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1. Introduction

The Gantry-type Vertical Machining (GVM) Cen-
ter, as a core equipment in high-end equipment manufactur-
ing, directly determines the machining quality of aerospace
thin-walled parts, precision molds, and other complex
curved surface components through the positioning accu-
racy and dynamic stability of its horizontal motion axes [1].
With the manufacturing industry advancing towards high
precision and high efficiency, the issue of error accumula-
tion under dynamic operating conditions using traditional
control methods is becoming increasingly prominent. Spe-
cifically, during the motion of the horizontal axes, multi-
source coupling effects including geometric errors [2], ther-
mal deformation [3], load disturbances [4], and servo sys-
tem nonlinearities [5] can lead to micron-level deviations,
severely affecting the surface roughness and dimensional
consistency of parts.

Current error compensation methods primarily fall
into two categories: model-based feedforward compensa-
tion and data-driven online correction. Traditional methods
such as PID control [6], model predictive control [7], and
static geometric error calibration based on rigid-body kine-
matics [8], while capable of improving accuracy under cer-
tain conditions, rely on offline modeling and fixed parame-
ters. This makes it difficult for them to adapt in real-time to
the time-varying characteristics of thermal errors, abrupt
changes in cutting forces, and dynamic coupling effects dur-
ing multi-axis coordinated motion [9]. Furthermore, exist-
ing data-driven methods like neural networks [10] and
Gaussian process regression [11], despite having strong fit-
ting capabilities for error prediction, often function as
"black-box" models. They offer weak interpretability re-
garding the mechanisms of error generation and are prone
to cumulative errors in multi-step ahead prediction, making
it challenging to achieve stable and reliable look-ahead
compensation in high-speed, high-precision motion.

To address these limitations, this study proposes an
error advance prediction and compensation method based
on the Hidden Markov Model (HMM). Its novelty is mainly
reflected in the following three aspects:

1. Mechanism and Data Fusion Modeling: Utiliz-
ing the "double stochastic process" characteristic of HMM,
the error generation process is modeled as a Markov chain
of hidden states (e.g., "high error," "normal error," "low er-
ror"). State inference is performed through observation se-
quences (discretized error values), which preserves the tem-
poral dependency of error dynamic evolution while provid-
ing probabilistic description capabilities for multi-source
uncertainties.

2. Advance Prediction Mechanism: By training
HMM parameters (4, B, =) with historical and real-time er-
ror data, it is possible to predict the probability distribution
of error states for upcoming machining segments. This ena-
bles error advance compensation, meaning that feed com-
mands are corrected before cutting commences, thereby
overcoming the latency inherent in traditional compensation
methods.

3. Lightweight Modeling Suitable for Multi-De-
gree-of-Freedom Coupled Errors: Through state discretiza-
tion and probability transition matrices, HMM can model
coupled errors in multi-axis coordinated motion that are dif-
ficult to fully decouple, with relatively low computational
load. This is particularly applicable to dynamic interference
issues, such as those between the X and Y axes in high-
speed contour machining on gantry machine tools.

In this study, "error advance prediction" is defined
as: based on historical machining error sequences, inferring
the probability distribution of error states for future machin-
ing nodes via HMM, and accordingly correcting trajectory
parameters in the command generation stage in advance to
achieve feedforward suppression of errors. The "double sto-
chastic process" refers to HMM encompassing both the sto-
chastic process of state transitions and the stochastic map-
ping from states to observations, corresponding respectively
to the intrinsic dynamics of error evolution and the uncer-
tainty of external observations. The "multi-degree-of-free-
dom coupling mechanism" specifically refers here to the su-
perimposed error interaction phenomenon caused by dy-
namic interaction, structural vibration, and control lag dur-
ing coordinated interpolation of the horizontal dual axes on
a gantry machine tool.

This study focuses on domestically produced mid-
to-high-end the GVM Center, specifically their UMAC
CNC systems and PVT velocity interpolation algorithms.
The proposed method can be implemented via an external
industrial PC or embedded coprocessor. It involves real-
time acquisition of error data from grating scales, online up-
dating of HMM parameters, generation of compensated po-
sition commands, and synchronization with the CNC system
via a communication interface. It is anticipated to achieve a
reduction in tracking error of over 60%, particularly control-
ling error peaks from several hundred micrometers to within
several tens of micrometers during high-acceleration con-
tour machining, significantly enhancing contour accuracy
and surface quality.

