
incremental value of point B was set to Au; 1. Now, we have

Aujyy = Ufip1 — Upre,it1 (21)
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where 1, ;11 is the predicted parameter of the next interpolation point by FAM or SAM.
Here, the first-order Taylor series expansion technique establishes a model between
the interpolation point and the compensation value [38].

Clugiz1) = Clupre,iv1) + C (Upreiv1)Dutis (22)

where C'(uy,i 1) is the first-order derivative of C(upyeit1)-
After the first-level parameter compensation, it is assumed that there is no feedrate

fluctuation, and /TB = AB holds. This also means that the desired feedrate should equal
the actual feedrate. It yields

Siv1 IC(ugiz1) — Clw)]]

T T (23)
Equation (23) can be rewritten by
Clugiyr) — Clu;
Vipg = ” ( f,1+l; ( z)” (24)
By substituting (22) with (24), we obtain
IC(upreit1) + C (tpreiv1)Buiyr — C(u)|| = via T (25)

The quadratic equation for Au;; can be obtained by squaring both sides of
Equation (25).

2
1€ (ttpre,iv1) " Auf g + 2(C (ttpreiv1), Clupreis1) — C(1i)) Attig + [|C(tpreisn) — Clu)||* — 07 T> =0 (26)
Then, it can be rewritten as
alu?, | +bAu; 1 +c=0 (27)
where g, b, and c are listed as follows:

2
a= ||C/(upre,i+1) H

b =2(C'(upre,i+1), Clutpre,iv1) — C(u;)) 28)
¢ = [|Cutpreis1) — Cluy)||* — 02, T2

Two roots of Equation (27) can be obtained as

—b+ Vb* — dac
Aujp1y = — oa (29)
a
and
—b—Vb% — dac
Aujyyp = — oa (30)
a
Since ¢ = ||C(us,11) — C(u)||* — v2,; T2 ~ 0, one of the roots turns out to be close to
zero, and the other root is Auj 19 = —g. Therefore, the parameter compensation should be

slight, and the parameter compensation is taken to be the value of Au;, 1 1.

3.3. The Second-Level Parameter Compensation

The FAM or SAM based on Taylor expansion employed in the first-level compensation
has truncation errors, which cannot be ignored in high curvature areas, and will still cause
feedrate fluctuations.
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Suppose a point in the high curvature region with feedrate v;; ;. Assuming there
are no feedrate fluctuations on this point, it just requires finding parameter u to satisfy
f(u) = 0 in Formula (31).

F(u) = |C(u) — C(u;)[| = v;T=0 (31)

where f(u) represents the difference between the linear distance of adjacent interpolation
points and the actual interpolation trajectory length. When f(u) equals 0, there is no
feedrate fluctuation. The Secant method is introduced to solve (31), an iterative method
without calculating the derivatives. Suppose the feedrate fluctuation tolerance is . The
pseudocode representation of the method is shown in Algorithm 1.

Algorithm 1. Secant-Method Based Parameter Compensation

Input: u;, vi, Upreit1, Ufif1, €

Output: u; g
1: initialize: Setk =1, ug = uf 41, Ug—1 = Uppe,it1
2 do Pl 1—0)

. _ S ) (Wge—q — Uy
. e kY

u —C(u;

4. 'Uk+1 = k+1T
5. until Bl <

: Vi1 -
6: Uiy = Uk

In Algorithm 1, the input parameters include parameter u;, the desired feedrate v;,
the predicted parameter 1,1, the first-level parameter compensation u¢; 1, and the fee-
drate fluctuation tolerance €. 1y 1 represents the parameter compensation of Equation (31)
at the (k + 1)th iteration, and vy, indicates the actual feedrate according to parameter uy 1.
If the feedrate fluctuation is under the upper bound ¢, then uy 1 is set to the desired value.

