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Combined contour error control
method for five-axis machine tools
based on digital twin

Liuquan Wang'?, Ruijie Yang!?, Shisheng Lv*3, Zhiqi Yang'#, Shuwei Xin%:3,
Yangiang Liu%2*‘ & Qiang Liu%?**

Contour error is a critical factor influencing machining quality. This paper proposes a combined contour
error control method for five-axis machine tools based on digital twin. The proposed method combines
pre-compensation implemented in digital twin with feedback control in the real-time controller. After
obtaining the tool path input, the digital twin performs interpolation and applies model predictive pre-
compensation control to the interpolated commands to control modeled errors. The pre-compensated
commands and interpolation data are sent to the real-time controller where contour error is estimated
and controlled in each control cycle through feedback control to control unmodeled errors. Using the
S-shaped curve as the test case, the maximum tool tip position contour error is reduced by 77.78%,
with an average reduction of 83.90%. The maximum tool orientation contour error decreased by
79.05%, with an average reduction of 86.66%. The experimental results demonstrate that the
proposed method significantly reduces tool contour error.

Keywords Contour error control, Digital twin, Model predictive pre-compensation control, Five-axis
machine tool

Five-axis machine tools are widely used for machining complex parts. The limited dynamic bandwidth of servo
axes leads to tracking errors during motion. These tracking errors are kinematically transferred to the tool of
five-axis machine tools and result in tool deviations from the intended tool path. These deviations are defined
as contour error.

Improving the bandwidth of each axis can reduce contour error indirectly but cannot address the dynamic
performance mismatches between axes. Therefore, direct control of contour error is currently the focus of
research, which can be divided into two directions: contour error estimation (CEE) and contour error control
(CEC).

For CEE, since real-time controllers operate in discrete systems, discrete interpolation points are typically
used to approximate the ideal curve for contour error estimation. Yang et al.! proposed a fast iterative method that
approximates the ideal contour as a straight line. Yang et al.” used three interpolation points to fit an intended arc
for calculating the contour error. Chen et al.> conducted a comparative analysis of the computational efficiency
of various approximation methods, including straight lines, arcs, and their linear combinations. Pi et al.* used
Ferguson curves to refit the interpolation points. Liu et al.’> proposed a CEE method based on Taylor series
expansion and the Frenet-Serret frame to consider the effects of curvature and torsion. Yang et al.® identified
high-curvature regions and modified the contour error vector to avoid abrupt changes. Wang et al.” proposed an
iterative method with Aitken acceleration. Li et al.® employed a moving window method to compare reference
positions and search for the optimal solution. Ghaffari et al.” proposed a dynamic CEE algorithm based on the
Newton update algorithm.

For CEC, typical control methods include feedback control, pre-compensation control, and predictive
control'’. Control structures of these three methods are illustrated in Fig. 1.

Feedback control calculates the current contour error in each control cycle, decomposes the contour error
into each axis, and compensates it by adjusting the control inputs of each axis in the next cycle. Lu et al.!!
designed a single-neuron adaptive cross-coupled controller, which dynamically adjusts its weights through
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Fig. 1. Three contour error control methods: (a) feedback control; (b) pre-compensation control; (c) predictive
control.

a single-neuron learning algorithm to enhance control precision. Zhao et al.!? proposed a controller that

