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Abstract: The electro-mechanical brake is a new advancement in railway train braking. Ball-screws
are important components of electro-mechanical braking units (EMBUs), and their wear can cause
EMBUs to degrade in performance or even fail to function. In this paper, we present a framework
for prediction of ball-screw wear with discrete operating conditions as inputs, taking into account
the time-varying characteristics of EMBUs. The framework includes determining the contact type,
analyzing relative motion, calculating contact deformations, and estimating wear. The contact type is
determined based on the quasi-static approach of Hertz theory. A dynamics model using multiple
coordinate systems is established to analyze how balls and raceways move in relation to each other.
The contact deformations of the ball-raceway contact are determined using numerical calculation.
Then, the wear depth increment is calculated using the Archard model. The results of the calculation
and the endurance test indicate that the wear on the screw raceway is greater than that on the nut
raceway. The effect of velocity is greater than the effect of axial force. The presented calculation
framework is reasonable and can be used for predicting EMBU ball-screw wear.

Keywords: railway train; electro-mechanical brake; ball-screw; wear prediction; time-varying
condition

1. Introduction

The electro-mechanical brake (EMB) is a novel braking mode for railway trains, which
has advantages of shorter response time, higher control accuracy, simpler maintenance,
and a more compact structure [1-4]. Currently, the EMB technology has been applied to
aircraft, automotives, and rail vehicles [5-10] and is recognized as the next generation of
braking technology.

The actuators of the EMB system are electro-mechanical brake units (EMBUs). Two cru-
cial parts of the EMBU are the motor and ball-screw. Ball-screw wearing is an unavoidable
deterioration of the EMBU, leading to higher friction and increased internal clearance.
Ultimately, it results in functional failures, such as an inadequate response or brake failure.
Therefore, the wear prediction of the ball-screw is an important issue for health monitoring
of EMB systems.

The wear of ball-screws primarily comes from the sliding friction between the balls
and the raceways. There have been some studies on the wear modeling of ball-screws.
The researchers typically establish a kinematic model of a ball-screw in the Frenet-Serret
coordinate system using the rolling element theory and the dynamic model of Jones and
Harris [11,12]. They then study the wear accumulation, preload degradation, and accuracy
loss under various preloading modes, loads, and angular velocities [13,14]. Wei et al. [14]
extended the CEB elastic—plastic contact theory [15] to calculate the wear of the high-speed
ball-screw with single-nut preload. Cheng et al. [16] proposed an improved Archard
wear model considering time-varying loads and time-varying sliding distances for wear
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calculation. Zhao et al. [17,18] analyzed the loss of accuracy in the ball-screw with double-
nut preload using Archard wear theory, fractal theory, and an iterative interpolation method.
Shen et al. [19] further considered the two-stage wear characteristics of ball-screw with
preload. In the first stage (running-in stage), the model is established based on macroscopic
geometric principles, and in the second stage (steady wear stage), the model is established
based on fractal theory. Zhang et al. [20] included the wear amount in the transmission
efficiency model to analyze its impact on transmission efficiency. Cheng et al. [21] pro-
posed a model to predict the accuracy loss and wear of ball-screws. There are dynamic
modeling methods of ball-screw systems deserving attention. Zhang et al. [22] proposed
an equivalent dynamic model of a ball-screw system with the hybrid element method.
Okwudire et al. [23] established a hybrid finite element model considering the coupled
axial, torsional, and lateral dynamics. In addition, the lumped mass method [24], dynamic
stiffness model [25], and modified load distribution model with additional elastic units [26]
are also interesting studies that are helpful for ball-screw calculation and analysis.

Most of the aforementioned studies focused on high length-to-diameter ratio ball-
screws used in CNC machine tools. This type of ball-screw is different from the one used in
EMBUs. The ball-screw used in CNC machine tools has a long lead length (10 mm or more)
and operates at high velocity (300 rpm or more). The ball-screw of EMBUs is a slow-moving
ball-screw with a small pitch. The motion stroke is small, but the axial force is large. The
velocity and accuracy requirements are lower compared to CNC machine tools. There have
also been some studies on the wear of the EMBU ball-screw.

