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Abstract: This paper introduces a novel dual-drive micro-feeding system (DDMS) to obtain precise
micro-feed synthetic motion by rotating both the screw and the nut, which eliminates the effects
of nonlinear friction at low micro-feeding speeds and has good resistance to external disturbances.
For the DDMS system, firstly, the frictional force of the screw–ball–nut contact surface is analyzed,
and the dynamic system model based on the unique frictional coupling model is established for the
DDMS. Secondly, a velocity squared term is added to the Stribeck model to characterize the influence
of the frictional coupling on the system. The correctness of the modified model is verified through
experiments and frictional parameters identification by combining with the genetic algorithm (GA).
The dynamic trend of the frictional parameters with different speed combinations is studied, and the
method of fitting parameters using the modified Stribeck model is proposed. Finally, the DDMS three
closed-loop error compensation model and the proportional derivative position controller with the
friction feedforward compensator are put forward to realize the accurate position-tracking function.
Experiment results show that the method reduces the average tracking error by about 60% compared
to the conventional PD controller.

Keywords: frictional coupling; parameters change dynamically; three closed-loop controls

1. Introduction

The ball screw is widely used in the linear feed system [1]. Its operation performance
directly determines the accuracy of the machine. However, the ball screw pair is sensitive to
external disturbance, and nonlinear frictional force makes accurate uniform displacement
challenging to achieve [2], and there are problems such as significant dynamic error [3],
complicated controller design, and severe hysteresis [4].

In order to obtain high-precision motion control, Prof. Feng proposed the dual-drive
micro-feeding system (DDMS) [5,6], in which a permanent magnet synchronous motor
(PMSM) is arranged for both the screw and the nut. These two motors rotate, and with
the same direction and almost equal velocity are superimposed to achieve high-precision
feeding of the driven worktable at ultra-low speed, and both the screw and the nut rotate
at the speed outside the non-linear region, which eliminates the effect of non-linear friction
at low speeds in both axes. The DDMS has two structural forms: hydraulic screw drive and
ball screw drive. For the DDMS based on the hydrostatic screw nut pair, Su proposed a
numerical model for the flow boundary for the hydrostatic screw [7], and Liu investigated
the boundary slip characteristics within the hydrostatic screw under both DDMS and
CFDS driving methods [8]. For the DDMS based on the ball screw nut pair, Yu performed
a velocity spectrum analysis [9], Du proposed a full component friction identification
model [10], and Wang investigated the effect of torque harmonics on the speed fluctuations
of linear feed systems at low speeds; compared with CFDS, DDMS avoids the system
resonance caused by torque harmonics at certain speed points [11]. These studies have
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demonstrated that the DDMS has better low-speed micro-feed performance than the
conventional drive feeding system (CDFS). The research subject of this paper is mainly the
DDMS based on the ball screw.

With the special mechanical structure, the DDMS is able to achieve micro-feed motion
in a large stroke range with higher rigidity and driving force than existing macro-micro-
composite stages, which is expected to be one of the future solutions for micro-nano
motion. However, achieving this goal is also quite challenging, and this paper focuses
on the following issues: in the DDMS, a certain given worktable speed can be combined
in numerous ways with screw speed and nut speed in theory, the frictional force gener-
ated by different macroscopic speed combinations needs to be deeper studied, and the
DDMS’s complete closed-loop compensation strategy also needs to be established for
position control.

Friction is a complex nonlinear phenomenon in mechanical systems, which gives rise
to problems such as static errors [12], limit loops, and stick-slip [13]. The Stribeck curve has
been widely used as a classical static friction model, which can comprehensively describe
the physical relationship between friction and motion velocity in a steady-state [14,15].
The Stribeck friction model integrates three aspects: Coulomb friction, viscous friction
proportional to the motion velocity, and the Stribeck effect, which decreases exponentially
with increasing velocity. This paper will modify the Stribeck model for the DDMS. The rest
of this paper is organized as follows. A dynamic model considering the frictional coupling
phenomenon is established in Section 2. The Stribeck friction model modified for the DDMS
and the friction parameter dynamic change analysis are presented in Section 3. The fully
closed-loop compensation method and controller design are described in Section 4. The
results of the experiment are then analyzed in Section 5. Finally, the conclusions are drawn
in Section 6.