3.4. The Order of Convergence for the Second-Level Parameter Compensation

Let ex be an error in the kth iteration approximation. The parameter compensations u
and uj_q can be written as

U = U+ e
32
{ Up_1 = U+ ep_q (32)

Substituting Equation (32) into Equation (31) and expanding with the Taylor series,
we get

Flug) = flu+ee) = F(u) + exf () + 5 F ()

(33)
2
fluta) = ot eq) = ) + e f/(w) + S5 (u)
Since f(u) = 0, Equation (33) can be rewritten as
2
fue) = exf'(u) + 5 (u)
2 (34)
flug—1) = exa f'(u) + 2517 (u)
Now, the following formula can be obtained
1
flug) = 1) = (ex —ee-1) f' () + 5 (e — 1) f" () (35)
The second-level iteration parameter compensation can be described as
— oy, f) (e —)
R (T () 36)

g1 f () — g f (ug_1)

fug)—f(ug—1)
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Substituting Equations (34) and (35) into Equation (36) gives

2 2
(1) (ekf/<u>+7kf“ (u)) —(eptu) (mu”(uﬂ%f“ <u>>
e ) f 0+ @A) @) 37)

(ex—ei1) [uf! )+ £ () (ex—ex )+ 251 f" ()|
(ex—ex—1)[f' (u)+ 5 (extex—1)f" (u)]

ep1 tu =

Equation (37) can be rewritten as

wf! (u)+ 4 f" () (ex—ex—1)+ 5L (u)

)
F1()+ 5 (extex—1)f" (u)

epep_
FELf ()

€1 = U+

= 7 38
f/(u) |:1+%(3k+3k71));/<<5)):| ( )
_eger_ " (u) exter—1 f (1) -1
=9 G [ e G |
By binomial theorem, Equation (38) can be rewritten as
exex—1 [ (u) e +ex1 f" (1)
= . 1-— 39
=S - R )
Neglecting powers of ey and e;_1 yields
exex—1 f" (u)
~ 40
€k+1 2 f’(u) ( )
07 €jq X exe_1 (41)
If p is the order of convergence of iterations, then
Ck+1 & e,’; (42)
Or ¢ el’zil (43)
According to Equations (41) and (42), we have
elf X €rCr—1 (44)
From Equation (43), we have
P P
€ X € 16k—1
- 5)
ex x4
And then
epocel 17 (46)
From Equations (43) and (46), we can obtain
1
p=P o —p-1=0 47)
p
The roots of Equation (47) are
1+£v1+4 1£45

2 2
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Taking the positive sign, we have p = % ~ 1.618.
The order of convergence of the second-level parameter compensation is 1.618, which
is superlinear.

4. Simulation Results
4.1. The Simulation Parameters and Methods

In order to demonstrate the feasibility and effectiveness of the supposed approach,
the typical butterfly-shaped NURBS curve is simulated. The typical butterfly-shaped curve
and its control polygon are shown in Figure 3. In this simulation, the command feedrate,
maximum chord error, and interpolation period are set to 0.1 mm/ms, 0.001 mm, and 2 ms,
respectively.

70 T T T T T

_— NURBS curve

% —ememees Control polygons i
60 [ 1

50

—~40

y (mm

30

20

10

0 20 40 60 80 100 120
x(mm)

Figure 3. Butterfly-shaped NURBS curve.

Figure 4 depicts the curvature of the butterfly-shaped curve. The curvature threshold
is 0.19998, calculated by the given parameters according to Equation (20), as shown by the
red line in Figure 4. As shown in Figure 4, most regions are below the curvature threshold,
while there are also several regions above the curvature threshold, which are high curvature
areas that require performing second-level parameter compensation after the first-level
parameter compensation. In Figure 4, the part with the parameter range of 0.30-0.40 is
selected and magnified (the area indicated by the arrow in Figure 4), which can be seen
more clearly.

This paper performed simulation experiments on the first-level and second-level
parameter compensations under the FAM and SAM. The horizontal axis shows the nor-
malized parameter vector and its value range is 0~1. The vertical axis shows the feedrate
fluctuation rate as a percentage.

4.2. Simulation Analysis

In Figure 5, the NURBS curve interpolation adopts the FAM, which does not consider
the deviation between the estimated and theoretical interpolation trajectories. Figure 5
shows that this method gives significant feedrate fluctuations, and the maximum feedrate
fluctuation rate reaches 18.39%. Such high feedrate fluctuations will directly degrade the
interpolation accuracy and surface quality.
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Figure 4. Curvature of the NURBS curve and the curvature threshold.
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Figure 5. The feedrate fluctuation of the first-order adaptive feedrate method (FAM).

