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Abstract: Friction is the dominant factor restricting tracking accuracy and machining surface quality
in mechanical systems such as machine tool feed-drive. Hence, friction modeling and compensation is
an important method in accurate tracking control of CNC machine tools used for welding, 3D printing,
and milling, etc. Many static and dynamic friction models have been proposed to compensate for
frictional effects to reduce the tracking error in the desired trajectory and to improve the surface
quality. However, most of them focus on the friction characteristics of the pre-sliding zone and low-
speed sliding regions. These models do not fully describe friction in the case of insufficient lubrication
or high acceleration and deceleration in machine tool systems. This paper presents a new nonlinear
friction model that includes the typical Coulomb-Viscous friction, a nonlinear periodic harmonic
friction term for describing the lead screw property in insufficient lubrication, and a functional
component of acceleration for describing the friction lag caused by the acceleration and deceleration
of the system. Experiments were conducted to compare the friction compensation performance
between the proposed and the conventional friction models. Experimental results indicate that the
root mean square and maximum absolute tracking error can be significantly reduced after applying
the proposed friction model.

Keywords: nonlinear friction model; periodic harmonic component; friction lag; friction feedforward
compensation

1. Introduction

As technology continues to advance, there is a growing demand for higher-performance
servo systems in academia and industry. However, the presence of friction significantly
constrains the achievable performance, necessitating mitigation measures. Friction compen-
sation has become the key technology of high-performance servo systems, which plays a
critical role in improving machining accuracy, and product quality and prolonging service
lifetime [1,2]. However, the diversity in the structure of feed drives and the coupling
between them lead to highly nonlinear friction behavior [3], thereby rendering the imple-
mentation of friction compensation control challenging.

Friction compensation methods can be generally divided into model-free methods
and model-based methods [4]. Model-free methods typically treat friction as part of a
lumped disturbance, utilizing robust control and adaptive control techniques to mitigate its
effects [5,6]. A backstepping motion controller with a disturbance observer was proposed
for nonlinear mechanical systems [7]. To reduce the effect of disturbances and parameter
variations, a discontinuous adaptive robust controller was constructed for the control of lin-
ear motors [8]. Additionally, neural network-based intelligent control algorithms consider
friction as a special disturbance that varies with feed velocity, rather than establishing a
physical model of friction characteristics [9]. Model-free methods can improve the motion
accuracy of drive systems. However, limited by the bandwidth of the servo controller,
tracking errors caused by nonlinear friction, which significantly changes near zero speed,
still cannot be completely eliminated.
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On the other hand, model-based methods leverage the understanding of friction
behavior to apply additional driving torque, offsetting the friction disturbance in the
actual system [10,11]. This method can effectively eliminate the friction dead zone at
velocity reversal, but its performance is highly dependent on the accuracy of the friction
model [12-14]. Therefore, establishing an appropriate and accurate friction model is the
most critical step in model-based methods.

Numerous simple and advanced friction models have been reported to describe
friction [15]. Most existing model-based friction compensators use conventional static
friction models that describe the static map between velocity and friction torque [16].
Marton et al. [17] deal with friction-induced nonlinearities by linearizing the Stribeck
friction model. The conventional static friction model does not describe friction in the
pre-sliding regime and is insufficient to represent the friction behavior at very low veloci-
ties. Dynamic friction models have been proposed to compensate for these shortcomings.
The LuGre friction model is widely applied owing to its simplicity and relatively good
performance [18]. De Wit, C. et al. [19] utilized the LuGre friction model for an adaptive
friction compensation on a servo motor system. Recently, Al-Bender et al. [20] developed
the so-called generalized Maxwell-slip (GMS) friction model. Jamaludin et al. [21] used
a dynamic friction model (GMS friction model) for friction compensation techniques and
evaluated experimentally on a linear-drive XY table. Park et al. [22] introduced a Sigmoid
function friction model for the pre-sliding region and a hybrid friction model correlated
with the operating velocity of the sliding region. Yang et al. [23] proposed a hybrid fric-
tion model composed of an asymmetric static friction model under pre-sliding conditions
and a Tustin model determined based on the critical velocity under sliding conditions.
The combined friction model demonstrated superior compensation results compared to
the static friction model, as confirmed by simulation experiments. However, the dynamic
friction model provides better performance than the conventional static friction model
only at a low-velocity regime [24,25]. Furthermore, these models cannot fully describe and
compensate for friction in machine tool systems in the case of insufficient lubrication or
high acceleration and deceleration motion. This implies that friction is not only correlated
with the feed velocity but also significantly influenced by the actual displacement and
acceleration of the drive system.

