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Abstract

the contour errors by more than 50%.

Nonlinear friction is a dominant factor affecting the control accuracy of CNC machine tools. This paper proposes a fric-
tion pre-compensation method for CNC machine tools through constructing a nonlinear model predictive scheme.
The nonlinear friction-induced tracking error is firstly modeled and then utilized to establish the nonlinear model
predictive scheme, which is subsequently used to optimize the compensation signal by treating the friction-induced
tracking error as the optimization objective. During the optimization procedure, the derivative of compensation signal
is constrained to avoid vibration of machine tools. In contrast to other existing approaches, the proposed method
only needs the parameters of Stribeck friction model and an additional tuning parameter, while finely identifying

the parameters related to the pre-sliding phenomenon is not required. As a result, it greatly facilitates the practical
applicability. Both air cutting and real cutting experiments conducted on an in-house developed open-architecture
CNC machine tool prove that the proposed method can reduce the tracking errors by more than 56%, and reduce
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1 Introduction
In the feed drive system of CNC machine tools, fric-
tion, which is from the ball-screw and the linear motion
guide, is one of the most crucial factors that restrict the
positioning accuracy of machine tools [1]. At the veloc-
ity reversal points, the reversals of friction cause large
tracking errors. To improve the positioning accuracy of
the feed drives, various friction compensation techniques
have been proposed.

The friction compensation methods can be classified
into two groups, i.e., the model-free and the model-based
friction compensation methods [2]. The model-free
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friction compensation method usually treats the friction
as a disturbance, and develops various advanced control-
lers to suppress the adverse effect of friction [3]. Papa-
georgiou et al. [4, 5] implemented and experimentally
compared several friction-resilient controllers. Ren et al.
[6] estimated the friction with a reduced-order extended
state observer, and designed a super-twisting sliding
mode controller to control the three-wheeled omnidirec-
tional mobile robot. Tian et al. [7] treated the friction as
a rapidly changing disturbance during velocity reversal,
and proposed an adaptive switching-gain sliding-mode-
assisted disturbance observer to suppress the friction-
induced tracking error. Su et al. [8] proposed a robust
output feedback nonlinear proportional-derivative (PD)
controller for the positioning of uncertain motion sys-
tems subject to the unknown friction with consideration
of the actuator constraint.

The model-based friction compensation, which can
be realized in the feedback or feedforward manner [9],
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cancels the friction torque by applying an additional
drive torque according to the friction model. Armstrong-
Hélouvry et al. [10] made a survey on the friction mod-
eling and compensation, and proposed the well-known
Stribeck curve to describe the friction characteristic of
the lubricated metallic surfaces. The friction is divided
into four regimes, i.e., the static friction, the bound-
ary lubrication, the partial fluid lubrication and the full
fluid lubrication. However, because the friction predicted
by the Stribeck friction model is not continuous around
zero velocity [11], the Stribeck friction model cannot be
directly used in the friction compensation of precision
motion control.

To realize the continuous and precise friction com-
pensation, various friction models and compensation
methods have been developed. The existing friction
compensation methods can be classified into the static
friction model-based methods and the dynamic friction
model-based methods [12]. In terms of the static fric-
tion model-based methods, Makkar et al. [13] proposed
a continuously differentiable friction model by expressing
friction as the sum of three tanh functions and a linear
function with respect to velocity. Based on this model,
researchers developed various controllers, e.g., adaptive
prescribed performance motion controller [14], robust
adaptive tracking controller [15] and rise-based con-
troller [16]. Xi et al. [17] proposed a two-stage tracking
error-based static friction compensation method through
expressing the compensation signal as a function of track-
ing error and velocity. Feng et al. [18] used a trapezoidal
compensation pulse to compensate the friction-induced
errors, and designed a generalized regression neural net-
work algorithm to generate the optimal pulse amplitude
function. Verbert et al. [19] expressed the friction force
as a time-varying coefficient multiplied by the sign of
velocity, and designed an online updating law to estimate
this coefficient based on the position and velocity errors.
Yang et al. [20] proposed a method to distinguish the
boundary between the pre-sliding and sliding regimes,
and proposed a two stage friction model that uniformly
expresses the friction corresponding to the presliding
and sliding regimes as functions of velocity. Huang et al.
[21] deduced an analytical formulation to distinguish
the breakaway point between the pre-sliding and sliding
stages, and proposed a triple-stage friction compensation
method to cancel the effect of static friction.