The wear of the ball-screw leads to increased axial internal clearance of the actua-
tor [27,28]. Isturiz et al. [29] used current and position signals as monitoring indicators for
measuring clearance increase. Mansouri et al. [30] used the Kalman filtering method to
estimate the wear gap. Fu et al. [31,32] modeled the electro-mechanical actuator using
bond graph theory and conducted fault simulation to analyze the dynamic response of the
actuator in the presence of wear clearance. The studies above mainly focused on the effects
of failures after wear occurs instead of quantitatively analyzing the development of wear.

EMBUs operate at time-varying velocity and load; hence, the wear increments of
ball-screws also vary dynamically. This paper introduces a wear prediction framework that
combines the unsteady-state operating characteristics of EMBUs to predict the cumulative
wear of ball-screws in EMBUs. The wear prediction framework uses the time-varying
velocity and load as inputs. Then, the contact type and contact area are identified based on
elastic—plastic contact theory. A multi-coordinate system dynamic model of the ball-screw
is then established to numerically calculate the contact deformation and sliding velocity.
Finally, the Archard model is used to calculate the incremental and cumulative wear. The
proposed calculation framework is validated with the results of the endurance test.

The rest of the paper is organized as follows. The working principle of EMBUs is
described in the next section. In Section 3, we present the methodology for the EMBU
ball-screw wear prediction framework. In Section 4, we introduce the wear prediction
framework and describe the endurance test used to validate the calculation. In Section 5,
we discuss and compare the results of the calculation and test. Finally, we conclude the
paper in Section 6.

2. Working Principle of EMBUs

The brake cylinder of the EMBU consists of the motor, the ball-screw, and other
mechanical transmission components. A photograph of an EMBU and a simplified diagram
of a brake cylinder are shown in Figure 1. When braking, the electronic brake control unit
(EBCU) converts the desired clamping force into the appropriate command current. The
driver circuit powers the stator windings to create a magnetic field, which in turn drives
the rotor and the screw to rotate in sync. The nut converts rotational motion into linear
motion, pushing out the clamp lever. The brake pads on the lever press against the brake
disc to create the necessary clamping force. The clamping force is ultimately converted
into a braking force by the friction between the pads and disc, as well as the adhesion
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between the wheels and rails. Similarly, during brake release, the rotor and the screw rotate
in opposite directions. The nut then pulls the clamp lever back, releasing the clamp force.

(@) Brake pad holder

Motor Screw Nut

Hanger

Brake Cylinder

Connectors

Housing

Rod

Figure 1. Schematic diagrams of a disc EMBU and brake cylinder. (a) Photograph of a disc EMBU;
(b) simplified diagram of brake cylinder.

According to the working principle of EMBUs, the braking and releasing process can
be divided into four phases: clearance—elimination, force-generation, force-maintenance,
and force-release. During these four phases, Figure 2 illustrates the interaction between the
brake pads and the disc. When the EMBU is in any phase other than the force-maintenance
phase, there is sliding friction between the balls and raceways of the ball-screw. Sliding
friction causes the most wear during the steady wear stage of the ball-screw. The wear can
lead to an increase in the axial clearance within the brake cylinder.

clearance deformation Disc Pad

S + -

clearance-elimination force-generation force-maintenance force-release

Figure 2. Relationship between brake pads and disc in the four duty phases of the braking and
releasing process.

3. Wear Modeling

This section presents the methodology used in the EMBU ball-screw wear prediction
framework. The contact model is established to determine the contact type between the ball
and the raceway and to calculate the contact area. The multi-coordinate system dynamics
model is established to analyze the force relationship between the ball and the raceway,
as well as the relative sliding velocity. The wear depth increment is calculated using the
Archard model.

3.1. Contact Model

By the geometry and material properties of the ball-screw, the associated parameters
of the ball-raceway contact can be calculated. As depicted in Figure 3, we can define the
radius of ball, screw-raceway and nut-raceway as 1y, s, and 7y, the contact angle between
balls and raceways as a; (i’ = s or n), the helix angle as ¢, and the screw nominal diameter
as Dy,;. Then, the principle curvature, sum of principle curvature, and effective curvature
ratio can be calculated as shown in Table 1. A negative principle curvature indicates that
the contact surface is concave.
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Figure 3. Schematic diagram of dynamic model for ball-screw.
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Table 1. Symbols and formulas for principle curvature, sum of principle curvature, and effective
curvature ratio of the ball-raceway contact.