This paper extends the traditional Stribeck friction model by considering nonlinear
torque ripple disturbance caused by the eccentricity of the ball screw and nut under condi-
tions of insufficient lubrication, as well as friction lag disturbance during high acceleration
processes. A novel extended Stribeck friction model, formulated as a function of feed
displacement, velocity, and acceleration, is proposed to accurately describe friction behav-
ior in drive systems. In addition, the parameter identification and friction feedforward
compensation strategies are introduced, and the experimental results are discussed to
demonstrate the performance of the proposed model.

The rest of this paper is organized as follows. In Section 2, the conventional friction
model and proposed friction model are discussed. In Section 3, the identification of friction
models is presented. The experimental setup and dynamics models for feed drive systems
are presented as well. The experimental results of friction compensation are discussed in
Section 4 and conclusions are drawn in Section 5.

2. Conventional Friction Model and Proposed Friction Model
2.1. Conventional Friction Model

The conventional friction compensation method [19] is based on the typical character-
istics of lubricated metallic surfaces, which are described by the Stribeck curve, as shown
in Figure 1. There are four regimes of lubrication in a system with grease or oil. With the
increase in velocity, it is followed by static friction, boundary lubrication, partial fluid
lubrication, and full fluid lubrication. With increasing velocity in the regime of partial fluid
lubrication, the friction between two surfaces decreases, which is called the Stribeck effect.
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Figure 1. Coulomb-Viscous-Stribeck friction model.

The mathematical equation of the Coulomb-Viscous—Stribeck friction model can be
given as

Tf(0) = [Te + (T — To)e™ @0 Jsgn(o) + av, (1)

where Tf, v, T, Ts, and & are scalar and represent the friction torque, motion velocity,
Coulomb torque, static friction, and viscous friction coefficients, respectively. The Stribeck
friction model parameters are the Stribeck velocity vy and shape coefficient J.

2.2. Proposed Friction Model

Although the friction model in Equation (1) has been widely used, it considers only
nominal linear frictions (e.g., Coulomb, static, and viscous frictions) [19] and considers
that friction is only related to the speed of the feed drive system. Especially when the
screw lubrication is insufficient or the system starts and stops with high acceleration and
deceleration, the above conventional model cannot fully describe the friction characteristics
of the system. In this paper, we present a new nonlinear friction model that includes
the typical Coulomb-viscous friction, a nonlinear periodic harmonic term that mainly
comes from the eccentricity between a lead screw and a nut and a friction lag component
caused by the acceleration. Finally, the Stribeck friction model is extended to be a function
of acceleration, velocity, and position to fully describe the friction behavior of the feed
drive systems.

The mechanism of non-linear friction caused by the eccentricity of the ball screw and
nut is shown in Figure 2. In a precise machine tool system, due to the lack of lubrication,
the wear between the lead screw and the nut results in an infinitesimal gap causing the
friction value to be indeterminate. Based on this assumption, a spring-like model can be
used to describe the friction behavior within the screw-nut system [24]. In this model,
the normal force T, varies with the rotation of the screw, and the resulting harmonic friction
term can be described as follows:

Tec(0) = Bsin(6 — 6y), (2)

where T and 8 are the eccentric friction torque and its amplitude, respectively. 6, and 6
denote the current and initial angular positions of the screw, respectively, with 6 = xZT” ,

where x is the linear displacement of the table and L is the lead of the screw.
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Figure 2. Centrifugal Friction Caused by Ball Screw and Nut Eccentricity.