In terms of the dynamic friction model-based meth-
ods, Dahl [22] presented a friction model that describes
the presliding friction as an elastic deflection of surface
asperities. However, this model did not incorporate the
Stribeck effect. Canudas de Wit et al. [23] proposed
the well-known LuGre model, which captures most of
the friction behaviours including the Stribeck effect,
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hysteresis, spring-like characteristics of friction, and var-
ying break-away force. Yao et al. [24] proposed a continu-
ously differentiable version of the LuGre model. Based
on the LuGre model and its modifications, research-
ers developed parameter estimation and compensation
method [25], neural network-based adaptive funnel slid-
ing mode controller [26], adaptive barrier controller [27],
adaptive compensator [28, 29], observer-based friction
compensator [30], distributed friction compensator [31],
and adaptive load friction compensator [32]. Dupont
et al. [33] proposed the elastoplastic friction model for
the control applications involving small displacements
and velocities. Based on this model, Keck et al. [34]
developed a friction parameter identification and com-
pensation method. Al-Bender et al. [35] proposed the
generalized Maxwell-slip (GMS) model. Based on the
GMS model, various modifications [36, 37] and control-
lers [38] were developed. Bui et al. [39] proposed a new
friction model, which combines the conventional Cou-
lomb-viscous friction model and a nonlinear sinusoidal
component, to better describe the friction in case of high
speed motion or insufficient lubration. Guo et al. [40]
proposed a neural network-based friction model, which
takes the position and velocity information as input to
predict the friction.

The above methods can realize precise prediction and
compensation of friction. However, in order to obtain
continuous compensation signal at the velocity rever-
sal points, both the static and dynamic model-based
methods usually introduce presliding-related parame-
ters besides the Stribeck model parameters [13-40]. For
example, the boundary between presliding and sliding
is required for the static model-based methods [17, 20,
21]. The stiffness and damping coefficients of the bristles
[23-28, 30—32] are required for the LuGre model-based
methods. The attraction parameters are required for the
GMS model-based methods [35-38]. Identifications of
these parameters depend on the position measurements
by rotary encoders or linear scales [21]. If the resolu-
tions of rotary encoders or linear scales are high and the
measurement noise is small [11], those presliding-related
parameters can be precisely identified. However, if the
resolutions of rotary encoders or linear scales are low or
the measurement noise is relatively large, those param-
eters are difficult to be precisely identified whether by
offline [20, 41-44] methods or online methods [19, 27,
28, 30—32]. This fact limits the scope of application of the
existing methods.

To avoid the identification of the fine parameters
related to pre-sliding, this paper proposes a non-linear
model predictive scheme for friction pre-compensation
of CNC machine tools based on Stribeck friction model.
Through taking the friction-induced tracking error as the
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optimization objective, the optimal compensation signal
is computed with the help of non-linear model predictive
scheme. The derivative of the compensation signal is con-
strained to avoid the vibration of the machine tool. The
advantages of the proposed method are three-folds.

(1) Besides the parameters of the Stribeck model, the
proposed method only introduces one additional
parameter, i.e. the bound of the derivative of the
compensation signal, which can be experimentally
tuned to minimize the tracking errors. Although
the parameters of some existing methods can be
tuned in the same way, they usually introduce more
than one parameter [17, 20, 21, 23-28, 30-32, 35—
38]. By introducing only one parameter, the pro-
posed method greatly reduces the complexity of
experimentally tuning operation.