2. Description and Modeling of System
2.1. System Description

The DDMS mechanical and control structure is shown in Figure 1. The worktable
is equipped with a set of linear motion (LM) guideways, and a nut-driven helical linear
feed unit is used. The screw axis uses a PMSM to drive its rotation through a coupling,
and the nut axis is also driven by the other same motor through a synchronous toothed
belt. When the DDMS is operated in differential speed mode, the two motors rotate in the
same direction, and through the superposition of the two macro movements, the worktable
feed motion is obtained. Although the screw and nut rotate in the same direction at this
time, the speed direction of the two motors are opposite in their servo drivers, which is
determined by the positive direction of the worktable when one of the axes rotates alone.
To avoid ambiguity, the synthetic speed is used instead of differential speed in this paper.

The following definitions are given: the side with the larger absolute speed of the
screw or nut is called the main drive axis, of which the speed is called the active speed.
The side with the lower absolute speed is called the slave axis, of which the speed is called
the base speed (Vbase). The speed of the worktable is the synthetic speed (Vt). Due to the
large inertia of the nut, the nut rotates at a constant speed while changing the screw speed
to improve the system’s stiffness and achieve high-precision feed motion. The DDMS is
converted to the CDFS when the slave axis speed (Vbase) is zero.
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Figure 1. Block diagram of the DDMS.

2.2. Frictional Coupling Model

When the DDMS is in differential feed mode, the screw and nut both rotate in the
same direction. The force analysis of the screw–ball–nut contact surface with the sim-
plified schematic diagram is shown in Figure 2, taking the screw axis as the active axis.
Ff ij(i, j = s, n, b, i 6= j) represents the friction force, i represents the object applying the
force, j represents the object receiving the force, ωs represents the screw rotation speed, ωn
represents the nut rotation speed, ωb1 is the ball’s self-rotation angular speed, ωb2 is the
ball’s public revolution angular speed, and Tdi(i = s, n) is the output torque of the PMSM.

Figure 2. Force analysis of the screw–ball–nut contact surface.

When the absolute speed of the screw motor is larger than the nut motor, the friction
force of the screw and the nut on the ball will jointly form a moment of force so that the ball
on the one hand self-rotates, and the public rotates around the center of screw on the other
hand. The reaction force of the ball on the screw is an impede moment for the screw shaft,
but the reaction force of the ball on the nut is an increased moment for the nut axis. The
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phenomenon of different positive and negative work done by the ball on the screw and the
nut is called the frictional coupling model. Replace linear friction (Ff ij) with rotary friction
(Tf ij). Due to the complex motion of the ball and the special structure of the DDMS, the
relationship between Tf ij and Ff ij is not discussed in this paper. When the absolute speed
of the screw is larger, in order to maintain the public rotation of the ball has:∣∣∣Tf bs

∣∣∣ > ∣∣∣Tf bn

∣∣∣ (1)

when the absolute velocity of the nut is larger:∣∣∣Tf bs

∣∣∣ < ∣∣∣Tf bn

∣∣∣ (2)

Therefore, Tf bi is a segmentation function that depends on which is the active axis of
the screw or the nut. The reason for the formation of the segmentation function is different
from the difference between the forward and reverse friction parameters in CDFS.