integrates feedforward, feedback, and cross-coupled control. Feedback control is simple to implement and can
handle the effects of unknown disturbances. However, feedback control always lags the contour error. To address
these limitations, researchers have investigated pre-compensation control. Pre-compensation control optimizes
control commands in advance through simulation or modeling, enabling compensation before contour errors
occur. Pre-compensation control does not rely on the real-time state of the system, so it can be completed in
offline conditions. Xu et al.!* proposed a IDCNN-BiLSTM- Attention model to predict and compensate contour
errors. Wang et al.' proposed an iterative pre-compensation method based on a predictive model. Xiao et al.'
proposed a model predictive contour error pre-compensation method. Wang et al.!® analyzed the composition
of contour errors in three-axis machine tools and designed a pre-compensation controller. Pi et al.'” further
considered the influence of cutting force disturbances. Lyu et al.!® and Duong et al.'” achieved pre-compensation
by offline adjustment of servo control gains. Although pre-compensation method can control contour error in
advance, its effectiveness depends on the model accuracy which is not easy to fulfill. Recently, predictive control
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methods such as MPC?0-22 and generalized predictive control (GPC)>?* have been applied to contour error
control. Based on the current state of the machine tool, predictive control solves multi-objective optimization
problems by predicting future states over multiple steps, thereby obtaining the optimal control commands for
the current cycle. Compared with pre-compensation control, predictive control compensates based on the
system’s current actual state, so it can compensate for errors caused by unmodeled disturbances. Compared with
feedback control, predictive control compensates through multi-step prediction and rolling optimization, so
the compensation does not lag the occurrence of errors. However, predictive control involves numerous matrix
calculations, which result in a significant computational load on the real-time controller. The application of
MPC and GPC in contour error control is mainly focused on two-axis or three-axis platforms. Therefore, it is
necessary to consider combining those methods to fully leverage the advantages of each.

Asadigital mirror of the real world, digital twin technology has obtained significant attention in recent years>*.
Many scholars have explored the application of digital twin in CNC machine tools for commissioning?>2, virtual
machining?” 8, optimization?®-*? and monitoring***!. However, in the above research, digital twin primarily
optimizes the machining process by adjusting feedrate override and few studies have explored combining digital
twins with real-time controllers for contour error control. Digital twin can synchronously update with physical
machine tools*>*¢ and handle greater computational loads through cloud computing service®’, which meets
the requirements of model precision and computation capability of MPC. Therefore, developing a combined
contour error control method based on the digital twin effectively meets the requirements for both control
accuracy and computational load.

This paper presents a combined contour error control method based on the digital twin. After obtaining
the tool path input, the digital twin performs interpolation and applies model predictive pre-compensation
control (MPCC) to the interpolated commands to control modeled errors. The pre-compensated commands and
interpolation data are sent to the real-time controller which estimates and controls contour error in each control
cycle by feedback control to control unmodeled errors.

The remaining sections of this paper are organized as follows: “Principle of proposed method” introduces
the principle of the proposed method. Section “Digital twin for contour error control” describes the software
architecture of the digital twin, as well as the servo dynamic model and the machine kinematics model.
Section “Combined contour error control method” presents the offline model predictive pre-compensation
control and the online feedback control method. Finally, “Experiment” demonstrates the experimental results
and discusses their implications.

Principle of proposed method

The combined contour error control method for five-axis machine tools based on digital twin is shown in Fig. 2.
The contour error control is divided into two steps: offline pre-compensation implemented in the digital twin
and online control executed in the real-time controller.

The NURBS toolpath and processing information generated by CAM are input into the digital twin. The
NURBS direct interpolator of the digital twin processes the tool path to generate interpolation commands.
Subsequently, the simulation module, which includes the machine tool kinematics model and servo dynamics
model, executes simulations of the interpolation commands. Meanwhile, the pre-compensation module
simultaneously compensates for the interpolation commands and ultimately generates the pre-compensated
commands. Then the interpolation commands, the pre-compensated commands, and other required data are
sent to the real-time controller via the Beckhoft Automation Device Specification (ADS) protocol.

In the real-time controller, the online controller estimates the contour error in each control cycle and
generates compensation commands. The resulting commands are then transmitted via the industrial ethernet to
the servo drives. The real-time data (axis position, axis velocity, axis current, etc.) sampled at each interpolation
cycle is also transmitted to the digital twin adapter via EtherCAT and formatted into structured data. Then the
formatted data is sent to the database as machining history data for storage via ethernet. The machine status data
is transmitted to the digital twin monitoring module via ADS every 100 ms. The digital twin periodically reads
machining historical data from the database, analyzes machining performance and updates simulation model
parameters through parameter identification module. If the machining quality still fails to meet requirements,
the feedrate and toolpath can be further optimized using methods from the reference’®*#-0 to enhance the
accuracy of subsequent machining processes.

Digital twin for contour error control

Architecture of the digital twin

The functional architecture of the digital twin developed in this paper is shown in Fig. 3. The software was
developed using C++on the Visual Studio 2019 platform, with the visualization interface implemented using

Qt5.