The friction torque is related not only to velocity but also closely to feed acceleration
due to the friction lag effect. To verify the impact of acceleration on friction, four sinusoidal
trajectory experiments were conducted in the setup described in Section 3. The trajectory
planning is outlined in Table 1, where A is the amplitude of the sinusoidal trajectory and w
represents the angular frequency.

Table 1. Experimental arrangement.

No. A (mm) w (rad/s)
1 50 0.2
2 50 0.3
3 50 0.4
4 50 0.6

The summary of the three-dimensional curves of friction-velocity-acceleration under
the four experimental conditions is shown in Figure 3. As can be seen from the Figure 3,
the acceleration of the four experiments is increasing. However, the effect of acceleration
on friction cannot be well demonstrated. Figure 4a and Figure 4b are the friction-velocity
curves for the second and fourth groups of experiments, respectively. While the acceleration
a # 0 (a is motion acceleration), the conventional Stribeck friction model cannot describe
the friction accurately.

As shown in Figure 4, the absolute value of friction in accelerating motion (B — C & F
— G) is greater than that of decelerating motion (C — D & G — H) at the same speed, which
is a typical characteristic of friction lag. There is almost no Stribeck effect in the partial
fluid lubrication area when the system accelerates. However, at the time of deceleration,
the Stribeck effect appeared in the partial fluid lubrication zone. In order to describe the
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friction lag caused by acceleration, this paper improves on the traditional Stribeck model

based on the above friction characteristics:

Tiag(v,a) = [Tc + (Ts
S(a) = 1,sgn(av) >0
"~ ) 0,sgn(av) <0

_ 1—e M
T l4e

Ta(a) = sgn(a)ua,

— T.)e~ %0 )’ S(a0)g(0)sgn(v) + av + Ty(a)

®)

where T,ag is the friction lag caused by the acceleration. The meanings of v, T, Ts, vg, and «
are the same as those in Equation (1). 4 and A are the parameters that control the shape
of the curve. ¢ is usually set to 2. The product of i and a is used to describe the effect of
acceleration on friction. The difference in the Stribeck effect is described by S(av) and g(v)

in acceleration or deceleration.
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Figure 3. Three—dimensional curves of friction-velocity-acceleration.
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Figure 4. Curves of friction and speed. (a) the second experimental group. (b) the fourth experimen-

tal group.
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From Equation (3), it can be seen that T, is a linear function of acceleration, so when
the acceleration changes little, the formula can guarantee the accuracy of the prediction.
However, in practical applications, many systems cannot avoid high-acceleration starting
and stopping. At this time, the acceleration of the system changes greatly during the
start-stop. The improved formula is as follows:

-1
Ta(a) = sgn(a) 1+|i§;al| (1- el

) (4)

where ¢y and ¢; are all parameters to control the shape of the curve, v, v, a are Stribeck
velocity, motion velocity, and motion acceleration, respectively.

From the above assumptions, a novel friction model is proposed, incorporating the
Coulomb-Viscous friction, the friction lag component Tj,¢, and the eccentric friction term
Tec, and can be expressed as follows:

Td(xr vra) = Tlag + Tec
Tig(0,) = [0+ (1 — 0)e™ 2 *S(a0)]g ()sgn(v) + 130 + Ta(a)

1,sgn(av) >0

0,sgn(av) <0 (5)
8(v) = 17570

Ta(a) = sgn(a)ﬁ@ e lame”

Tec(x) = 11751'11(9(%" —1s),

S(av) =

'l

)

where 179 = Te, 11 = Ts, 2 = vo, 13 = &, 14 = A, 115 = Go, e = G1, 117 = P and 175 = 6
in the new model. The model not only considers the Stribeck effect of friction, but also
considers the nonlinear centrifugal friction caused by the eccentric screw nut and the lag
effect of the friction. Therefore, the proposed model can describe the more precise friction
behavior of the system. The estimation method of the proposed friction model will be
explained in the next section.