(2) The basic controller of the proposed method is the
commonly used Proportional-Proportional Integral
(P-PI) controller with velocity feedforward in the
commercial CNC machine tools. This allows the
proposed method to be easily integrated into the
CNC system of machine tools.

(3) Since the proposed method directly takes the fric-
tion-induced tracking error as the optimization
objective to calculate the optimal compensation sig-
nal, the proposed method is expected to have good
tracking performance.

The contributions of this paper are three-folds. First,
a precise prediction model of the nonlinear friction-
induced tracking error of the P-PI controller with
velocity feedforward is established, as described in
Section 2. Second, the nonlinear model predictive
friction pre-compensation method is developed with

Digital controller

PI controller

Velocity loop

Compensation
signal
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the constraining of derivative of compensation signal,
as described in Section 3. Third, both air cutting and
real cutting experiments are conducted to validate the
proposed method, as presented in Section 4. Section 5
gives the conclusions.

2 Modeling of the Friction-Induced Tracking Error
In this section, the prediction model of the friction-
induced tracking error is established, which includes
the following three steps. First, the model of the actual
feed drive system with non-linear friction and com-
pensation signal is developed. Second, the model of the
ideal feed drive system without friction is developed.
Third, through calculating the difference between the
predicted position of the actual feed drive system and
that of the ideal feed drive system, the friction-induced
tracking error is obtained.

Since the proposed method is aimed to compen-
sate the friction, the friction-induced tracking error
is adopted as the optimization target. If the aim is to
directly reduce the tracking error, the tracking error
can be directly taken as the optimization target.

2.1 Modeling of the Feed Drive System under Friction
and Compensation Signal

Figure 1 shows the block diagram of the feed drive sys-
tem of a concerned axis. The feed drive is controlled by
the commonly used Proportional-Proportional Integral
(P-PI) controller [45] with velocity feedforward in the
commercial CNC machine tools.

The mechanical system can be written as the follow-
ing continuous state space equation:

Friction torque

Js+B

Position loop

Figure 1 Block diagram of the feed drive system of a concerned axis (R and P are the reference position and the actual position. K, Kp, K, and Ty,

are the velocity feedforward coefficient, the position loop gain, the velocity loop gain, and the integral time constant. Ts is the sampling interval. uc
is the compensation signal of friction. ZOH is short for zero-order holder. Tt is the friction torque. K3, K, rq, J and B are the current amplification factor,
torque amplification factor, lead screw gain, equivalent inertia and viscous damping)
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where w is the angular velocity of the screw. The dot ¢
means the derivative operation.

The continuous state space equation in Eq. (1) is
transformed into the discrete domain with zero-order
holder:

e

Ad — eAcTs’

Ts
By :/ eAcrdTBC.
0
)

Because of the integration in the velocity loop, the closed
loop system model is one order higher than the open
loop system model in Eq. (2). Therefore, an additional
state variable g, which is shown in Figure 1, is introduced.
According to the block diagram shown in Figure 1, the
state variable g can be expressed as follows:

Kiz

qk) = ey(k),

z—1 3)
K — I(VTS,

Ty

d(k) = d(k, us(k), w(k))
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where ey is the tracking error of velocity loop, which is
expressed as follows:
Ki(z — 1)

ey(k) = T, rez

R(k) 4+ Kp(R(k) — P(k)) — (k).
(4)

The control signal u is expressed as follows:
u(k) = Kyey(k) + q(k). (5)

Substituting Egs. (3), (4) and (5) into Eq. (2), the closed
loop system model can be obtained as follows:

P(k+1) P(k)
w(k +1) w (k)
BR(K) + D(uc (k) — d(k)),
o gk — 1) | +BROO+ Dlucdo) — (k)
R(k) R(k—1)
Ke(Ky + K
Aq —By(Ky +K)[K, 1] By — MBd
Tsrg
_ Kk
A= —K,pK; - K 1 _ Kk :
Tsrg
0 0 0 0
[+ k) (X 4k, )B
v i Ts’"g p d
B= S ,
K| =X +K
(Tsrg * p)
i 1
D =

(6)
Armstrong et al. [10] made an in-depth survey of the
physics behind the friction phenomenon. The typical
friction characteristic for the lubricated metallic surfaces
in contact is described as the Stribeck curve. Based on
this model, the expression for the nonlinear friction d is
written as follows [11]:

u, (k), if [w(k)| < Qp & di < ua(k) < df,

dg, if (k)| < Qp & ua(k) < d,
) df, if | (k)| < Qu & ua(k) > d, (7)
N ds"'e_“’(k)/gr +dr(1- e @0/ if (k) > Q,,

d;e W/ 4 g=(1— e @®/% ) if (k) < —Q0,
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Figure 2 Stribeck friction model for the lubricated ball-screw drive

where u, (k) = u(k) 4+ uc(k) is the total control signal. 2,
is the threshold of zero angular velocity. d;” and d_ are
the static frictions in the positive and negative directions.
d} and d_ are the coulomb frictions in the positive and
negative directions. QIL, Q;, Q] and Q; are parameters of
the Stribeck friction model. The friction model in Eq. (7)
is shown in Figure 2.

Please note that the viscous friction term is shown in Fig-
ure 2 but is omitted in Eq. (7), since it has been integrated
into the damping coefficient B. The parameters in rela-
tion to the Stribeck friction model can be identified by the
method reported in Ref. [11].

According to Egs. (4) and (5), the total control signal
u, (k) can be expressed as a function of the state variable:

P(k)
_ w (k) RS
us(k) = F 2k —1) + Ky + Kp) ( Torg + Kp>R(k) + uc(k),
R(k —1)
F=| KK +K) —(K+K) 1 — w ]
Tsrg

(8)

2.2 Prediction of the Friction-Induced Tracking Error
Through replacing the friction term d(k) and the com-
pensation term u.(k) in Eq. (6) by 0, the actual position of
the ideal servo system free from friction can be predicted
as follows:

Pk +1) P*(k)
CEL =4 0 a0, )
R* (k) R*(k —1)
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Figure 3 Block diagram of the proposed nonlinear model predictive
friction pre-compensation method for a concerned axis (NMP
is short for nonlinear model predictive)

where the superscript ““” means the variables for the ideal
servo system free from friction. The friction-induced
tracking error can thus be obtained through calculat-
ing the difference between the actual position P(k) dis-
turbed by friction and the actual position P*(k) free from
friction.

eq(k) =P (k) — P*(k)

P(k) P*(k)
_ w (k) w* (k)
=Clgw-v | Clgw-n | 1O
Rk — 1) R*(k — 1)
c=[1000],

where eq is the friction-induced tracking error.

3 Construction of the Nonlinear Model Predictive
Scheme
Figure 3 shows the block diagram of the proposed
nonlinear model predictive friction pre-compensation
method.
The compensation signals generated by the NMPFP
at time step k can be denoted by

Up = [ue®) uek +1) - uck+n.—1)]", (11)

where 7. is the control horizon. According to the com-
pensation signals, the friction-induced tracking error &
can be predicted by Eq. (10):
T
ExUp) = [eak + 1) eq(k +2) - eqtk+mp) ],
(12)
where n, > n is the prediction horizon. The compen-
sation signals beyond the control horizon and within
the prediction horizon are chosen to be the same as
uc(k +n. — 1), i.e,

uctk +i) =uctk +nc—1), i=ne,nc+1,.,mp — 1.