Servo dynamic model
Currently, the servo feed axis commonly employs proportional-proportional-integral (PPI) control. The control
model of servo axis is illustrated in Fig. 4.

Where Kj, is the proportional gain coefficient of the position loop. K is the proportional gain coeflicient of
the velocity loop. Ki. is the integral gain coefficient of the velocity loop. Ky is the torque constant of motor. Jm
is the equivalent mass. C, is the equivalent damping coefficient and r; is the transmission coefficient. Tioaq is
the external load torque including Coulomb friction fc. pemd is the command input position, pact is the actual
response position, w act is the actual angular velocity, oact is the output of the velocity loop integrator. Let the
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Fig. 2. Schematic diagram of combined contour error method for five-axis machine tools based on digital
twin.

state vector be @ = [ Pact Wact Oact |, output vector be y = [pact], input vector be u = [pema] and
disturbance vector be d = [Tioaa], the above system can be described as Eq. (1).

t=A.x+ Bcu+ Fod
y=Cz @

where
0 Tg 0 0 0
A = *Kpfr;/Kt 7Kv}‘(lt1:01n % ,B. = Kpi\:Kc ,C = [ 1 0 0 } JF. = _i
_KpKiv _Kiv 0 pfiv 0

Assuming that v and d remain constant in an interpolation cycle, the system described by Eq. (1) can be
discretized using a zero-order hold (ZOH). The resulting discrete system can be expressed as Eq. (2):

z(k+1)= Az (k) + Bu(k) + Fd (k) 5
{ y (k) = Ca (k) @

where
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The position loop proportional gain coefficient, velocity loop proportional gain coefficient, velocity loop integral
gain coeflicient, and torque constant in the above model can typically be obtained directly from the servo driver.
Parameters such as mass, viscous friction, and Coulomb friction can be identified using the methods described
in references®*!.

Machine tool kinematic model
As illustrated in Fig. 5, this paper uses an AC head-type CNC machine tool as an example. The forward and
inverse kinematics transformations are established using the method described in reference*2.

Let the tool tip coordinates be denoted as [pea, Pty, ptz]T, the tool orientation vector as [Osi, O;, Otk]T.
and servo axis coordinates as [Pmz, Pmy, Pmz, Pma, me]T The forward kinematics transformation is expressed

in Eq. (3).

Ptz = Pmz — Lo + LSINPmaSiNPme
Pty = Pmy — Yo — LSINPmacospme
Ptz = Pmz — 20 + LCOSPma

Ot = —$in (Pma — @0) $iN (Pme — €o) 3)
Oyj = $in (Pma — a0) €08 (Pme — Co)
O, = —¢08 (Pma — G0)

where o, Yo, 20, a0, co are the zero offsets from the workpiece coordinate system (WCS) to the machine
coordinate system (MCS). L is the tool length and in this paper L = 75 mm.
From Eq. (3), the inverse kinematics equations can be obtained as Eq. (4).

Fig. 5. AC head-type motion platform.
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Pma = arccos (—Oxy)
— _ O
Pme = arctan ope @
Pmz = Ptz + o — LSINPma SINPme
Pmy = Pty + Yo + LSiNpmacospme
Pmz = Ptz + 20 — LCOSPma

Combined contour error control method

Definition of contour error

As shown in Fig. 6, C (u) is the ideal tool tip position path, and Py, O, are the ideal interpolation tool tip
position (TTP) and tool orientation (TORI) vectors. Pat (k) , Oat (k) represent the actual TTP and TORI at
the k-th cycle. The five-axis contour error encompasses both TTP error and TORI error. In current research,
contour error is often defined as the shortest distance or normal distance from the actual position to the ideal
trajectory. The point on the ideal trajectory closest to the actual position is identified as the foot point P, with
the corresponding tool orientation being Of. Considering computational stability and efficiency, this paper
employs the iterative method proposed in reference! to find Py.