3. Identification of Friction Models
3.1. Experimental Setup

The experimental system used in this study is a desktop three-axis machine tool. This
paper focuses on the frictional properties of its feed drive axis, which is the X axis as
shown in Figure 5. The feed drive axis was composed of a ball screw with a diameter of
16 mm and a lead of 5 mm connected to a gearbox with a reduction ratio of 5:1, and the
gearbox is linked to a permanent magnet synchronous motor (400W, AC200V, YASKAWA,
Shanghai, China) and a servo drive (SGDV, YASKAWA, Shanghai, China). The stroke of
the feed drive was 330 mm. A real-time Programmable Multi-Axis Controller (PMAC)
was used for motion control and data acquisition. In experiments, worktable motion data
and friction torque data under different feed trajectories need to be obtained. The former
includes worktable displacement x (mm), velocity v (mm/s), and acceleration 2 (mm/s?),
obtained via a 1 um resolution linear encoder and differentiation operations in the PMAC.
The calculation methods for friction torque at constant and non-constant velocities are
provided in Sections 3.3 and 3.4, respectively. Furthermore, friction compensation program
can be written using PMAC’s open servo algorithm.



Sensors 2024, 24, 4820

7 of 17

Figure 5. Three-axis machine tool.

3.2. Feed Drive Dynamics

The linear dynamics of the feed drive can be represented as shown in Figure 6. Here,
Kp, K4, and Ky ¢¢ are proportional gain, differential gain, and speed feed-forward gain of
the control system, respectively. The desired position of the servo system is  (mm) and the
actual position is x (mm), the difference between r and x is the trajectory following error
e (mm). It is worth mentioning that the servo drive operates in torque mode, the torque
loop frequency is much higher than the servo loop frequency. Consequently, the torque
loop can be approximated as a proportional part with a gain coefficient of 1, meaning the
driving torque applied to the motor is equal to the command torque. In this case, the motor
driving torque T;,; can be calculated by multiplying the control law u by the amplifier gain
K; (A/V) and the motor torque constant K; (N-m/A).

K, as

Figure 6. Linear dynamics of a feed drive.

Furthermore, the motor driving torque T, overcomes the disturbance torque T,
enabling the rotation of the screw shaft and movement of the worktable. | is the rotational
inertia of the drive system. The lead screw gain r, is calculated as follows:

rg = %r (6)

where L is the lead of the screw. This gain is used in a lead screw system to translate
rotational motion to linear motion, and motor torque to driving torque. The parameter
values of the feed drive system are given in Table 2, where the servo parameters k;, k; and
kyfs are empirical parameters obtained by manual tuning, while the motor parameters k,,
k: and | are theoretical parameters obtained by the motor handbook.
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Table 2. Experimental arrangement.

Parameters Value

Ky 11,500

Ky 12,500

Koff 12,500

Ka (A/V) 0.2335

K¢ (N-m/A) 0.544
] (kg-m?) 8.17 x 1072

3.3. Identification of Conventional Model

When the x-axis in Figure 5 is operated at a constant speed without machining,
the disturbance is equal to the driving torque according to Newton’s second theorem and
the main disturbance of the feed drive system is the friction torque. Therefore, the friction
torque can be obtained by collecting the control law signal from the PMAC controller while
the X-axis moves at a constant speed.

Based on the estimation method in [20], actuate the feed drive at constant velocities of
+0.01, £0.04, +0.08, +0.15, +0.20, +0.40, +0.50, +0.70, £1.00, £1.25, +1.50, +1.75, +2.50, +5.00,
+7.50, £10.00, £12.50, £15.00 and +17.50 mm/s. Figure 7 shows the tested and the fitted
friction torque represented by Equation (1).