(13)
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Figure 4 An illustrative example of the compensation signal: (a) The velocity of the reference trajectory, (b) The original view and (c) the locally
enlarged view of the compensation signals with and without constraining of Auc (Auc(k) = uc(k + 1) — uc(k))

The following objective function is chosen to minimize
the friction-induced tracking error:

min Ji Us) = ExUi) " ExU). (14)

If this objective function is directly applied without con-
straints, the optimal solution of Uy will be a sharp step
signal, as shown in Figure 4. This signal will impact the
ball screw and cause the vibration of the machine tool.

Therefore, the derivative of the compensation signal
needs to be constrained. However, the derivative of
the compensation signal is not convenient to be con-
strained for the system model given in Eq. (6). There-
fore, the system model in Eq. (6) is updated by the
following incremental model.

Pk +1) P(k)
wk+1) w(k)
qk) | =A| gtk —1) | +BR(K) + D1 Auc(k) + D2d (k),
R(K) Rk —1)
uc(k +1) uc(k)
Aq—By(Ky + K)[Kp 1] By — de By
sl'g
A= | KK e 1 _ Kk 0
= pfli i Torg )
0 0 0 0 0
0 0 0 0 1
[« +1<i)(ﬁ e )Bd
Tsrg P
B= 1q< KLk )
- Tsrg P !
1
i 0

Di=[0001]",

Dy=[-Bg 0,00],
(15)

where Auc(k) = uc(k +1) — uc(k) is the incremental
compensation signal of friction. Correspondingly, the
compensation signals and the predicted tracking errors
are updated by

AU = [ Auc(k) Auctk +1) - Auctk +nc —1) ",

E(AU) = [eatk+1) eqtk +2) - egtk+np)]".
(16)
To avoid sharp change of the compensation signal, the

incremental compensation signal Auc(k) needs to be
constrained:

—ATig < Auc(k) < ATi, (17)

where Al is the upper bound of the incremental com-
pensation signal. The nonlinear optimization problem at
time step k can be summarized as follows:

Personal Computer
* Read trajectory

* Smooth trajectory

* Plan feedrate

‘ PCI BUS(Reference Comamnds)

Real-time Control Board
» P-PI control, Feedforward
friction compensation
*Read ADC
* Quadratic encoder decoding
* Write DAC

Encoder Feedback ‘ I

Motor Current Command

Figure 5 The in-house developed open-architecture CNC machine
tool
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min Ji (AUy) = E (AU T EL(AU),
s.t., — Auc < Auc(k+1i) < Aug, i =0,1,...,nc. — 1.
(18)

Table 1 Servo model parameters, controller parameters and
friction model parameters of each feed drive axis
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The optimization problem in Eq. (18) can be solved by
the interior-point method [46] or trust-region method
[47].

4 Simulation and Experimental Verifications

To evaluate the performance of the proposed method,
simulations, air cutting experiments and real-cutting
experiments are conducted. The experiments are con-