Symbol Meaning Symbol and Formula
Principle curvature of ball b = %
Principle curvature of screw-raceway _ cos .
(direction of sliding velocity) Ps1 = D, 72-n,cosa,
Principle curvature of screw-raceway _ 1
(orthogonal direction) Ps2 = 73,
Principle curvature of nut-raceway (direction  _cosay
of sliding velocity) Pnl = D, 72+n, cosan
Principle curvature of nut-raceway (orthogonal _ 1
direction) Pn2 = =5,
Sum of principle curvature at ball-screw
contact Lps = 20p +ps1 + Ps2
Sum of principle curvature at ball-nut contact Y on = 20p + On1 + Pn2
Effective curvature ratio of the contact between _ putpa
ball and screw-raceway Vs = porpe
Effective curvature ratio of the contact between  potpm
ball and nut-raceway ™= oy Fom

According to the Hertz theory [33], the deformation of the ball-raceway contact can
be obtained as follows,

1
i/ i’ i’ 2 3

/
7'[Ei, K1

where F; and & are complete ellipticity integrals of the first and second kind, respectively.
E}, is the effective modulus. x; is the ratio of the long and short semi-axes of the contact
ellipse. Fyy is the normal force at the ball-raceway contact. The subscripts s and n
correspond to screw and nut, respectively.

Due to the computational complexity of elliptic integrals, the approximate fitting
method proposed by Markho is used in this paper [34],

Fy = 1.5277 + 0.6023 In ;s )
Er = 1.003 + 0.59687; * 3)
Ky = 1.0339%:6% (4)

The normal force at the ball-raceway contact can be obtained as follows,

F, F
hNs=o—"—"—— Bhn=c—7—"1 5
N ™ Zsinagcosp’ M Zsinag, cos¢ ©)
in which,
. Dy - T
Z=i- (m - Zz)integer

where F, is the axial force. Z is the effective number of balls. i is the number of loaded
turns. z is the number of unloaded balls in the recirculation system.

To determine the contact type between the balls and the raceways, we need to calculate
the plasticity index. According to Tabor [35], plastic deformation begins to occur within
the surface layer when the average contact pressure reaches 0.6H. Here, H represents the
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hardness of the softer of the two objects in contact. Chang et al. [15] accordingly proposed
the critical interference for plastic deformation, which can be written as follows,

TKH\?
bei = (ZE> Ry ©)

where K = 0.454 + 0.41v and v is the Poisson ratio of the softer object [36]. Rx is the average
effective curvature radius of asperities, which is equal to the composite roughness [14].

When 6y < 6. (i’ = s or n), the contact is elastic. When §; > J.;, the contact is
elastic—plastic. With the contact type identified, the contact area can be calculated from the
following equation [37],

s fri (ki) TRASy, Oy < Ot .
e 5 1! 7
¢ fair (i) TRASy |2 — %(2 — fai(xir)) |, Sy > Ocir
l/
in which,
o) =
1) = ‘;Ei’Ki’
gi/(l — Klz,)
.y K., -_———-——
fZl ( ! ) 2Kl'/(gi/ — ]:z"Kiz/)
2(51'/ — Kl-z/./_‘.i/)
fair (ki) = m

3.2. Dynamic Model

The dynamic model of the ball-screw is established in order to analyze its force and
motion. Figure 3 shows the schematic diagram of the dynamic model.

The model contains three motion coordinate systems and two contact coordinate
systems. 0 — x'y'z is the global coordinate system. 0 — xyz is the synchronous rotation
coordinate system, which rotates with the screw. The z'-axis and z-axis of the two systems
are coincident. o’ — tnb is a Frenet coordinate system, the origin of which is at the center of
the ball. The t-axis is along the direction of the ball trajectory. The n-axis and b-axis are in
the plane of the ball-raceways contact.

The two contact coordinate systems are at the ball-raceways contact, which are
sXsYsZs and nX, YnZn.