Since the interpolation cycle is typically very short, the command trajectory between two adjacent
interpolation points can be approximated as a straight line. At this time, P lies on the line Py (i — 1) Py (4

formed by the two adjacent interpolation points Py (¢ — 1), Pyt (2), and can be expressed as

Pi= Py (i —1) — hi (Pt (i) — Pyt (i — 1)) (5)

where

Fig. 6. Schematic diagram of contour error.
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From the geometric relationship, it is known that Pas (k)P L Py (i—1) Py @), ie.
T
(Pat (k) Pf) . (Prt (i—1) Py (zj) = 0. Substituting into Eq. (5), we have

h = — (Prt(i—1)—Pay (k)T (Pry (3) = Pre (i—1)) (6)
‘ (Prt (1) = Prt (i—1)) T (Prt (1) = Pre (i-1))

During the search process, the value of h; can be categorized into five cases, as illustrated in Fig. 7. When
0 < h; < 1, it indicates that P lies between Pyt (i — 1), Pr¢ (). If hs < 0 occurs, the search is restarted
forward to determine whether Pk is located between Py (i —2), Py (i — 1), and this iteration continues
until the situations shown in Fig. 7(a) or (d) are satisfied. Conversely, if h; > 1, the search proceeds backward
until the conditions shown in Fig. 7(a) or (e) are satisfied. The process can start from the current cycle command
point and the previous cycle command point, Py (k) and Py (k — 1).

After identifying the interval where P lies, the value of P can be determined by Eq. (5). The tool orientation
vector O corresponding to Py can be obtained through spherical linear interpolation of the tool orientation at
the two interpolation points in the interval, as shown in Eq. (7)

O = 2h)D g, (5 — 1) 4 2P o, (5) 7)
where 6 is the angle between Oyt (¢ — 1) and O (7).
After obtaining Py and Oy, the TTP contour error and TORI contour error can be calculated by Eq. (8)

{ €p = [|[Pa — Pyl

_ O¢- Oat (8)
€o = ATCCOSTO O

Contour error model predictive pre-compensation control

The principle of model predictive pre-compensation control is shown in Fig. 8. In the digital twin, the predictive
controller reads the interpolation commands from the interpolator, optimizes axis commands via predictive
control and then outputs the pre-compensated commands for the real-time controller.

As analyzed in the previous section, the tool contour error is not equivalent to the tool tracking error. It
depends not only on the command point but also on the characteristics of the nearby curve. And calculating
the contour error often requires information from several adjacent command points and iterative computations,
making it impossible to express it as a linear combination of the position of each axis. However, since the tool
command posture must lie on the ideal contour, the tracking error of the current point P (k) relative to its
corresponding command point P, (k) serves as the upper bound of its contour error. Therefore, reducing the
tool tracking error remains beneficial for minimizing the tool contour error. Additionally, the tool tracking error
can be conveniently linearized to facilitate pre-compensation control.

P(i-1) @—-T——® Py(i) -;:;);20—0 Puli) S Pui+1)
\ PN

®
Pyy(k)

()

|
0<h<l Pai-2) \ 1<0 N el
]

& i :{7\ hi..1<0 ,’/ i :C/\
l’l,<0/\ 2 i /// h-l>l i+1 /A>\ i /,, h,‘>l
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Fig. 7. Different situations when searching for the foot point.
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Assuming  that  the  disturbance  changes  slowly = compared to  the  sampling
control cycle, the incremental form can be wused to eliminate its influence. Define
Ay (K) = g (K) g (k= 1), Ay (k) = g (k) — g (k— 1), Ay, (k) = v, (k) — v, (k—1).(g = X,Y, Z,4,C)
Then Eq. (2) can be written as Eq. (9):

Axg(k+1)=AgAxy (k) + BgA ug (k) )
Ay, (k) = CqAzq (k)
T T _T T _T]7T
For a machine tool with five coordinate axes(X/Y/Z/A/C), let its state be Tm = [93%( Ty Tz Ty wc] s
the output be the positions of each coordinate axis, i.e., y,, = [y}; Yy Yy ys yg] , and the input be the

command positions of each axis, i.e., Um = [u;r( u;rz uE 'u,z ug] . Then, expressing the machine state in

incremental form, we have

Azy (k+1) = AnAxy (k) + B um (k) (10)
Ay, (k) = CnAxy (k)
where
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A, =diag (Ax, Ay, Az, A, Ac)
B,, = diag (Bx,By,Bz,B4, B¢)
Cn = diag (Cx,Cy,Cz,C4,Cc)