Parameters Xaxis Y axis Zaxis ducted on an in-house developed open-architecture
Servo model parameters CNC machlpe tool, as shown in Figure 5. ‘
K, (AV) 31201 31901 31201 The mali:hme toF)l is controllied by a real‘-tm;e control
K, (N-r/A) 08910 08910 0.8910 P[Eard, w. lc?re \;arlous cogtro ers can be 1mpTehmented.
1 (mm/rad) 15915 15915 6.3662 eds?mp ing requen(ciyf1§ s?t as 1(:10(; Hz. The servc;
J(x10-3kg'm?) 33177 38650 15974 mode Parameters. an F{cFlon model parameters f)
m2e) 00192 00219 00041 each axis are identified utilizing the method reported in
Blkg r; > ’ ) ' Ref. [11]. The results are listed in Table 1.
Controfler parameters The P-PI controller with velocity feedforward shown in
i 10 10 1o Figure 1 is implemented on the real-time control board.
Ko (rad/(mm-s)) 1022 102.2 >0.00 The parameters of the P-PI controllers of each axis are
K (Vs/rad) 01846 02151 03500 tyned to minimize the tracking errors without causing
Tv'@ 012 012 012 vibration, and the parameters are listed in Table 1.
Frfnon model parameters Three common trajectories, i.e., the 3D circular trajec-
dS_ V) 06481 0818/ 1.0412 tory, the fan-shaped trajectory, and the butterfly trajec-
ds- (V) - 08235 09065 - 02210 tory, are adopted to validate the controlling performance
+ . . . .
v 05326 06949 09599 in both ideal and complex cases. All the trajectories are
de (V) — 06459 - 08740 —01606  planned under a maximum feedrate of 20 mm/s, a maxi-
$20 (rad/s) 0.2 0.2 0.2 mum acceleration of 200 mm/s? and a maximum jerk
Q7 (rad/s) 08227 0.58%0 06615 of 2000 mm/s® by using the S-shaped feedrate planning
§2y (rad/s) —06357 =12170 —21453  method reported in Ref. [45].
Q7 (rad/s) 0.8227 0.5890 06907
Q5 (rad/s) —0.6357 —2.2011 —2.8072
a b Axial position C Axial velocity
g0 215
g
£ 5 é
2 =0
4 - % -10 E
e -
15 g / - b -15
Repeat 3 times
7 2 = 15 %
£ £ E
x .2
< < [y
N -8 N~ .5 ;:’
=~ 5 »
g
£ g
2 -5 e
g E
. N 15
3» N
) 64 I 0 3 6 9
Time (s)

Figure 6 (a) The 3D circular trajectory and (b) its axial position and (c) velocity after feedrate planning
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Figure 7 The predicted and measured tracking errors of the 3D
circular trajectory with P-PI controller without friction compensation

4.1 Validation and Comparison with the Existing Methods:
3D Circular Trajectory

First, the developed tracking error prediction model is

validated. The 3D circular trajectory is applied, as shown

in Figure 6.

The circular trajectory is repeated 3 times to verify
the repeating performance of the proposed method. The
prediction accuracy of tracking error depends on the
identification accuracy of the servo model and friction
model. In the experiment, the identification accuracy
is improved through carrying out the identification for
several times with the method reported in Ref. [11] and
taking the average value. The predicted and measured
tracking errors of the X, Y and Z axes without friction
compensation are shown in Figure 7. It can be seen that
the tracking errors can be precisely predicted.

Next, the following four methods are implemented and
compared.

+ P-PI, which is a P-PI controller with velocity feedfor-
ward. The friction is not compensated.

« P-PI+ TEFC, which is a P-PI controller with velocity
feedforward and with the tracking error-based fric-
tion compensation (TEFC) method reported in Ref.
[17].

« P-PI 4+ LFC, which is a P-PI controller with velocity
feedforward and with the LuGre model-based fric-
tion compensation (LFC) method reported in Ref.
[31].

+ DP-PI + NMPFP, which is a P-PI controller with
velocity feedforward and with the proposed non-
linear model predictive friction pre-compensation
(NMPFP) method.
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To ensure a fair comparison, the parameters of the P-PI
controllers of the four methods are the same, and are
listed in Table 1. The experimental tuning result of the
upper bound Az is 0.03. The control horizon 7, and the
prediction horizon n, are set as 100. For each optimiza-
tion, the first 10 control signals in the control horizon
are adopted. The virtual CNC system developed in Ref.
[48] is adopted in the simulation. The system considers
the second order rigid body dynamic model of feed drive,
the saturation of actuation system, the quantization error,
the measurement noise, the stribeck friction model and
the backlash. The model parameters are identified with
the method reported in Ref. [11] and the identification
results are shown in Table 1. The simulation and experi-
mental tracking errors of the four methods for circular
trajectory are shown in Figure 8.

The compensation signals of the proposed method are
shown in Figure 9. It can be seen that the proposed P-PI
+ NMPFP method obtains the smallest tracking errors
in both simulations and experiments. Two performance
indexes, i.e., the maximum absolute tracking errors and
the root-mean-square value of tracking errors, are calcu-
lated for each method. The results are listed in Table 2.