2.3. Dynamical Model

Figure 3 shows the dynamics model of the DDMS. Based on the frictional coupling
analysis, the simplified dynamics model of the DDMS based on Newton’s second law can
be written as:

when
∣∣∣ .
θs

∣∣∣ > ∣∣∣ .
θn

∣∣∣ :

{
Js

..
θs = Tds − Tf s − Tf bs − Tdt

Jn
..
θn = Tdn − Tf n + Tf bn

.
θs ×

.
θn ≤ 0 (3)

when
∣∣∣ .
θs

∣∣∣ < ∣∣∣ .
θn

∣∣∣ :

{
Js

..
θs = Tds − Tf s + Tf bs

Jn
..
θn = Tdn − Tf n − Tf bn − Tdt

.
θs ×

.
θn < 0 (4)

Tf ri =


Tf bi1

∣∣∣ .
θs

∣∣∣ > ∣∣∣ .
θn

∣∣∣
Tf bi2

∣∣∣ .
θs

∣∣∣ < ∣∣∣ .
θn

∣∣∣
0

.
θs +

.
θn = 0

(i = s, n and
.
θs ×

.
θn ≤ 0) (5)

Fdt = Tdt ×
2× π

Ph
= Tdt × r (6)

Fdt = Mt
..
xt + Ff t + FL (7)

(θs + θn)× R = xt (8)

R =
1
r

(9)

where θi(i = s, n) is the axis rotational displacement, Tdi is the output torque of the axis
motor, Tf i is the axis support bearing and PMSM friction, Tf ri is ball–screw or ball–nut
contact surface friction, Ji is the rotational inertia, r is the ratio of linear motion to rotary
motion, R is the ratio of rotary motion to linear motion, xt is the worktable displacement,
Mt is the bench quality, Ff t is the friction between worktable, and LM guideways, FL is
external disturbances. Rotational speed ωi(i = s, n, t) and linear speed Vi can be converted
by the following equation:

Vi =
.
xi =

.
θi × R = ωi × R (10)
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Figure 3. Dynamic model of the DDMS.

2.4. Dynamical Model Analysis

When the DDMS is in a quasi-stationary state with differential speed, i.e.,
.
θs +

.
θn = 0,

if the absolute value of the screw speed is increased, as can be seen from the Equation (3),
the output torque of the screw motor will increase significantly, which is mainly caused by
two aspects, on the one hand, the friction of the ball on the screw (Tf bs), and on the other
hand, the friction between the worktable and LM guide (Ff t). Meanwhile, the absolute
value of the output torque of the nut motor decreases because the ball performs positive
work on the nut, and the required friction force is certain when the nut speed remains
constant. If the screw speed continues to rise, the relative speed between the screw–ball–
nut contact surface also increases, which will cause the friction force between the ball and
the nut contact surface to gradually increase. The centrifugal force’s growth rate is also
gradually increasing, for the centrifugal force is generally proportional to the quadratic
speed. However, the speed of the nut at this time is still unchanged, so the total torque
required by the nut at this time remains unchanged. The friction force becomes larger,
meaning that the absolute value of the output torque of the nut motor will continue to
decline, and the speed of decline is increasingly fast. For the screw shaft, the analysis is
similar to that of the nut shaft and will not be elaborated.

Due to the existence of the frictional coupling model, when the manufacturing and
assembling errors of DDMS itself cause the friction force changes on the contact surface
of the screw–ball–nut, the opposite effect of the friction on the screw or nut from the ball
will lead to fluctuations in the synthesis speed of the worktable, so the effect of frictional
coupling on the system should be considered in the friction model and controller.

In addition, when the base speed is different, the rotational potential energy of the
screw and nut is different, and the system’s stiffness is bound to change. Theoretically,
the greater the base speed, the greater the stiffness and the stronger the ability to resist
external disturbances, which is urgently what we need. However, when the base speed is
enormous, which causes significant tracking errors because the displacement fluctuation of
the screw and nut at a higher speed will be bigger than at a lower base speed, which affects
the worktable displacement. Meanwhile, too low a reference speed will cause the screw
and nut axis to run in the non-linear region, which will also increase the tracking error.
Therefore, selecting the required base speed for different synthesis speeds is an essential
part of the DDMS to complete the high-precision uniform speed feeding. Since the impact
of the base speed on the system needs to be further explored, the theory of the choice of
the base speed is not discussed in this paper; however, the effect of the base speed on the
friction parameters is studied as a basis for future research.