Since the rotational axes generally rotate at a slower speed, it is assumed that the angular increment within an
interpolation cycleisverysmall. Under thisassumption, theapproximations sin (§ + A0 ) = sinf + A 0 cosf
and cos (0 + A0 ) =cosd — A6bsind can be applied. Taking p¢, in Eq. (3) as an example, we obtain

Apiz (k) = pra (k) — pro (k — 1) = Apma + L (sin (Pma + A Pma) Si0 (Pme + A Pme) — SINPmaSinpme)

A Pmz + L (A Pma CospmaSinpmc + A pmcSinpmaCOSpmc + A pmaA pmcCOSpma,COSPmc) # (1 1)

Since the angular increment is very small, A pmaA pmc can be regarded as higher-order infinitesimal quantities
relative to the angular increment. Therefore, Eq. (11) can be approximated as Eq. (12).

Apez (k) & Apmz + L (A PpraCospmasSinpme + A PmeSinpPma COSPme) (12)

Equation (3) can be approximated and expressed in incremental form as shown in Eq. (13).

Ape, = APmz + L (A PmaCoSPmasSinpme + A PmcSinPmaCOSPme)
Py = APmz — L (A PmaCOSPmaCOSPme — A PmcSINPmaSinpme)
Ap,, = Ap,, — LA PmaSinpma

A Ot = —A PmaCOSPmaSinPme — A PmeSIiNPmaCOSPme (13)
A Ogj = A PmaC0SPmaoSPme — A PmcSiNPma SiNPme
th — A pmaSinpma
Equation (13) can be written as Eq. (14):
A ptz A p
abw I LT Ay
— Ptz _ 3x3 R _
Ave=| A0, |~ [ Osxs  Tr } Aome | = Cidan (1
A Oy; Ap e
A Otk Pme
where
—COSPmaSINPme  —SINPmaCOSPme
Tr = COSPmaCOSPme —SINPmeSIiNPme
SiNPma 0

Then the incremental form of the system can be written as Eq. (15).

{ Azm(k+1) = AnAxm (k) + BmA um (k)
A () = Coa A (K) (15)
Ay, (k) = CeAzn (k)

This paper employs MPC method to implement pre-compensation control. By looking ahead N steps and using

the incremental form, the system state can be expressed as Eq. (16).

Axm(k+1) = AnAxm (k) + BmA un, (k)
Az (E+2)= A2 Az (k) + AnBmA um (k) + BnA um (E+1)

: (16)
Ay (k+N)=ANAxy, (k) + AN "B Aun (k) + -
+AnBnAUum (k+ N —2)+ BnAum (k+ N —1)
Let the N-step Tghead predict%on stae be defined as
Xm(k+N)= [ Tm(k+1) xm(k+2) - @n(k+ M) j and theTN—step ahead control
commandas U, (k+ N) = [ ub (k+1) uh(k+2) - ulL(k+M) ] . Then we have
AXpm(E+N)=AxAxm (k) + BxAUn (k+ N) (17)
where
A B 0 0
A2 AunBw + Bn B, 0
Afx = . 7fo - : . . .
A S 4B Y P ALB. - B
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The N-step ahead output incremental state can be described as Eq. (18):