100 T T T T T T T

X Practical value by Test
Stribeck friction model

Frition torque(N-mm)

_100 L L L L 1 L L
-20 —-15 -10 =5 0 5 10 15 20

Velocity(mm/s)

Figure 7. Tested friction and approximation by a conventional friction model.

The Genetic toolbox algorithm in MATLAB is used to identify conventional fric-
tion model parameters. The population size and maximum genetic generations of the
genetic algorithm are set to 200, and 10,000, respectively, to obtain the global optimal
solution. The preset parameter search range can be established based on the physi-
cal meaning of the parameters. Data from forward and reverse feeding are used sepa-
rately to identify the friction parameters in Equation (1): Tey, Te—, Ts+, Ts—, vo4, vo—,
ay, and a_, where “+” indicates parameter in forward feeding and “—" indicates pa-
rameter in reverse feeding. The lower and upper bounds for these parameters are set
to {10, —80, 10, —80, —5, —5, —5, —5} and {80, 10,80, 10, 5,5, 5,5}, respectively. The fitness
function | is described in Equation (7),

J=(T-17, 7)
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where T and T are the collected and estimated friction torque. The obtained parameters of
the conventional model are shown in Table 3.

Table 3. Estimated conventional Stribeck friction model parameters.

Parameters Value Parameters Value
Ter (N-mm) 35.70 vo+ (mm/s) 0.26
T.— (N-mm) 34.13 vo— (mm/s) 1.02
Ts+ (N-mm) 39.70 a4 (N/s) 1.88
Ts— (N-mm) 35.81 a_ (N/s) 1.65

3.4. Identification of the Proposed Friction Model

The identification method corresponding to the traditional Stribeck friction model
requires numerous constant-speed experiments to draw the discrete points in Figure 7,
which is cumbersome and time-consuming, and is prone to identification errors due to
abnormal discrete points.

Therefore, this paper applies the steady-state error of the feed drive system to calculate
the friction torque, facilitating rapid determination of the friction torque involved. The
steady-state error of the system is defined as the steady-state component e, (t) of the error
signal e(t) as time approaches infinity. It is generally composed of two parts: one is caused
by the desired input signal and the other is caused by the disturbance. The main source of
disturbance in the drive system is friction torque.

Referring to Figure 6, the error transfer function of the desired input signal is as follows:

(Kg—Kyff)s
ber(s) = 5 = lfj} 57 (8)
1+K; s+ 7KpKuKtKa7’gs

where K;, K4, Kz,ff, Kz, Kt, ], and r¢ are proportional gain, differential gain, speed feed
forward gain, current amplifier gain, motor torque constant, rotational inertia, and lead
screw gain, respectively. If the condition K; = Ky is satisfied, the steady-state error ess(¢)
caused by the desired input signal is zero.

The error transfer function of the disturbance is as follows:

_ o _ F
¢en(s> Toe T KpKgKirg+Kp K K Kirgs+Js? ©)

As is shown in Equation (9), when the disturbance is a step signal, the steady-state
error e (t) caused by the disturbance is a certain value and when the disturbance is a ramp
or uniform acceleration signal, the final value of the steady-state error eg(t) is infinite.
Under the influence of periodic variation in disturbance, the steady-state error ess(t) of the
system also presents periodic changes.