The principle of Tf bi formation shows that it is not only a function of the synthesis
speed (Vt) but also has a connection with the base speed (Vbase). As the base speed will
add a revolution speed to the ball to cause a change in centrifugal force, which affects
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the friction force, in addition, as mentioned earlier, when the active axis is not the same,
Tf bi will also make a difference. Due to the introduction of Tf bi, the composition of the
frictional forces is divided in a more detailed way, and the dynamical model presents a
higher complexity. The excessive amounts of unknowns make it impossible to separate and
identify each part of the frictional force, which is unfortunate. However, it is still feasible to
design controllers for friction compensation if a suitable model for the total friction of the
screw and nut shafts can be found.

3. Friction Identification
3.1. Genetic Algorithms

The genetic algorithm [16,17] is a computational model of the biological evolution
process that simulates the mechanism of natural selection and genetics of Darwin’s biologi-
cal evolution theory. The algorithm converts the problem-solving process into a process
similar to the crossover and mutation of chromosomal genes in biological evolution by
using computer simulation operations in a mathematical way. In solving more complex
combinatorial optimization problems, it is usually able to obtain better optimization results
faster than some conventional optimization algorithms [18]. For example, compared with
the simulated annealing algorithm (SA), GA has a faster convergence speed and its per-
formance is relatively less affected by the initial value and related parameters. Another
typical algorithm is the particle swarm optimization (PSO) algorithm, but it is easy to fall
into local optimum, resulting in low convergence accuracy, and it is not easy to converge
and cannot effectively solve discrete and combinatorial optimization problems. Therefore,
the GA algorithm is chosen for parameter fitting in this paper.

3.2. Frictional Model at a Constant Base Speed

The friction model mainly includes the static friction model and dynamic friction
model, where the dynamic friction model is mainly used for the pre-slipping stage. This
paper does not consider the dynamic friction model of the DDMS, so the friction memory
and other dynamic friction characteristics can be ignored. Converting rotational friction to
linear friction when discussing friction.

Stribeck friction model, as a classical static friction model, can be a suitable modulus
of the relationship between speed and friction during steady-state motion and has been
widely used. Its primary expression is as follows [14]:

Ff = (Fc + (Fs − Fc) exp

[
−
(

v
vs

)δ
]
)sgn(v) + Bvv (11)

where Fc is Coulomb friction, Bv is coefficient of viscous friction, Fs is maximum static
friction, the exponential term is used to describe the Stribeck effect, δ is used to control the
shape of the Stribeck curve. In this paper, δ = 2, sgn(v) is the symbolic function, and the
specific expressions are as Equation (12):

sgn(v) =


1 v > 0
0 v = 0
−1 v < 0

(12)

The analysis in Section 2.4 shows that the frictional force of the screw–roller–nut
contact surface is vital in the high-precision control of the system. In order to characterize
the change in friction caused by the centrifugal force of the ball at different worktable
speeds (vt), the Stribeck model is modified for the DDMS reference in the paper [19]. When
the ball screw reaches a steady state of speed, the centrifugal force is proportional to the
quadratic of the speed, so the frictional force change caused by the centrifugal force can be
written as Equation (13):

FB = µ× C1 × vt
2 (13)
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where FB is the friction caused by centrifugal force, µ is the friction coefficient of the
leader–ball–nut contact surface, C1 is the centrifugal force coefficient, which is related to the
amount, material, diameter and contact angle of ball. Add Equation (13) to Equation (11),
the modified Stribeck model can be described as follows:

Ff = (Fc + (Fs − Fc) exp

[
−
(

v
|vs|

)δ
]
+ Cv2 × v2)sgn(v) + Bvv (14)

Cv2 = µC1 (15)

where Cv2 is the coefficient of frictional influence due to centrifugal force. For the friction
model adopted, the desired parameter vector Xs in GA can be defined as [20,21]:

Xs = [Fcl , Fsl , vsl , Bv, Cv2 ] (16)

when the worktable speed is
.
xt, the system friction identification error ess can be defined as:

ess(Xs,
.
xt) = Fss(

.
xt)− F̂ss(Xs,

.
xt) (17)

where Fss is the experimentally measured steady-state friction, and F̂ss denotes the estimated
steady-state friction that is calculated using Equation (14). The optimized cost function is
defined as follows:

Js =
Ns

∑
i=1

e2
ss(Xs,

.
xi) + max

{∣∣ess(Xs,
.
x)
∣∣} (18)

where Ns is the number of data points included in each experiment.
In the GA, there are four parameters that need to be set, which are population size,

number of generations of terminated evolution, probability of crossover, and probability
of mutation. The parameters are selected as follows: (1) When the population size is too
small, it is obvious that inbreeding will occur and produce pathological genes, and when
the population size is too large, the results are difficult to converge and waste resources,
and the robustness decreases. The empirical value of the population size is taken as 20~200.
(2) If the number of evolutionary generations is too small, the algorithm does not converge
easily and the population is not yet mature; if the number of evolutionary generations
is too large, the algorithm has already converged or the population is too precocious to
converge, so it is meaningless to continue the evolution, which will only increase the time
expenditure and waste of resources. The empirical value of the number of generations of
terminated evolution is taken as 100~500. (3) If the crossover probability is too small, the
algorithm cannot update the population effectively, and if the probability of crossover is
too large, although the diversity of the population can be guaranteed, the probability of
higher-order patterns being destroyed increases. The empirical value of the probability of
crossover is taken as 0.4~0.99. (4) Similar to the probability of crossover, too large a mating
probability can easily destroy the existing favorable patterns, increase the randomness, and
easily miss the optimal individuals; too small a mating probability cannot effectively renew
the population. The empirical value of the probability of mutation is taken as 0.0001~0.1.
In this paper, a large computation can be tolerated for obtaining sufficiently accurate
results, therefore, the population size is chosen to be 150, and the number of generations of
terminated evolution is 500. In order to avoid algorithmic search stagnation and ensure the
stability of the algorithm, the crossover probability is chosen to be 0.8, and the variation
probability is 0.05.3.3. Dynamic variation model of friction parameters.

In the DDMS, for a given worktable speed (vt), there are theoretically an infinite
number of speed combinations, and the friction parameters variate in different base speeds,
so it is necessary to study the dynamic changes of friction parameters at different base
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speeds. The following Equation (19) is used to characterize the simplified friction model
while discussing the dynamic variation of the friction parameters:

Ff = (Fc + Cv2 ∗ vt
2)sgn(vt) + Bvvt (19)

For parameters Fc, BvCv, they characterize the friction of the screw axis and nut axis
at different worktable speeds with a constant base speed. The following analyses is that
DDMS operated at the same worktable speed with different base speeds. (1) The curves
of frictional force of the screw (Tf s) and nut (Tf n) are the Stribeck model (2) the change
in friction of the screw–roller–nut contact surface caused by centrifugal force at different
base speeds should be linearly related to the square of the base speed; (3) in different base
speeds, the frictional force of the worktable at a certain speed can be regarded as a constant.

These analyses show that the dynamic variation of each parameter contains a constant
term, a velocity viscous damping term, an exponential term for the Stribeck effect, and
a frictional term due to centrifugal force. Therefore, the dynamic change model of the
parameters at different base speeds are the same as the modified Stribeck model shown
in Equation (20). In order to differentiate the variables, the following equation is used
for fitting:

y = a + (b− a) exp

[
−
(

vbase
|c|

)δ
]
+ dvbase + e× vbase

2 (20)

where y = Fc, Bv, Cv2 . Similar to the previous, its error calculation function and expectation
function in GA are not elaborated in this paper.