AYm(k+ N)=AyAxm (k) + BiyAUm (k+ N) (18)
AY¢(k+ N)=ApxAxm (k) + BsAUwm (k+ N)
where
CnAn CunBn 0 0
CnA2 CnAnBm + CnBn CunBn 0
Aty = : s Bix = : : . :
CiAn, C:B, 0 . 0
CtA12n C1t14mBm + Cth Cth e 0
Ap = : ; By = : : . :
CtAg E ﬁi_olctAanm E éi_OZCtAanm Tt Cth
The N-step ahead output states are:
Yo (K +J) =ty (k) + 35 11 Ay (k +1) (19)
Yy, (k+7) =y, (k) + Z Z:lAyt (k +1)
Therefore, we have
{ Ym(k+N)=Hny,, (k) + AryA xm (k) + By AU (kK + N) 20)
where
{Hu}ony sy = diag (Isx s, Isx s, , Isx5) , {Hi} gy o = diag (Tox 6, Lox 6, -+ s Lox 6)
[ CmAm B CmBm 0 e 0 T
CmAfn + CmAm C'mAAm-Bm + CmBm CmBm T 0
Ary = : »Bry = : : . :
Z £v=1.C’mA£n L 2 iI\;_llcmAanm Z fVZIQCmAanm CmBm -
i CtAm r CtBrn 0 e 0 T
C.A2 + CiApn CiAnBn + CiBn, CiBn, s 0
Ap = : ,Br¢ = . . ) .
| S N.c.Ai L > M'ciaiB. Y N’CiALB. - CiBn |

Define pre-compensation increment 'v(k)5 ~Nx 1, the final reference command 1is defined as
ur (k) = um (k) + v (k). Equation (20) can be rewritten as:

{ Yu(k+ N)=Hny,, (k) + Ary A xm (k) + BeyAUm (k+ N) + Br,V (k+ N)

Y. (k+N) = Hoy, (k) + ApcA @ (k) + Bpe AU (k + N) + BpyV (k + N) 1)

where V(k+ N)=[ v™ (k) oT(k+1) - o (k+N)]"

Let the desired positions of each axis and the desired tool posture be denotedas ¥ mr (K + N), Y m¢ (k + N),
respectively. The cost function is taken as

J = [Yor (k4 M) — Y (k + M)]"Qum [Yiar (k + M) — Yo (k + M)

axis tracking error

+ Yo (k + M) = Vi (k+ M)]"Qc [Vie (k + M) = Vi (k + M)

tool tracking error

+ AVT (k) QuAV (k)

pre—compensation increment

where {Q .} sy« sn 1Q S enx 630 1Qutsn « 5 are weight matrices. The diagonal elements of these matrices
represent the weights assigned to each predicted quantity, all of which are real numbers greater than 0, while the
off-diagonal elements are set to 0.

Equation (22) indicates that the cost function incorporates the tracking errors of each axis, the tool tracking
errors, and the pre-compensation increment. The next step involves determining its minimum value.

Let
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Em (k) =Y (k+ M) — Hpy,, (k) — Apy Az, (k) — Bry AU (k + N)

Taking the derivative of Eq. (22), we have

5ols = —2ByQ,, [Em — ByAU (k)] — 2B},Q, [E: (k) — B, AU (k)] +2Q,V (k) (23)

Let @ J/O'V = 0, we have
V (k)= (BQ,,B, + BLQ,B,: +Q,) ' [BYQ,.En + BLQ,E: (k)] (24)

In each cycle, only the first set of commands in V' (k) is taken as the output for the current cycle. Therefore, the
final reference command for this cycle is

Ur (k) = Um (k — 1) + Aum (k) + v (k) (25)
where

v(k:) :[ Isxs Osx 5(N—1) ]5x 5NV (k)

Contour error online feedback control
After obtaining the pre-compensation command, this paper further designs an online contour error
feedback controller to achieve more precise control of contour error. In the real-time controller, the foot
point can be located using the contour error calculation method described earlier. Once the tool position
and orientation at the foot point, Pr and Oy, are obtained, the corresponding positions of each axis can be
determined through inverse kinematics using Eq. (4). The difference between these positions and the current
axis coordinates yields the components of the contour error projected onto each servo axis, denoted as
Gm:[efr €y €z €a EC]T.

This component is utilized as the compensation amount A .. To prevent system oscillation, a gain coefficient
K. is introduced, and a limiter is applied to ensure system stability. The final reference control increment is:

—A Umaxg, KeeA teg (k) < —A tUmaxq
A Urg (k) - KCSA Ueq (k) ) 7A Umaxgq S KceA Ueq (k) S A Umaxq ,4 = X, Yv7 Z, A, C (26)
A Umaxqs KceA Ueq (k’) > —A Umaxq

The principle of online feedback control is shown in Fig. 9:

Experiment

To validate the method proposed in this paper, an experimental system was constructed, as illustrated in Fig. 10.
The system includes a five-axis motion platform, a real-time controller, and a digital twin. The control system
of this platform is developed by TwinCAT 3 and runs on a Windows 7 industrial computer with an Intel’ Core™
i7-6700 CPU @ 3.40 GHz. And the control cycle sets to 2ms.The digital twin platform runs on a workstation with
Windows 11, powered by an Intel Core™ i9-12900 CPU @ 2.40 GHz.