Compared with the P-PI controller without friction
compensation, the proposed method reduces the maxi-
mum absolute tracking errors by 66.8% for X axis, 70.0%
for Y axis and 72.9% for Z axis. The tracking errors are
not just due to friction, but also due to the velocity, accel-
eration and jerk of trajectory, and the vibration, measure-
ment noise, backlash and other factors of the machine
tool. However, friction is the main factor causing tracking
errors, especially at the velocity reversal points. There-
fore, the tracking errors can be greatly reduced by the
proposed friction compensation method.

The contour errors of the four methods are calculated
and shown in Figure 10.

The maximum absolute contour errors and the root-
mean-square value of contour errors are listed in Table 2.
It can be seen that the proposed method obtains the
smallest contour error. Compared with the P-PI control-
ler without friction compensation, the proposed method
reduces the maximum contour error by 69.0%, and
reduces the root-mean-square value of contour error by
70.4%.

4.2 Analysis of the Robustness: Fan-Shaped Trajectory

The robustness means the maintenance of the control-
ling performance when the model parameters are not
precisely known [49]. Good robustness can greatly
improve the practicality of the controller. In this section,
the robustness of the proposed friction compensation
method is investigated. Among all the parameters listed
in Table 1, the controller parameters are precisely known



Xiao et al. Chinese Journal of Mechanical Engineering

(2023) 36:119

P-PI + TEFC

Page 9 of 15

P-PI + LFC P-PI + NMPFP

X axis (um)

T

Y axis (um)

Z axis (um)

0 3

6 9

0 3 6

Time (s)

Time (s)

Time (s)

Simulated tracking error

Experimentally measured tracking error

Figure 8 The simulated and experimentally measured tracking errors of the 3D circular trajectory with different controllers
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for the 3D circular trajectory

by the designers of the control systems of CNC machine
tools. The current amplification factor (Kj,), the torque
amplification factor (K}), the lead screw gain (rg) can be
obtained by referring to the manuals of the servo motors
and the lead screws. Only the equivalent inertia (J), the
viscous damping (B) and the friction model parame-
ters are not precisely known, and need to be identified.
Therefore, it is necessary to test the robustness of the
proposed method in terms of /, B and the friction model
parameters.

First, the robustness in terms of the equivalent iner-
tia / and the viscous damping B is investigated. The fan-
shaped trajectory shown in Figure 11 is adopted. 90%,
100% and 110% of the J and B are utilized in the proposed
algorithm to simulate the cases where J and B are not
precisely identified. The corresponding tracking errors

Table 2 Performance indexes of difference methods for the 3D circular trajectory

Controllers Tracking errors of X axis Tracking errors of Y axis Tracking errors of Z axis Contour errors
|e|max Ielrms |e|max Ielrms |e|max |e|rms |€|max |£|rms
P-PI (um) 63.3 12.7 65.6 13.7 67.6 132 67.3 223
P-PI + TEFC (um) 338 9.2 36.6 10.6 43.7 11.0 432 17.0
P-Pl+ LFC (um) 304 36 353 4.2 341 4.8 49.0 6.8
P-Pl + NMPFP (um) 210 4.7 19.7 4.1 183 30 209 6.6
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Figure 11 (a) The fan-shaped trajectory and (b) its axial position and (c) velocity after feedrate planning

are shown in Figure 12. It can be seen that for different
nominal J and B, the tracking errors are more or less the
same. When J and B are inaccurate, the tracking errors
only increase by 1 or 2 pm. This proves that the proposed
method has good robustness in terms of J and B.

Next, the robustness in terms of the friction parameters
is investigated. 90%, 100% and 110% of the predicted fric-
tions are utilized in the proposed algorithm to simulate
the cases where the friction parameters are not precisely
identified. The tracking errors are shown in Figure 13.