4. Controller Design

Due to the unique structure of the DDMS, the worktable’s displacement is the synthesis
of the screw and the nut displacements; for a given worktable speed

.
x∗t , the target speeds

of the screw and nut are
.
θ
∗
s ,

.
θ
∗
n, respectively, satisfying:

.
θ
∗
t =

.
θ
∗
s +

.
θ
∗
n (21)

.
x∗t =

.
θ
∗
t × R (22)

The actual speed of the screw axis and the nut axis are
.
θs,

.
θn, and the tracking error of

the screw and the nut (ei) can be written as

ei =
∫

(
.
θ
∗
i −

.
θi)dt (23)

where i = s, n, the worktable displacement tracking error (et) is:

et =
∫

(
.
x∗t −

.
xt)dt (24)

As the positions of both the screw and nut axes affect the worktable displacement,
the worktable displacement error not only contains the displacement tracking error of the
screw and nut but also includes the displacement error caused by the pitch error, so the
worktable position tracking error can also be written as:

et = (es + en)× R + eph (25)

Since eh1, eh2 have been compensated in both axes of the screw and nut, there is no
need to feed back to one of the two axes again in the form of error, or in a certain proportion,
but only to compensate for eph as follows:

eph = et − (es + en)× R (26)
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Due to the small inertia of the screw axis, the pitch error is fed back to the screw for
compensation, and the total tracking error of the two axes can be written as:{

eh1 = es + eph × r
eh2 = en

(27)

Take Equations (21)–(26) into Equation (27), and Equation (28) can be acquired:{
eh1 = θ∗s + θn − xt × r
eh2 = θ∗n − θn

(28)

In the DDMS, a feedforward control method can be used to improve the system‘s
tracking performance. When the closed-loop system is continuous, let the product of the
feedforward link and the closed-loop system transfer function be equal to one, so as to
achieve the complete reproducing input [22–24]. The constructed control block diagram
based on PD with friction feedforward is shown in Figure 4. In the control block, according
to paper [25,26], the PMSM’s electromagnetic torque is simplified by using magnetic field
directional control as follows:

Tdi =
3
2

pi ϕ f iiqi = Ktiiqi (29)

where pi is the number of primary pole pairs, ϕ f i is the permanent magnet flux linkage, iqi
is the thrust current, Kti is the thrust coefficient.

Figure 4. Control block diagram of PD with feedforward friction compensation.

5. Experiment and Results
5.1. Experimental Equipment

The schematic diagram and photos of the experimental equipment are shown in
Figure 5. The feed drive with a stroke of 280 mm is equipped with a ball screw (DIR 1605,
THK) with a diameter of 16 mm. The ball screw is driven by two PMSMs (Panasonic
MHMF042LV2M) with a rated power of 400 W, and the rated torque is 1.27 N·m. The motor
is equipped with a high-resolution rotary encoder (23 bits) to provide motor position feed-
back and is connected to the servo driver (Panasonic MBDLT25BF), which communicates
with the industrial control computer (ICC) via EtherCAT protocol. A raster ruler with a
10 nm resolution scale (KEYENCE GVS 600T) is used to measure the worktable position,
and it is connected to the screw servo driver, of which external sensor monitoring function
is enabled to read the raster ruler pulse data for fully closed-loop control at the ICC. An
environment of Windows10+VS+QT in the ICC is used to develop the control software,



Actuators 2022, 11, 236 10 of 15

with which secondary development of KRMotion is performed using the process data
object (PDO) function to read motor position, speed, torque, and external raster ruler data
directly, with a sampling frequency of 4 kHz and a control period set to the same as the
sampling period, i.e., 250 us. KRMotion is a real-time motion controller developed by the
Shandong E-Code company based on the German Kithara real-time suite (KRTS) [27,28].
The interface of ICC software developed is shown in Figure 6. The specific parameters of
the experimental equipment are shown in Table 1.

Figure 5. Experimental equipment.

Figure 6. ICC software interface.