If the feed drive system satisfies the condition that K; = Ky, the relation be-
tween the steady-state error egs(t) and the friction torque T; can be approximated by
Equations (8) and (9) as follows:

Ty = KpKoKpess (t). (10)

The following sinusoidal reference is applied for the identification experiment of the
proposed friction model:

r = 25sin(0.40t) — 35 (mm), t = [0, 16] s. (11)

The reference of the sinusoidal position and the friction torque calculated by
Equation (10) are shown in Figures 8 and 9, respectively. The genetic algorithm is used to
identify the nominal Coulomb torque 7o, static friction #;, Stribeck velocity #,, nominal
viscous coefficient 773, and shape control coefficient 7, as in [20]. Parameters 7o, 1, 172, 13
are identified using the forward feed data and the reverse feed data, respectively, resulting
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in a total of nine parameters to be identified: 7oy, o—, #1+, H1—, Y2+, N2—, N3+, Y3—, Ha.
The upper and lower bounds of the parameter changes preset in the genetic algorithm are
set to {—80, —80, —80, —80, —5, —5, —5, —5, —5} and {80, 80, 80, 80,5, 5, 5,5, 5}, respectively,
while the remaining parameters are the same as those in Section 3.3.

-35

40

|
~
(V)

|
o3
(w]

Displacement (mm)

|
W
D

-60
0
Time(s)

Figure 8. Reference for X-axis position.

100F T T T T T T T ]

Friction torque (N-mm)

Time(s)

Figure 9. Frictional torque on X-axis.

The estimated values are shown in Table 4. Comparing with the results in Table 3, it
can be seen that the identification values of the Coulomb friction, static friction, Stribeck
velocity, and nominal viscous coefficient are basically the same. However, the friction torque
for the identification obtained from the steady-state error is more operative and applicable.

Table 4. Estimated nonlinear friction model parameters.

Parameters Value Parameters Value Parameters Value
7o+ (N-mm) 31.94 o+ (mm/s) 1.54 Ma 2.38
#o— (N-mm) —34.48 #o— (mm/s) —1.42 75 (N-mm) 939.95
71+ (N-mm) 27.14 73+ (N/s) 2.05 16 (mm/s?) —201.239
71— (N-mm) 9.98 73— (N/s) 1.31 1777 (N-mm) 1.20

ng (rad) 1.03
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Utilize the uniform motion of the system to eliminate the effects of frictional lag,
and obtain a more accurate centrifugal friction value. As the effect of friction lag is ignored,
the eccentric friction value is calculated as follows:

_ —1\2
Tee = Ta = [0 + (m = 1o)e™ "0 V]sgn(2) — a0, (12)
The following ramp reference is applied for the identification of the eccentric friction value:
r = —60 + 5t(mm),t = [0,12]s. (13)

The eccentric friction torque is shown in Figure 10, it consists of low-frequency sinu-
soidal curves and high-frequency noise. Since the tracking error signal used to estimate
the friction torque in Equation (10) is sampled at 4000 Hz, noise components are inevitably
present. These noise components are amplified by the coefficient K, K,;K; and are reflected
as burrs in Figure 10. Although there is noise, an obvious sinusoidal variation with a period
of about 5 mm, which is close to the lead of the screw, can still be observed.

The genetic algorithm is used to identify parameters #; and #g of eccentric friction
model in Equation (5). In the algorithm, the upper and lower bounds of the preset range
are {—5,—5} and {5,5}, respectively, and the remaining parameters are the same as in
Section 3.3. The result is shown as a red line in Figure 10. The estimated values of eccentric
friction are shown in Table 4.

50 T T T T T

Eccentric friction torque
Identified eccentric frintion torque .

J, w' ‘”» 'ﬂ" m‘ ul‘ h

! w v\
| | \I | | ,V o\l
A YV

3 8 1 1 1 1 1
—60 =50 —40 =30 -20 -10 0
Displacement (mm)

i
(o]
T

S
(o)}
T
1

Friction torque (N-mm)
IS =
S =
——
—

S
(e}
1

Figure 10. Eccentric friction.