The model parameters of the five-axis motion control platform are shown in Table I:

This paper adopts an S-shaped curve as the input curve as depicted in Fig. 11. And the curve information is
shown in Appendix A, Table Al.The interpolator and the velocity, acceleration, and jerk constraints for each axis
are configured according to the settings described in reference®®. The feedrate is set to 50 mm/s. The interpolation
results are illustrated in Figs. 12 and 13.

As indicated in reference**, the MPCC prediction control cycle should exceed the system time constant to
achieve optimal control performance. Therefore, in the offline MPCC stage, the prediction step length is set to
N =10, Q., = 5Is50x 50, Q; = 5I60x 60, Q, = I60x 60. For online control A umaxq is set to 0.02 mm (or
rad). The linear encoder resolution of X, Y and Z are both 0.1 pm while the rotator encoder resolution of A and
C are 2% pulses/rev and 2!7 pulses/rev. The sampling period is 0.002 s.

To verify the effectiveness of the control methods and the impact of the online feedback control gain Kc. on
the control results, the following groups of experiments are compared: (1) no compensation is performed (case
1); (2) only MPCC (case 2); (3) MPCC and online feedback control with K. = 0.1(case 3) ; (4) MPCC and
online feedback control with K. = 0.2( case 4); (5) MPCC and online feedback control with K¢ = 0.25( case
5); (6) MPCC and online feedback control with Kc. = 0.3( case 6). The final tool positions and orientations of
those cases are shown in Fig. 14.

The tool tracking error is presented in Table 2; Fig. 15. Here, the TTP tracking error and TORI tracking error
are defined according to Eq. (8), with the foot point replaced by the command of the current cycle.

It can be observed that after pre-compensation, the tool tracking error of case 2 is significantly reduced than
case 1, which achieves the goal of pre-compensation. However, since online feedback control does not account
for tool tracking errors, no further improvement in tool tracking error is observed in case 3 - case 6. In terms of
average TORI tracking error, case 3 - case 6 have a slight increment compared to case 2. This situation is caused
by the different objectives of contour error control and tracking error control. If the dynamic performance of
a certain axis is poor, tracking error control will not adjust the response of other axes. However, contour error
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Fig. 9. Schematic diagram of the contour error online feedback control.

control will adjust the response of other axes to minimize the contour error, such as reducing the speed of other
axes, which may result in a larger tracking error. Considering that tool contour error is a more effective indicator
of machining quality, the slight increase in the average tool orientation tracking error is considered acceptable.

The contour error is illustrated in Fig. 16; Table 3. Compared to case 1, pre-compensation significantly
reduces TTP contour error and TORI contour error. Specifically, the maximum TTP error is reduced by 72.71%,
and its average value is reduced by 80.00%. Similarly, the maximum TORI error is reduced by 74.95%, and its
average value is reduced by 83.43%.

Compared to the results of case 2, online control can further reduce the contour error. As K. increases, the
contour error control effect improves. However, when K. is set to 0.3, the system oscillates. Therefore, in this
experiment, Kce = 0.25 (case 5) is more reasonable. The maximum TTP error of case 5 is reduced by 18.58%
compared to case 2, and its average value is reduced by 19.48%. The maximum TORI error is reduced by 16.37%,
and its average value is reduced by 19.47%. Using this combined method, compared to the uncompensated
scenario, the maximum TTP error is reduced by 77.78%, its average value is reduced by 83.90%, the maximum
TORI error is reduced by 79.05%, and its average value is reduced by 86.66%. These results demonstrate that the
method proposed in this paper effectively reduces contour error. Meanwhile, the iterations required to calculate
the contour error are reduced after MPCC, as shown in Table 4. It indicates that pre-compensation control
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Fig. 10. Experimental equipment.