Table 1. Experimental equipment parameters.

Parameters Values

Screw axis rotational inertia
(

Js/kg·m2 ) 9.58 × 10−5

Nut axis rotational inertia
(

Jn/kg·m2 ) 53.62 × 10−5

Worktable quality (Mt/kg ) 20
Converted rotational inertia of the worktable

(
Jt/kg·m2 ) 1.25 × 10−5

Screw lead (ph/mm ) 5
Motor torque constant

(
Kt/N·m·A−1 ) 0.605



Actuators 2022, 11, 236 11 of 15

5.2. Estimation of Frictional Parameters at a Constant Base Speed

Experiment was conducted on a constant base speed with different worktable speed,
in order to avoid screw and nut running in the non-linear area, so a larger base speed is
selected (Vbase = 10 mm/s). Take the experimental sequence as follows:{

Vn = Vbase = 10mm/s
Vs = 10 + n mm/s, n = 0.25, 0.5, 0.75 . . . 5, 6, 8, 10, 12, . . . 40

(30)

The frictional data obtained were fitted using the GA, and the experimental and
estimation frictional curves of the screw and the nut are shown in Figure 7. The results of
the fitted parameters are shown in Table 2.

Figure 7. Experimental and estimation of frictional curves at a constant base speed with different
worktable speed. (a) Screw frictional force curve; (b) Nut frictional force curve.

Table 2. Frictional parameters identification results.

Parameters
Positive Negative

Screw Nut Screw Nut

Fc(N) 65.888 −71.4 −66.31 62.95
Fs(N) 66.3483 −73.56 −68.91 65.51

Vs(10−3 m/s) 1.9614 −0.6382 −0.4279 0.905
Bv(10−3 N·s/m) 1.5887 0.2827 −1.492 0.2674
Cv2 (10−6 N·s2/m2) −0.0121 0.00375 0.009374 −0.002358

As can be seen from Figure 7, after crossing the Stribeck inflection point, the linearity
of the output torque of the screw and nut motors is not ideal. However, the velocity model
considering the effect of centrifugal force and base speed can fit the curve nicely. Table 3 lists
the fitting errors with and without the addition of the quadratic velocity term of centrifugal
force, and the evaluation using sum of squares for error (SSE) shows a minimum accuracy
improvement of 29.8%, and root mean squared error (RMSE) shows a minimum accuracy
improvement of 19.4%. In addition, the sign of the coefficients Cv2 indicating the rate of
growth/slowing trends of the total frictional force is also consistent with the previous
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analysis in Section 2.4, so it is necessary to consider the change in frictional force due to
centrifugal force in the DDMS.

Table 3. Comparison of estimated errors.

Model

SSE RMSE

Positive Negative Positive Negative

Screw Nut Screw Nut Screw Nut Screw Nut

No Cv2 term 5.348 7.641 5.317 10.31 0.426 0.401 0.481 0.559
Add Cv2 term 3.753 2.298 3.087 4.081 0.343 0.312 0.268 0.357

5.3. Estimation of Dynamic Changes of Frictional Parameters

Experiments are conducted at different base speeds to study the trend of frictional
parameters of the screw and nut axes. The experimental sequences are as follows (unit:
mm/s):

BaseV = 1, 2, 3 . . . 40


Vs = BaseV + n(n = 1, 2, 3 . . . 40)
Vn = −BaseV
Vw = Vs + Vn = n

(31)

From the previous analysis, it can be seen that the frictional force fluctuation between
the contact surface of the screw ball nut will lead to a large tracking error. In order to reduce
the fluctuation in the overall frictional force ratio, the preload of the screw and nut support
bearing is increased to improve the system stiffness. For each group of experiments, the
GA is used to fit, and the dynamic variation curves of frictional parameters are shown in
Figure 8.