In Figure 6, the first-level parameter compensation is performed on FAM. For the
parameter estimated by the FAM in Equation (7), the compensation increment is calculated
according to Equation (29), and the compensation increment is added to update the next
point parameters. Figure 6 shows that the FAM algorithm’s feedrate fluctuation range
is significantly reduced after the first-level parameter compensation, and the maximum
fluctuation rate is reduced from 18.39% to 1.2%. The feedrate fluctuation after the first-level
parameter compensation in FAM is 93.5% lower than without parameter compensation.
However, Figure 6 shows that most feedrate fluctuations are less than 0.2%, and the area
with significant feedrate fluctuations corresponds to the curvature-sensitive area shown in
Figure 4.
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Figure 6. The feedrate fluctuation of the FAM with the first-level parameter compensation.

Since the feedrate fluctuation is still relatively significant after the first-level parameter
compensation in the curvature-sensitive areas, the second-level parameter compensation
method is adopted. Figure 7 shows the feedrate fluctuation of the FAM with two-level
parameter compensation. This paper selected the maximum number of iterations as 1~5
in the second-level parameter compensation for real-time performance and investigated
the feedrate fluctuation under the fixed iteration period. Figure 7 shows the feedrate
fluctuation reduction under different iterations. When the iteration parameter was set to 1,
the maximum feedrate fluctuation rate was reduced to 0.5036%, 58.03% lower than that of
the FAM with the first-level parameter compensation. When the iteration parameter was
set to 5, the feedrate fluctuation rate in the curvature-sensitive area continued to decrease,
falling below 0.1%.

In order to further eliminate the feedrate fluctuation rate, this paper also simulated
two-level parameter compensation of the SAM, as shown in Figures 8-10. Figure 8 depicts
the SAM'’s feedrate fluctuation without parameter compensation. Since SAM has one
more second-order derivative than FAM, its truncation error is smaller than that of FAM,
and its estimated parameter of the interpolation point is closer to the theoretical value.
Therefore, the feedrate fluctuation rate in the SAM is lower than in the FAM. Nevertheless,
the maximum feedrate fluctuation rate of the SAM still reached 6.32%, which cannot meet
the high precision machining requirements.

Figure 9 depicts the SAM’s feedrate fluctuation with the first-level parameter com-
pensation. Similar to the simulation results in Figure 6, the feedrate fluctuation rate was
significantly reduced (from a maximum of 1.2% to 0.178%, a drop of 85.17%) after adopting
the first-level parameter compensation. The main reason is that the parameters estimated
by the SAM in Equation (8) are compensated according to Equation (29), so the estimated
parameters were closer to the theoretical ones.

However, Figure 9 shows that corresponding to the curvature-sensitive areas in
Figure 4, the feedrate fluctuations were more significant than other areas, which still cannot
meet the high-quality machining requirements. The main reason is that the first-level com-
pensation has a truncation error, and the length of the interpolation trajectory is minimal
in the curvature-sensitive area. Thus, the effect of truncation error on feedrate fluctuation
cannot be ignored.
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Figure 7. The feedrate fluctuation of the FAM with the two-level parameter compensation.
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Figure 8. The feedrate fluctuation of the second-order adaptive feedrate method (SAM).

Therefore, the secondary second-level parameter compensation is adopted in SAM,
and the feedrate fluctuation rate is shown in Figure 10. Similar to the second-level parameter
compensation of the FAM, the maximum number of iterations was specified as 1~5 in the
second-level parameter compensation, and the feedrate fluctuation under the fixed iteration
period was investigated. As shown in Figure 10, when the iteration parameter was set to 1,
the maximum feedrate fluctuation rate after parameter compensation for the curvature-
sensitive area was reduced to 0.0679%, 61.85% lower than the SAM with the first-level
parameter compensation. When the iteration parameter was set to 5, the feedrate fluctuation
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rate in the curvature-sensitive area decreased, falling below 0.01%. Even if the iteration
parameter was set to 1 in the SAM with the two-level parameter compensation, the feedrate
fluctuation error was sufficient for high-precision machining compared with the standard
range of 0.001-0.1% [8].
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Figure 9. The feedrate fluctuation of the SAM with the first-level parameter compensation.
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Figure 10. The feedrate fluctuation of the SAM with the two-level parameter compensation.