X Y z A C

Kp (1/s,rad/ (s - m)) |30.9370 | 131.985 | 13,801 47.8374 36.9471
K, (As/m, As/rad) | 39.8174 | 59.8906 | 0.4083 0.0180 3.3242
Kiv (A/m, A/rad) 69104 |2506.1 |1.2443 0.2249 84.5827
K. (N/A,N- m/A) |486 486 0508 0.357 0.386
rg (m, 1) 1 1 0.01 1 1

Jin (kg,kg. m2) 75382 | 29.754 |7.8262x107* | 3.1742x10°* | 0.022757
Cm (N - s/m) 70.6892 | 11.2025 | 0.0053 3.0655% 10~ | 0.2574
fe (N,N - m) 59.6729 | 22.6970 | 0.2372 12790x 10~* | 0.0903

Table 1. Parameters of the five-axis motion platform.
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Fig. 11. S-shaped curve: (a) Tool tip position trajectory; (b) Tool orientation trajectory.
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can provide a better basis for online control, effectively reducing the computational load of online control and
enhancing the applicability of the control system.

Conclusion

Digital twin has garnered significant attention from both academia and industry. This paper proposes a combined
contour error control method for five-axis machine tools based on digital twin. The digital twin established in
this paper includes NURBS interpolator, machine kinematic model and servo dynamic model. When get tool
path as input, the digital twin process interpolation and model predictive pre-compensation control, generating
the pre-compensated command to reduce modeled error. The pre-compensated command with interpolated
command and other required commands are sent to the real-time controller. An online feedback control is
designed to reduce the unmodeled error. Using the S-shaped curve as an example, the method proposed in this
paper reduces the maximum tool tip position contour error by 77.78% and its average value by 83.90%. Similarly,
the maximum tool orientation contour error is reduced by 79.05%, and its average value is reduced by 86.66%.
Additionally, real-time data (axis position, axis velocity, axis current, etc.) is also transmitted to the digital
twin for analyzing machining performance and updating simulation model parameters. For situations where
precision requirements are not met, the digital twin can adjust the feedrate during subsequent machining to
achieve an overall closed-loop optimization. In this study, a smaller proportional gain was employed to prevent
system oscillation, which somewhat limited the effectiveness of online control. Future research could explore
more robust online control methods. Furthermore, future work could integrate tool path planning and speed
planning into the digital twin closed-loop optimization framework to further enhance performance. Meanwhile,
considering cutting force during the MPCC stage can enhance contour error control during actual machining
and improve machining accuracy.
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Tool tip Tool
position orientation
tracking tracking
error(mm) error (mrad)

Max | Mean | Max | Mean
Casel | 0.8258 | 0.4642 | 8.4 1.8703
Case2 | 0.2337 | 0.1249 | 2.1 0.296

Case 3 | 0.2334 | 0.1247 | 2.109 | 0.2988
Case 4 | 0.2330 | 0.1248 | 2.089 | 0.2990
Case 5 | 0.2331 | 0.1248 | 2.082 | 0.2990
Case 6 | 0.2234 | 0.1248 | 2.073 | 0.2994

Table 2. Tool tracking error under different cases.
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Fig. 15. Tool tracking error under different cases: (a) Tool tip position tracking error; (b) partial enlargement
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Tool tip

position Tool orientation
contour contour
error(pm) error(mrad)

Max | Mean | Max Mean

Case 1 | 134.1 |38.52 |1.956 |0.6824

Case2 | 36.57 | 7.717 | 0.5009 | 0.1134

Case 3 | 33.78 | 7.078 | 0.4620 | 0.1039

Case4 |29.78 | 6.483 | 0.4364 | 0.09449

Case5 |29.75 | 6.211 | 0.4194 | 0.09104

Case 6 | 28.81 | 5.991 | 0.4108 | 0.08734

Table 3. Tool contour error under different cases.

Casel | Case2 | Case3 | Case4 | Case5 | Case6

6.2477 | 1.075 | 1.0739 | 1.0764 | 1.0767 | 1.0744

Table 4. Average number of iterations for foot point search under different cases.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author on reason-
able request.
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