Figure 8. Dynamic variation curves of frictional parameters. (a) Variation curve of Coulomb frictional
coefficient (Fc) with base velocity. (b) Variation curve of viscous frictional coefficient (Bv) with base
velocity. (c) Variation curve of centrifugal force coefficient (Cv2 ) with base velocity.
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It can be seen that the frictional parameters show a Stribeck curve with the base speed,
which proves the correctness of the proposed model. It is noted that the Fc and Bv critical
speeds (vs, hereisc) are approximately the same, reflecting the gradual transition of the
screw shaft as the base speed increases. It should be noted that the Coulomb frictional
force here is the sum of total frictional force required for the screw axis (Ff s) at this base
speed, the Coulomb frictional force (Ff t) between worktable and LM guideways, and the
screw–balls contact surface Coulomb frictional force (Ff bs), so it is reasonable that the
Coulomb frictional force increases as the base speed increases, but the true meaning of the
Coulomb frictional force here has changed. The prediction of the change curve for each
parameter is again performed using the genetic algorithm. The fitting results are shown in
Table 4, and parameters for both axes of the nut and the screw are included.

Table 4. Fitting results of dynamic variation for frictional parameters.

Parameters
Fc(N) Bv(N·s/m) Cv2 (N·s2/m2)

Screw Nut Screw Nut Screw Nut

a 69.75 −56.88 1.222 0.8552 −7.717 × 10−3 −1.437 × 10−2

b 75.84 −70.33 0.7993 0.0313 −6.566 × 10−4 3.704 × 10−3

c 3.239 1.052 3.252 3.52 7.019 6.082
d 1.273 −2.977 −0.006795 −0.02485 1.202 × 10−4 8.811 × 10−4

e −0.01065 0.02063 −1.625 × 10−4 3.407 × 10−5 1.464 × 10−6 1.727 × 10−6

1 Due to the unit difference between the three parameters, this table does not show units from a toe.

5.4. Friction Compensation

Keep the nut speed at a constant to increase the stiffness of the system and superimpose
the sinusoidal variable speed motion on the base speed of the screw axis to obtain the
sinusoidal motion of the worktable. Experimental sequences are as follows:

Vs = 5 + sin(2πt) mm/s
Vn = −5 mm/s
Vw = Vs + Vn = sin(2πt) mm/s

(32)

The tracking error of using PD with FF and PD controllers alone is shown in Figure 9;
the comparisons of tracking errors are shown in Table 5. It can be seen that the proposed
controller and the error compensation method play a nice effect, the average tracking error
is reduced by 60% and the peak is reduced by 70%.

Figure 9. Tracking error curves of PD with friction feedforward compensation and PD alone.

Table 5. Comparisons of tracking errors.

Controllers
Tracking Error (um)

Maximum Average Standard Deviation

PD 17.415 10.7720 11.7795
PD + FF 5.8360 3.3294 3.6489



Actuators 2022, 11, 236 14 of 15

6. Conclusions

(1) By analyzing the force on the contact surface of the screw–ball–nut, the unique fric-
tional force coupling model is introduced and further reveals the factors affecting the
feeding accuracy of the DDMS and constructs a system dynamics model considering
the frictional coupling.

(2) The experiments demonstrate the correctness of adding the velocity squared term
to the Stribeck model, which improves the fitting accuracy by at least 29.8% in SSE
and 19.4% in RMSE compared with no squared term. Subsequently, the trends of the
frictional parameters with the dynamics of the base speeds are obtained experimen-
tally, which reveals the frictional characteristics of the DDMS further. The modified
frictional model proves that the frictional force changed by the centrifugal force in the
frictional coupling model and different base speeds are necessary considerations for
the design of the DDMS system controller.

(3) The fully closed-loop compensation model is proposed for the DDMS to realize three
closed-loop controls of the screw axis, nut axis, and worktable. A PD + FF controller
is designed to improve the position tracking accuracy, and the experimental result
shows a 60% improvement in accuracy compared to the conventional PD controller,
which effectively proves the correctness of the modified frictional model, parameters
identification, and error compensation methods.
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