This research not only provides an interpretable
and predictable probabilistic modeling approach for dy-
namic error compensation in high-precision CNC machine
tools but also offers key technical support for enhancing the



competitiveness of domestic high-end equipment in fields
such as aerospace and new energy vehicle key component
machining. It contributes to advancing precision manufac-
turing towards a "predictive intelligent manufacturing " pa-
radigm.

2. Control Error Analysis

The interpolation approximation error, hardware
system error and contour following error are the main rea-
sons for the error of its control system [12].

The error term of the CNC machine tool control
system is mainly reflected in the position and speed devia-
tion. As the research object of the topic uses the velocity
control system, it mainly relies on the PVT (Position, Ve-
locity, Time) operation control algorithm of the UMAC mo-
tion controller to achieve velocity interpolation control.

The PVT trajectory algorithm has three execution
parameters of P, V and T; the parameter 7 is the time base
set by the electronic cam. In general, T does not appear to
be in error. Parameter " has dual meanings, which are the
ending speed V; of the previous section and the initial speed
¥V, of the next section, respectively. To the principle of mo-
tion control, the interpolation ending speed V; of the previ-
ous node should always be equal to the interpolation initial
speed V, of the current node (V/=V,). Considering the exe-
cution performance of the controller, a speed error caused
by the execution performance should exist in parameter V.
The parameter P is the position variable between the inter-
polation nodes. Considering execution performance of the
controller and the calculation formula of parameter
P(P=2x(VZ —V,?) la), then a position error caused by the
speed should exist in parameter P. Therefore, through the
relationship between parameters 7 and P, the position error
can be used to achieve global compensation when the veloc-
ity interpolation control system is compensated errors, and
the speed error can also be used to achieve global compen-
sation.

During operation, the speed deviation of the node
is ultimately manifested as the position being ahead or be-
hind, so, the position compensation is adopted instead of the
control compensation, that is, only the position error modi-
fication is implemented on the control system, and the look-
ahead position compensation is used to make up for the de-
viation of the operating speed so as to achieve the improve-
ment of the control accuracy.

Since the operational control algorithm of PVT is
designed for the application of horizontal motion axis link-
age, according to the above analysis, there are two kinds of
control errors that need to be compensated in the GVM Cen-
ter, which are J.(p) and J,(p), where p is the target of the
motion execution.

3. Prospective Prediction Theory
3.1. Theory basic

HMM is a probability model, represented by pa-
rameters, for describing the statistical characteristics of a
stochastic process. It is a kind of Markov chain whose states
cannot directly observed but can be observed through a se-
quence of observation vectors, each of which is generated
by a state sequence with a certain probability density distri-
bution [13, 14]. So, the hidden Markov model is a double
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stochastic process, one being a hidden Markov chain with a
certain number of states and the other being a set of explic-
itly functions.

The HMM is usually described by the following
parameters:

1. N: the number of states of the Markov chain in
the model, where the set of states is denoted as
S={S, 5, ..., Sn}, and the state at time t is denoted as Z,
then obviously Z; €.

2. M: the number of possible observation symbols
corresponding to each state, and the set of observation sym-
bols is denoted as O = {01, O, ..., Oy}, and the symbol ob-
served at time ¢ is denoted as V;, obviously V; € O.
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matrix, where as;s; (denoted as a;;) represents the probability

of transitioning from state S; to state S;.
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vation symbol probability matrix, where bgs(0;) gives the
probability of observing the symbol O; when in state S;
5.n=[m, m, ..., m..., wy]: initial state probability
matrix, where 7; = P(4;=S;), the probability of the initial
state being S; at time £ = 1.
Such a hidden Markov model can be denoted as
A= (N, M, A, B, ), and it is simply denoted as 1 = (4, B, n).