Table 1 shows a comparison of the performance of parameter compensation inter-
polation algorithms. The FAM has a maximum feedrate fluctuation rate of 18.39%. The
maximum federate fluctuation rate of the FAM with the first-level parameter compensation
was 93.5% lower than the FAM. When using the two-level parameter compensation and
setting the iteration parameter to one, the maximum feedrate fluctuation rate was 0.5, 97.3%
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less than the FAM. When the iteration parameter was set to 5, the feedrate fluctuation rate
was 0.1%, 99.5% lower than the FAM. Correspondingly, in terms of the sum of feedrate
fluctuations in the whole interpolation process, the FAM with the first-level parameter com-
pensation was 99.19% lower than that without compensation, and the two-level parameter
compensation was reduced by 99.56% and 99.71% when the iteration parameters were set
to 1 and 5, respectively.

Table 1. Simulation results of the proposed parameter compensation interpolation algorithms.

1A MFFR (%) SFF (Ze;,%) ACT (us)

FAM 18.39 2.2484x103 135

FAM with FLPC 1.20 (193.5%) 18.14 (199.19%) 290

FAM with TLPC (iteration 1) 0.50 (197.3%) 9.86 (199.56%) 302
FAM with TLPC (iteration 5) 0.10 (199.5%) 6.59 (199.71%) 350
SAM 6.32 269.41 155

SAM with FLPC 0.18 (197.2%) 6.44 (197.10%) 310

SAM with TPPC (iterations 1) 0.07 (198.9%) 5.71 (197.88%) 322
SAM with TLPC (iterations 5) 0.01 (199.8%) 5.40 (198.00%) 360

IA—interpolation algorithms. MFFR—the maximum feedrate fluctuation rate. SFF—the sum of feedrate fluctua-
tion in the whole interpolation process. ACT—average computational time.

Besides, for the SAM, the proposed two-level parameter compensation also provided
excellent performance, as shown in Table 1. The maximum rate of feedrate fluctuations
obtained with the SAM was 6.32%, while it was 0.18% for the SAM with the first-level
parameter compensation, 97.2% lower than the SAM. When the two-level parameter
compensation was adopted and the iteration parameter was set to 1, the maximum rate
of feedrate fluctuation was 0.07%, 98.9% lower than that of the SAM. When the iteration
parameter was set to 5, the maximum rate of feedrate fluctuation was 0.01%, 99.8% lower
than the SAM. Similarly, the maximum rate of feedrate fluctuations obtained with the SAM
with the first-level parameter compensation was 97.10% lower than without compensation,
and the two-level parameter compensation reduced it by 97.88% and 98.00% when the
iteration parameter was set to 1 and 5, respectively. At the same time, in the case of
horizontal comparison, when the two-level parameter compensation was adopted and
the number of iterations was set to 5, SAM’s maximum rate of feedrate fluctuation was
only one-tenth that of FAM. Under the SAM with the two-layer parameter compensation,
even if the iteration parameter was set to 1, the feedrate fluctuation was sufficient for
high-precision machining.

Furthermore, the FAM and SAM without parameter compensation consumed the least
computational time while generating the worst feedrate fluctuation rate. The time required
for the first-level parameter compensation to compute the NURBS curve’s first derivative
was doubled. However, the feedrate fluctuation rate decreased by more than 93% after
adopting FAM and SAM. The second-level parameter compensation does not require calcu-
lating the first derivative of the NURBS curve while adding some simple calculations with
no discernible time increase. The feedrate fluctuation control was further improved after
adopting FAM and SAM. The SAM with the two-level parameter compensation (iteration
is 5) consumed most time than the other methods and could reach the maximum rate of
feedrate fluctuation below 0.01%. The proposed two-level parameter compensation method
provided the best feedrate accuracy compared with the other methods. Furthermore, the
proposed method has a computational time of about 350 us for FAM and 360 us for SAM,
which is acceptable for the specified interpolation period (2 ms). As a result, the proposed
method’s real-time performance can meet the requirements of typical computer numerical
control (CNC) systems.