Continuing to use the sinusoidal command signal represented by Equation (11) for the
identification of remaining friction lag parameters in the proposed model. After obtaining
values based on the Stribeck model and centrifugal friction, the friction lag is calculated
as follows:

Tiag = Ta — 177sin(x2T” —17g). (14)

The friction lag torque is shown in Figure 11. It can be seen that there are spikes on
the left side and the middle of the curve. The spike on the left side is mainly caused by the
sudden changes in acceleration of the motor in the start-stop phase, while the spikes in
the middle are mainly caused by sudden changes in the speed direction when the motor
commutates. Friction lag is closely related to the acceleration and the proposed friction lag
model can describe the friction characteristics well.
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The genetic algorithm is used to identify parameters of friction lag in Equation (5),
while a sampling frequency of 40 Hz is used to mitigate the influence of high-frequency
noise on identification accuracy. To capture the complex friction dynamic during velocity
reversals, the fitness function in Equation (15) is utilized.

J==(T—=T1)2(1+ ke I*ly, (15)

NI~

where k is the amplification factor and is set to 10 in this paper. The upper and lower
bounds of parameters 75 and 7 in the genetic algorithm are set to {—1500, —1000} and
{1500, 1000}, while the other parameters remain consistent with those in Section 3.3. The
result is shown as a red line in Figure 11. The estimated values of eccentric friction are
shown in Table 4.

40 T T T T T T T

30k — Friction lag i
— Identified eccentric friction lag

[\
(]
T
1

(e}
T

Friction torque (N-mm)
[
S o

|
[\
S

|
(O8]
(e}
T

|
B
(el
(=)
[N
NS
N F
[
—
=k
—
o F
—
=F

16
Time(s)

Figure 11. Friction lag.

Finally, the friction torque for four different motion trajectories is predicted using
the proposed friction model and the identified friction parameters. These trajectories are
as follows:

*  CI: Sinusoidal motion with 25 mm amplitude and 0.4 rad /s angular frequency;

¢ (C2: Sinusoidal motion with 50 mm amplitude and 0.4 rad /s angular frequency;

¢ (C3: Sinusoidal motion with 50 mm amplitude and 0.8 rad /s angular frequency;

*  (C4: S-Curve motion with 10 mm amplitude, 10 mm/s speed, and 100 ms accelera-
tion time.

The predicted results are shown as the red line in Figure 12. In addition, the results
predicted by the conventional Stribeck friction model are provided and shown as the green
line for comparison purposes. From the identification results, the proposed friction model
provides a better description of the friction dynamic. In Figure 12a,b, the predicted curves
from the proposed friction model align closely with the actual friction torque. However,
Figure 12c shows a slight deviation, which may be attributed to an overestimation of the
identified viscous friction coefficient, resulting in prediction errors at high speeds. It can
be seen from Figure 12d that the proposed model gives larger prediction results at the
beginning and end, which means that the proposed model can give timely compensation
during start-stop.
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Figure 12. Comparison with conventional friction model. (a) Comparison for two friction models
under trajectory C1; (b) under trajectory C2; (c) under trajectory C3; (d) under trajectory C4.

4. Friction Compensation and Experimental Results

The proposed nonlinear friction model is experimentally verified with the x-axis in
Figure 5. Here, friction compensation is verified without machining a workpiece. We
apply a user-written servo algorithm supported by the programmable multi-axis controller
(PMAC) to compensate friction.

The friction compensation scheme is illustrated in Figure 13. A friction feedforward
compensation method is employed, which calculates the friction torque value using the
reference worktable displacement, velocity, and acceleration, and then compensates it in
the output of the original servo controller. This approach avoids the lag issue inherent in
feedback compensation methods and provides excellent friction compensation performance.

Reference acceleration
—’

Reference velocity The proposed
—_———— e
friction model

Worktable
+ displacement
— Servo Controller “ Feed drive system >
Reference
displacement | — \ —

Actual friction
disturbance

Worktable velocity

Figure 13. The friction feedforward compensation scheme.