3.2. Mathematical modeling

The HMM error compensation is to train HMM ac-
cording to the actual error data detected in the past and at
present, and to clarify its five basic elements
A= (N, M, A, B, mr). The specific implementation process is
as follows:

1. The error data of the moving axis of the vertical
machining center is discretized.

Before error correction, the detected "node" errors
are divided into three states (higher, normal, lower) with a
threshold 77; the detected "node" are then divided into » ob-
servation values with a threshold 7>.

2. HMM parameter estimation.

When fed to the GVM center, the machining tra-
jectory is usually divided into N’ segments and then fitted in
a single segment Therefore, the trajectory to be machined is
divided into N' segments, and it is necessary to establish N'
different HMMs to correct their errors respectively.

Application of the HMM toolbox functions in
MATLAB software to analytically determine the state tran-
sition probability matrix A and the observation probability
matrix B to form N' HMM.

3. Error prediction.

According to the error detection data of the ma-
chined parts, the error detection data of the machined parts
and the established HMM, the prediction of the max error is



made, and the error prediction value E; is obtained, and its
prediction error calculation formula is:

E=¢T. ()
{=8-P. 2)

The meaning of the letters in Eqgs. (1) and (2) is
shown in Table 1.

Table 1
Application meaning of formula letters
Num | Symbol Meaning

1 G Predict the probability distribution of the
' model at the time node

5 r The distribution of the discretization

threshold T of the test error

3 s The current state i when predicting the
a1 model at the same node

4 P, Probability distribution of state i transfer-
! ring to other states

4. Error compensation.

The actual error is compensated by using the
above calculation to obtain the error prediction value, and
the final feed value of the GVM Center is obtained

¢ =¢+E]!. A3)

4. Error Compensation Implementation

The node error of the horizontal motion axis X of
the GVM Center is obtained by reading the grating ruler in-
side the control platform UMAC ALS5000. In the HMM
compensation model, the error evaluation e takes the rela-
tive error, and E takes the measured error. According to the
error data, it is known that: =300 pm < £ <300 um. The
number of HMM states N is taken as 3: higher, normal,
lower, and the number of possible observation values M cor-
responding to each state is taken as 9. The HMM initial state
probability z is selected as [1/3, 1/3, 1/3], the probability of
occurrence of the three states is the same. According to the
size of the detection error, the error state value in the discrete
case is determined according to the threshold 77 = 0.05.

1 e<-T

§S=42 T <e<-I.
3 T<e

“4)

Dividing the detection error into a discrete value
according to the size of the detection error and the interval
where it is located in the threshold 7>, the actual of observa-
tions can be obtained.
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-300< E<-240
-240< E<-180
-180< E<-120
-120< E<-60
—-60< £ <60

60 < E <120
120< E <180
180 < E <240
240 < E <300

(6))

O 0 9 N L A W N =

When the error calculation is carried out, it is nec-
essary to restore the discretized prediction error perfor-
mance value into the discretized correction error value, and
the discretized distribution used for calculation by using the
formula (1), (2) is:

I'=[-270, 210, -150, 90, 0, 90, 150, 210, 270]".

The table value of the /" matrix is obtained by taking the
average of the left and right critical values of each section
of the threshold 7>. When —60 pm < £ < 60 um, it is consid-
ered that the error value detected is already within the al-
lowable accuracy range of the GVM Center, i.e. I takes 0 at
this time.

5. Experimental Analysis

Taking the machining of a part on the GVM Center
as an example, the node error with the feed 30 times (&) and
50 times (&2) and 100 times (e3) is used as training data to
establish HMM compensation model. According to the state
of the error before compensation, the performance of obser-
vation value, and the possible distribution and probability
value of the possible tool feed error in machining, the ex-
pectation of prediction is calculated, and the next tool feed
of the GVM Center is error compensated by using the ex-
pectation of prediction error to develop the machining and
compensation program to start mach. Fig. 1 and Fig. 2 show
the curve diagram before and after compensation of the con-
trol error of the horizontal moving axis X and Y of the GVM
Center.

It can be analyzed and concluded from the curves
before and after error compensation in Fig. 1 and Fig. 2:

1. Comparative analysis of the compensation re-
sults. After the HMM error compensation, the maximum er-
ror of node compensation value is significantly reduced. The
maximum of the motion axis X before compensation is 571
um, and the maximum error ¢; after compensation is only
90 pm, and the overall error is significantly improved.