Table 2 compares the following four interpolation methods: the proposed SAM with
two-level parameter compensation, the IRF method [26], Fast NURBS (fifth-degree ILF) [29],
the TFSS method [12], and the OFB method [37]. The five methods had maximum federate
fluctuation rates of 0.01%, 2%, 0.025%, 0.25%, and 0.027%, respectively. The proposed
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method had the smallest feedrate fluctuation among the four methods. The feedrate
fluctuations of the other four methods were significantly higher than the proposed method,
which were 1.99 x 10°%, 1.5 x 102%, 2.4 x 10°%, and 1.7 x 10?%.

Table 2. Simulation results of different interpolation algorithms.

Interpolation Algorithms The Maximum Feedrate Fluctuation Rate (%)
Proposed SAM with TLPC 0.01
IRF method [26] 2 (11.99 x 10%%)
Fast NURBS (fifth-degree ILF) [29] 0.025 (11.5 x 10%%)
TFSS [12] 0.25 (12.4 x 103%)
OFB [39] 0.027 (11.7 x 10%%)

4.3. Physical Mechanisms Analysis

The Taylor expansion approximation method disregards higher-order terms, inducing
truncation errors, and discrepancies between estimated and theoretical interpolation points.
As a result, it creates feedrate fluctuations that exceed the required range for high-speed
and high-precision machining. This paper suggests a first-level parameter compensation
method that establishes a mathematical analytical solution for the truncation error com-
pensation and compensates for the error with a step increment. The simulation results
indicated that utilizing a first-level parameter compensation for the first-order and second-
order Taylor expansion methods can decrease feedrate fluctuation to less than 0.02% in
non-curvature sensitive areas. However, fluctuations in curvature-sensitive areas remain
significant because of the continuous impact of curvature on NURBS interpolation. To
solve this issue, the paper suggests the second-level parameter compensation to further
limit the impact of curvature on feedrate fluctuation. The Secant method was introduced to
iteratively regulate feedrate fluctuation within the fluctuation tolerance. The simulation
results also demonstrated that feedrate fluctuation can be effectively managed within 0.01%
after the second-level parameter compensation is implemented.

5. Conclusions

This paper suggests a two-level parameter compensation method for the NURBS
interpolator to minimize feedrate fluctuation. First, the Taylor series expansion method was
utilized in the first-level parameter compensation to obtain precise parameters to make the
chord trajectory of the new interpolation point after compensation as close to the original
arc trajectory as possible, eliminating federate fluctuation in non-curvature-sensitive areas
with low calculation cost. Second, the second-level parameter compensation was performed
based on the Secant method to overcome the truncation error of the first-level parameter
compensation, an iterative method without derivative calculation requirement. Finally, the
butterfly-shaped NURBS curves were simulated. The simulation results indicated that the
maximum feedrate fluctuation rate was below 0.01% with an average computational time
of 360 us in SAM with two-level parameter compensation, which is 99.8% lower than the
SAM without parameter compensation. The proposed method performed best among the
four feedrate fluctuation elimination methods. Compared with the standard range, the
simulation demonstrated its feasibility and effectiveness for high-precision and real-time
machining. However, this paper still has limitations, for example, the effectiveness of
the proposed method in minimizing feedrate fluctuations during actual CNC machining
needs to be tested experimentally. Future research will investigate the potential of machine
learning and artificial intelligence algorithms in developing adaptive and self-optimizing
feedrate control systems for CNC machining.

Author Contributions: Writing—original draft preparation, M.N.; writing—review and editing, Y.L.;
supervision, T.Z.; funding acquisition, M.N. All authors have read and agreed to the published
version of the manuscript.