The friction compensation performance was verified based on the tracking control
results under the above four motion trajectories, while the same controller gains are used
as K, = 11,500, K; = 25,500, and K, £ = 25,500. The maximum absolute value and root
mean square tracking errors are used as the performance indicators. The tracking errors of
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three different controller configurations under the C2 trajectory are compared, as shown in
Figure 14.

04 T T T T T T T

Without compensation
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Proposed friction compensation
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0.1F i

Tracking error (mm)
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Time (s)

Figure 14. Comparison of friction compensation performance under different controller configura-
tions. (blue line) without friction compensation. (green line) with Stribeck friction model compensa-
tion. (red line) with proposed friction model compensation.

It can be observed from Figure 14 that there is a large steady-state error without friction
compensation and an obvious transient error occurs at startup. After compensating for
friction, the steady-state error is greatly reduced. Compared to Stribeck friction compensa-
tion, the proposed friction compensation method results in a smaller steady-state error and
ensures that the overall tracking error remains approximately zero.

To further demonstrate the compensation effect, the maximum absolute tracking error
and root mean square tracking error of the three controllers under four motion trajectories
are compared in Figures 15 and 16. Ten repeated tests were conducted for each motion
trajectory, and the average values of the two indicators from these tests were calculated to
ensure the reliability of the results.

T T T T

200+ I Vithout compensation .
[ Stribeck friction compensation
I Proposed friction compensation

150

100

50

Root mean square tracking error (um)

Cl C2 C3 C4

Figure 15. Root mean square tracking error results in sinusoidal reference.
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Figure 16. Absolute value of tracking error results in sinusoidal reference.

Figures 15 and 16 clearly show that for the four motion trajectories with varying
amplitudes, speeds, and waveforms, the proposed friction compensation controller can
achieve the best servo tracking performance. Compared to Stribeck friction compensation,
the proposed friction compensation controller reduces the maximum absolute tracking error
by 19.94%, 40.85%, 35.19%, and 0.23% for the four trajectories, respectively, and the root
mean square tracking error is reduced by 35.71%, 39.46%, 25.03%, and 13.31%, respectively.
Additionally, similar to the prediction results shown in Figure 12, for motion trajectory C3
with a higher feed-rate, the effectiveness of both Stribeck compensation and the proposed
compensation is worse than that for C1 and C2. This may be due to the difference between
the friction parameters identified under trajectory C1 and those of the actual system, which
becomes more obvious in trajectory C3 with its higher feed speed.

5. Conclusions

Friction identification and compensation is an important artifice to improve the track-
ing accuracy of mechanical feed-drive systems. Although the classical friction models have
an accurate description of the Stribeck effects, the characteristic of eccentric friction in a
lead screw and friction lag caused by acceleration did not draw enough attention. This
paper proposes a new nonlinear friction model that depends not only on velocity but also
on position and acceleration to more accurately describe the characteristics of friction. We
show how a small gap between a lead screw and nut leads to friction variations over one
revolution of the screw and we also study the relationship between friction and acceleration.
It is found that the absolute value of friction in accelerating motion is greater than that
of decelerating motion at the same speed, whether the system is in an accelerating or
decelerating motion, its friction torque is all around the Stribeck curve and forms a closed
ring. Furthermore, there is almost no Stribeck effect in the partial fluid lubrication area
when the system accelerates, but the Stribeck effect appears at the time of deceleration.

Experiments were conducted to compare the friction compensation performance
between the proposed and the conventional friction models under four motion trajectories.
The results show that the proposed method is more effective than the controller with the
conventional friction compensation. On average, both the root mean square and maximum
absolute tracking errors were significantly reduced after applying the proposed friction
model compared to the compensation controller using the conventional friction model.

Simply updating the controller with the proposed nonlinear friction model allows for
cost-effective improvement in the machining accuracy and positioning accuracy of machine
tool drive systems. The current friction compensation only involves a single axis, as a result,
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the next research direction is to use the proposed new friction model to compensate for the
contour error of multi-axis motion.
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