2. Comparing the size of standard deviation before
and after compensation, the standard deviation after HMM
error compensation is smaller than that before compensa-
tion, indicating that error dispersion degree of nodes after
HMM error compensation is lower. From the actual machin-
ing point of view, the lower the error dispersion degree, the
smoother the trajectory to be machined.

3. With respect to the comparison of the compen-
sation effects before and after compensation, the HMM er-
ror compensation model constructed by using the node error
training data the feed 100 times (&3) is more ideal compared
to the node error training data of the feed 30 times (¢;) and
50 times (&2). The variance of the error compensation value
obtained by (&3) is the smallest, indicating that the base
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Fig. 2 Error curve before and after Y-axis compensation

number of the training model directly affects compensation
effect. The larger the base number of the training model, the
more precise the compensation effect of the constructed
HMM error compensation model.

6. Conclusions

1. Aiming at the error prediction and compensa-
tion problem of the horizontal motion axis control system in
the dynamic working condition the GVM Center, this study
proposes an error advanced prediction method based on the
hidden Markov model (HMM). By constructing an HMM
dual stochastic process model integrating the error
lookahead mechanism, the real-time prediction and com-
pensation of the X, Y-axis position error are realized. The
experimental results show that the proposed method can ef-
fectively the position deviation of the motion axis, where the
maximum error of the X-axis is reduced from 571 pm before
compensation to 90 pm (reduced about 84.2%), and the
standard deviation of the error is significantly reduced, in-
dicating that the trajectory tracking consistency and contour
accuracy are improved.

2. Effectiveness and data dependence of the
HMM compensation model are verified by comparing ex-
periments with different training data sizes (30, 50, 100 cut-
ting sample). results show that as the training samples in-
crease, the compensation accuracy is further improved: the
model based on 100 cutting samples has a compensation er-
ror variance reduction of about 4% compared to 30 samples,
indicating that larger training data helps to improve the
model's characterization ability of the dynamic characteris-
tics of the error, thereby improving the prediction accuracy

3. This method provides a data-driven solution for
real-time error compensation of CNC machine tools, with
the potential for integration into actual machining systems
and to precision machining scenarios with high dimensional
accuracy requirements (such as within the error range of 60
um) and complex motion trajectories. However, the method
still relies on a certain amount of historical error data for
model training and its generalization ability under multi-
axis strong coupling and extreme process parameters needs
to be further verified. Future work will focus on model de-
sign, online learning mechanism, and multi-axis collabora-
tive error prediction to enhance its applicability in the pre-
dictive control system throughout the entire life cycle
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Summary

As the cornerstone of high-end equipment manu-
facturing industry, the GVM Center breaks through the lim-
itations of traditional processing through intelligent control
technology, and has become a core equipment to promote
the upgrading of precision manufacturing, which plays an
irreplaceable role in enhancing the competitiveness of na-
tional high-end manufacturing. However, in the actual ma-
chining process of the GVM Center, due to the superposi-
tion of various factors, it is inevitable to produce complex
machining errors. In order further improve the machining
quality of the GVM Center, it is necessary to carry out error
compensation technology research. HMM, as an important
content in the field pattern recognition, has further devel-
oped its application scope with the rapid change of infor-
mation data in recent years. Based on the data characteristics
of HMM, the research on error compensation of the GVM
Center is an innovative attempt. This research combines the
theory of HMM dual stochastic process, deeply analyzes the
motion error form of the horizontal moving axis X Y axis of
the GVM Center, integrates the error lookahead prediction
idea, describes the basic theory of HMM in detail, and em-
beds it into the g vertical machining center. It constructs a
control error compensation model based on HMM, and an-
alyzes the specific steps of HMM to implement error com-
pensation. Based on the actualizing content, the error com-
pensation effect of HMM with different training data is
compared and analyzed, and the effectiveness of the re-
search content is proved through data analysis before and
after error. The research results provide theoretical support
and engineering examples for the intelligent error control of
high-precision CNC machine tools, and have important ap-
plication value in the fields of acrospace-wall parts and pre-
cision mold processing.

Keywords: gantry-type vertical machining center, control
error compensation, HMM, bivariate stochastic process, er-
ror modelling.
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