Sensors 2023, 23, 3789 20 of 21

Funding: This work is supported by the Natural Science Foundation of Hunan Province under Grant
No. 2021]J]J30574, the Research Foundation of Education Bureau of Hunan Province under Grant No.
21B0424, Hengyang Science and Technology Major Project under Grant No. 202250015428.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Nie, M.; Wan, Y,; Zhou, A. Real-Time NURBS Interpolation under Multiple Constraints. Comput. Intell. Neurosci. 2022, 2022,
7492762. [CrossRef]

2. Lu, T.C; Chen, S.L. Novel Feedrate Optimization Method for NURBS Tool Paths Under Various Constraints. IEEE Access. 2021,
10, 3192-3205. [CrossRef]

3.  Wang, T,; Cao, L,; Zhang, Y.; Dong, J.; Jia, S.; Tian, C.; Liu, Q. NURBS interpolator with pre-compensation based on discrete
inverse transfer function for CNC high-precision machining. Int. |. Adv. Manuf. Technol. 2022, 121, 1315-1335. [CrossRef]

4. Cao,L.;Wang, T, Jia, S.; Dong, J.; Tian, C.; Tian, Y.; Zheng, M. Innovation of NURBS feedrate direct interpolator in five-axis for
CNC high-precision and high-efficiency machining. Res. Sq. 2022; Preprint. [CrossRef]

5. Li, H; Jiang, X.; Huo, G.; Su, C.; Wang, B.; Hu, Y.; Zheng, Z. A novel feedrate scheduling method based on Sigmoid function with
chord error and kinematic constraints. Int. . Adv. Manuf. Technol. 2022, 119, 1531-1552. [CrossRef]

6. Guo, P; Wu, Y;; Yang, G.; Shen, Z.; Zhang, H.; Zhang, P; Lou, F; Li, H. A feedrate planning method for the NURBS curve in CNC
machining based on the critical constraint curve. Appl. Sci. 2021, 11, 4959. [CrossRef]

7. Hu, Y; Jiang, X.; Huo, G.; Su, C.; Wang, B.; Li, H.; Zheng, Z. A novel S-shape based NURBS interpolation with acc-jerk-Continuity
and round-off error elimination. arXiv 2021, arXiv:2103.14433.

8.  Wang, T.Y;; Zhang, Y.B.; Dong, ].C.; Ke, RJ.; Ding, Y.Y. NURBS interpolator with adaptive smooth feedrate scheduling and
minimal feedrate fluctuation. Int. J. Precis. Eng. Manuf. 2020, 21, 273-290. [CrossRef]

9. Sang, Y, Yao, C; Ly, Y.;; He, G. An improved feedrate scheduling method for NURBS interpolation in five-axis machining. Precis.
Eng. 2020, 64, 70-90. [CrossRef]

10. Ji,S.; Hu, T.; Huang, Z.; Zhang, C. A NURBS curve interpolator with small feedrate fluctuation based on arc length prediction
and correction. Int. J. Adv. Manuf. Technol. 2020, 111, 2095-2104. [CrossRef]

11. Jiang, J.; Lin, F; Zhang, Y.; Zhang, H.; Ye, P. A real-time feedrate planning method and efficient interpolator with minimal feedrate
fluctuation for parametric toolpath. IEEE Access. 2019, 7, 112953-112962. [CrossRef]

12.  Zhao, K;; Li, S.; Kang, Z. Smooth minimum time trajectory planning with minimal feed fluctuation. Int. . Adv. Manuf. Technol.
2019, 105, 1099-1111. [CrossRef]

13. Zhang, Y,; Ye, P; Zhao, M.; Zhang, H. Dynamic feedrate optimization for parametric toolpath with data-based tracking error
prediction. Mech. Syst. Sig. Process. 2019, 120, 221-233. [CrossRef]

14. Ni, H.; Yuan, J.; Ji, S.; Zhang, C.; Hu, T. Feedrate scheduling of NURBS interpolation based on a novel jerk-continuous ACC/DEC
algorithm. IEEE Access. 2018, 6, 66403-66417. [CrossRef]

15. Ni, H.; Zhang, C; Ji, S.; Hu, T.; Chen, Q.; Liu, Y.; Wang, G. A bidirectional adaptive feedrate scheduling method of NURBS
interpolation based on S-shaped ACC/DEC algorithm. IEEE Access. 2018, 6, 63794-63812. [CrossRef]

16. Cho, C.N.; Kim, H.J. In Feedrate fluctuation compensating NURBS interpolator for CNC machining. In Proceedings of the
2017 20th International Conference on Electrical Machines and Systems (ICEMS), Sydney, Australia, 11-14 August 2017; IEEE:
New York, NY, USA; pp. 1-+4.