Compared with the P-PI controller without friction
compensation, the proposed method with 100% of the
predicted friction can reduce the maximum tracking
error by 66.7% for X axis, 60.0% for Y axis, and 82.5% for
Z axis, while the proposed method with 90% of the pre-
dicted friction can reduce the maximum tracking error
by 60.0% for X axis, 52.2% for Y axis, and 75.4% for Z axis.
It can be seen that the proposed method can still achieve
good performances when the friction parameters are not
accurate. This proves that the proposed method has good
robustness in terms of friction parameters.
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4.3 Real Cutting Experiment: Butterfly Trajectory

To further investigate the performance of the proposed
method, real cutting experiments are carried out. The
butterfly trajectory shown in Figure 14 is adopted.

The material of the workpieces are Aluminium 7075.
The tool is a four-fluted mill with the diameter of 5 mm
and helix angle of 45°. The spindle speed is selected
as 3000 r/min. The maximum feedrate is 20 mm/s, as
shown in Figure 14. The axial depth of cut is 0.5 mm.
An image of a workpiece after cutting is shown in
Figure 15.

Both air cutting and real cutting experiments are con-
ducted for the P-PI controllers without friction com-
pensation and with the proposed NMPFP method. The
tracking error and contour error results are shown in

Real cutting with P-PI Real cutting with P-PI + NMPFP

X axis (um)

Y axis (um)

Fr--—

W

Figure 16 The tacking errors of the butterfly trajectory with different controllers for air cutting and real cutting (The maximum absolute tracking

errors are labeled on the figures)
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Figures 16 and 17. It can be seen that in both air cutting
and real cutting, the proposed method realizes consid-
erable reduction of tracking errors. Also, it can be seen
that the tracking errors for air cutting and real cutting
are more or less the same. This is due to the following
two reasons. (1) Compared to the drive torque, the cut-
ting torque disturbance caused by the cutting force is
much smaller. Therefore, the tracking error caused by
the cutting torque disturbance is small. (2) The integral
term in the P-PI controller has the disturbance sup-
pression ability. The cutting force disturbance can be
well suppressed.

5 Conclusions

This paper proposes a nonlinear model predictive
scheme to pre-compensate the friction for CNC machine
tools. The developed method aims at improving the prac-
tical applicability through avoiding fine identification
of the parameters in relation to pre-sliding, since these
parameters are usually difficult to be accurately identi-
fied because of the small displacement of pre-sliding, the
quantization error and noise of position measurement.
Besides the model parameters of the Stribeck friction,
the proposed approach only introduces a single param-
eter, i.e., the boundary of the derivative of compensa-
tion signal. This makes the proposed method easy to be
parameterized.

The developed method is experimentally validated by
evaluating its tracking and contouring performances, the
robustness in terms of the uncertainties of model param-
eters, and the performance in the real cutting processes.
Experiments show that compared with the P-PI control-
ler without friction compensation, the proposed method
can reduce the maximum tracking error by 56% to 81%,
and reduce the maximum contour error by 50% to 69%
for different trajectories. It is also validated that the pro-
posed method has good robustness in terms of the uncer-
tainties of servo model parameters and friction model
parameters. For fluctuations of + 10% in the servo model
parameters J and B, the tracking errors are only 1-2 um
larger. For fluctuations of + 10% in the friction model
parameters, the tracking errors can still be reduced by
more than 52%. Furthermore, experiments demonstrate
that the proposed method shows similar tracking and
contouring error reductions in real cutting as those in air
cutting.

Since the nonlinear model predictive control method
takes a relatively long time to calculate and is difficult
to calculate online, the friction compensation sig-
nals are pre-calculated offline. However, this method
lacks adaptivity to model parameter uncertainties and
unknown disturbances. In the future research, the cal-
culation speed of the algorithm can be improved to
realize online compensation.
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