17.  Peng,J.; Liu, X,; Si, L.; Liu, J. A novel approach for NURBS interpolation with minimal feed rate fluctuation based on improved
adams-moulton method. Math. Probl. Eng. 2017, 2017, 8718760. [CrossRef]

18. Huang, ]J.; Zhu, L.M. Feedrate scheduling for interpolation of parametric tool path using the sine series representation of jerk
profile. Proc. Inst. Mech. Eng. Part B ]. Eng. Manuf. 2017, 231, 2359-2371. [CrossRef]

19. Liu, Q.; Liu, H.; Yuan, S. High accurate interpolation of NURBS tool path for CNC machine tools. Chin. J. Mech. Eng. 2016, 29,
911-920. [CrossRef]

20. Bedi, S.; Ali, I.; Quan, N. Advanced interpolation techniques for NC machines. J. Manuf. Sci. Eng. 1993, 3, 329-336.

21. Tikhon, M.; Ko, T.J.; Lee, S.H.; Kim, H.S. NURBS interpolator for constant material removal rate in open NC machine tools. Int. J.
Mach. Tools Manuf. 2004, 44, 237-245. [CrossRef]

22. Huang, J.T. In A generalized interpolator for command generation of parametric curves in computer-controlled machines, ASME
Japan/USA Symp. Flex. Autom. 1992, 1, 393-399.

23. Shpitalni, M.; Koren, Y.; Lo, C. Realtime curve interpolators. Comput. Aided Des. 1994, 26, 832-838. [CrossRef]

24. Yeh, S.S.; Hsu, P.L. The speed-controlled interpolator for machining parametric curves. Comput. Aided Des. 1999, 31, 349-357.

[CrossRef]


http://doi.org/10.1155/2022/7492762
http://doi.org/10.1109/ACCESS.2021.3138049
http://doi.org/10.1007/s00170-022-09385-9
http://doi.org/10.21203/rs.3.rs-1678627/v1
http://doi.org/10.1007/s00170-021-08092-1
http://doi.org/10.3390/app11114959
http://doi.org/10.1007/s12541-019-00288-6
http://doi.org/10.1016/j.precisioneng.2020.03.012
http://doi.org/10.1007/s00170-020-06258-x
http://doi.org/10.1109/ACCESS.2019.2934977
http://doi.org/10.1007/s00170-019-04308-7
http://doi.org/10.1016/j.ymssp.2018.10.028
http://doi.org/10.1109/ACCESS.2018.2813334
http://doi.org/10.1109/ACCESS.2018.2875403
http://doi.org/10.1155/2017/8718760
http://doi.org/10.1177/0954405416629588
http://doi.org/10.3901/CJME.2016.0407.047
http://doi.org/10.1016/j.ijmachtools.2003.10.020
http://doi.org/10.1016/0010-4485(94)90097-3
http://doi.org/10.1016/S0010-4485(99)00035-4

Sensors 2023, 23, 3789 21 of 21

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Cheng, M.Y,; Tsai, M.C.; Kuo, ].C. Real-time NURBS command generators for CNC servo controllers. Int. J. Mach. Tools Manuf.
2002, 42, 801-813. [CrossRef]

Lei, W.; Wang, S. Robust real-time NURBS path interpolators. Int. J. Mach. Tools Manuf. 2009, 49, 625-633. [CrossRef]

Tsai, M.C.; Cheng, C.W. A real-time predictor-corrector interpolator for CNC machining. J. Manuf. Sci. Eng. 2003, 125, 449-460.
[CrossRef]

Cheng, C.W.; Tsai, M.C.; Maciejowski, J. Feedrate control for non-uniform rational B-spline motion command generation. Proc.
Inst. Mech. Eng. Part B ]. Eng. Manuf. 2006, 220, 1855-1861. [CrossRef]

Lei, W.; Sung, M.; Lin, L.; Huang, J. Fast real-time NURBS path interpolation for CNC machine tools. Int. J. Mach. Tools Manuf.
2007, 47, 1530-1541. [CrossRef]

Liu, M.; Huang, Y.; Yin, L.; Guo, J.; Shao, X.; Zhang, G. Development and implementation of a NURBS interpolator with smooth
feedrate scheduling for CNC machine tools. Int. ]. Mach. Tools Manuf. 2014, 87, 1-15. [CrossRef]

Wu, J.; Zhou, H.; Tang, X.; Chen, ]. A NURBS interpolation algorithm with continuous feedrate. Int. . Adv. Manuf. Technol. 2012,
59, 623-632. [CrossRef]

Heng, M.; Erkorkmaz, K. Design of a NURBS interpolator with minimal feed fluctuation and continuous feed modulation
capability. Int. J. Mach. Tools Manuf. 2010, 50, 281-293. [CrossRef]

Chen, M,; Sun, Y. Contour error-bounded parametric interpolator with minimum feedrate fluctuation for five-axis CNC machine
tools. Int. J. Adv. Manuf. Technol. 2019, 103, 567-584. [CrossRef]

Zhao, H.; Zhu, L.; Ding, H. A parametric interpolator with minimal feed fluctuation for CNC machine tools using arc-length
compensation and feedback correction. Int. ]. Mach. Tools Manuf. 2013, 75, 1-8. [CrossRef]

Malka, D.; Berkovic, G.; Hammer, Y.; Zalevsky, Z. Superresolved Raman spectroscopy Spectrosc. Lett 2013, 46, 307-313.

Malka, D.; Adler Berke, B.; Tischler, Y.; Zalevsky, Z. Improving Raman spectra of pure silicon using Super-Resolved method.
J. Opt. 2019, 21, 75801. [CrossRef]

Yeh, S.S.; Hsu, PL. Adaptive-feedrate interpolation for parametric curves with a confined chord error. Comput. Aided Des. 2002,
34,229-237. [CrossRef]

Song, D.N,; Jia, Z.Y.; Ma, ].W.; Zhang, N.; Si, LK. A precise direct parametric interpolation method for NURBS-toolpath generation.
Int. ]. Ind. Syst. Eng. 2019, 31, 278-286. [CrossRef]

Lu, L.; Zhang, L.; Gu, Y.; Zhao, ]. Fast parametric curve interpolation with minimal feedrate fluctuation by cubic B-spline. Proc.
Inst. Mech. Eng. Part B . Eng. Manuf. 2018, 232, 1642-1652. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0890-6955(02)00015-9
http://doi.org/10.1016/j.ijmachtools.2009.01.007
http://doi.org/10.1115/1.1578670
http://doi.org/10.1243/09544054JEM401
http://doi.org/10.1016/j.ijmachtools.2006.11.011
http://doi.org/10.1016/j.ijmachtools.2014.07.002
http://doi.org/10.1007/s00170-011-3520-2
http://doi.org/10.1016/j.ijmachtools.2009.11.005
http://doi.org/10.1007/s00170-019-03586-5
http://doi.org/10.1016/j.ijmachtools.2013.08.002
http://doi.org/10.1088/2040-8986/ab2625
http://doi.org/10.1016/S0010-4485(01)00082-3
http://doi.org/10.1504/IJISE.2019.097743
http://doi.org/10.1177/0954405416673680

	Introduction 
	NURBS Interpolation and Feedrate Fluctuation 
	The NURBS Curve and Parameter Discretization 
	Feedrate Fluctuation Analysis 

	Two-Level Parameter Compensation 
	Feedrate Fluctuation Elimination Strategy 
	The First-Level Parameter Compensation 
	The Second-Level Parameter Compensation 
	The Order of Convergence for the Second-Level Parameter Compensation 

	Simulation Results 
	The Simulation Parameters and Methods 
	Simulation Analysis 
	Physical Mechanisms Analysis 

	Conclusions 
	References