Define the cyclic angular velocity of the ball and the spin angular velocity as w,, and
wR, which are given as [38],

Ws

= 8
m 1+ (14 7' cos an)(cos as + tan B sin ag) ®)
(1 — 7' cosas)(cosan + tan By, sin ay )
e — —(1+ ' cosan)cosp ©)
R Y/ (cos Bp cos an + sin By sin ay )
in which,
2
Dy,

where ws is the rotational angular velocity of the screw and fy, is the gyroscopic angle.

According to [38], the gyroscopic angle ranges between 46 and 48° for screw velocity
below 1000 rpm. And the initial value taken between 40 and 50° has little effect on
the wear prediction. Therefore, the initial value of gyroscopic angle is taken as 47° for
numerical calculation.
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After obtaining the spin angular velocity wr and ignoring its component along the
t-axis [38], its components in the n-axis and b-axis can be obtained from the geometric
relations depicted in Figure 3,

Wy = —WR sin ,Bb (10)

Wy = —WR oS Py (11)

From the dynamics of the ball in the bn-plane in Figure 3, it can be found that the
ball is subjected to centrifugal force and friction and normal contact force. The centrifugal
force is generated by the cyclic angular velocity wy,, parallel to the negative direction of the
n-axis. Hence, the centrifugal force can be obtained from the following equation,

1
E = Ememem (12)
where my, is the mass of a ball.
The friction mainly comes from the viscous drag caused by the lubricating medium
and sliding friction. The viscous drag between the ball and the raceway is [39],

£\ 0.66 047
_ 1520348 1 1/10.022 [ Mol Fonir
foir = 2.86E Riky>**(«'E) (E,RJ ( = R?) (13)
in which,
o 1
" pp+pin
u* = wg-tp

where 7, is the initial dynamic viscosity. k; is the ratio of equivalent radii. &’ is the
pressure-viscosity parameter. F,Ni’ is the load.

The sliding friction arises from the shear stress in the contact area, which is directly
proportional to the normal contact force and can be calculated using the following equation.

fir = tair Fanir (14)

where p,; is the boundary friction coefficient. F,y; is the load shared by asperities.
By adding the lubricant and asperity friction force, the final equivalent friction coeffi-
cient pe; can be defined:

fxir = foir + fir = peFnir

Foni Foni
Meir = Mai’ l‘f ,l + Hoir * (1 B %)
N’ N’

Combining the force analysis above, the force equilibrium equation for the ball in the
bn-plane can be expressed as follows [38,40],
—Fng cos ag + fxs sinas + Fnn €0 an + fxnsinan — Fe =0 (15)
Fns sinas + fxs cos &g — Fnn sinan + fxncosan =0

To solve the force equilibrium equation for the balls, we also need the contact angles
between the ball and the raceways. Hence, the relationship without load and with load for
the ball center and the curvature center of raceways is modeled, as shown in Figure 4.
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Figure 4. Schematic diagram of ball center and raceway curvature center without load and with load.

o', 0], o}, are the ball center, the curvature center of the screw-raceway, and the nut-
raceway, respectively, and the three are co-linear when there is no load. In this case, the
contact angle is 45°, and this value will be used as the initial value for the numerical
calculation later.

Fix the curvature center of the nut-raceway o}, the ball center o’ and the curvature
center of the screw-raceway o, will move in the arrow direction shown in Figure 4 when
the ball-screw is subjected to an axial load.

The following equations can be obtained from the relationship in Figure 4,

Ay = (rs+1m —2rp) sinag + 0'R* + 6,

Ay = (rs+1m — 2r,) coswg + Or (16)
R* — Dy + 2(rg — 1) cos g
2cos ¢
X2+ x% = (rn +6n — 1) 17)
(A1 —x1)> + (Ay — x22)% = (rs + 05 — 1p)?
. Al —xq
Sln(xs - ﬁ
R as)
sina, = RS S—

where ¢’ is the relative axial angular between the screw and nut after loading. 6, and J; are the

relative axial and radial displacements between the screw and nut after loading, respectively.
After obtaining the contact angles and the axis components of the angular velocity, the

relative sliding velocity at the ball-raceway contact can be expressed as follows [41],

BV R (19)
Vn = V)%n + V\%n

in which,

Vxs = 1p(ws sing — wy)

Vys = 1p[(wp — ws cos ¢) cos as — wy sinas] — d(wy — ws)
Vxn = mpwt

Vn = —dwpy + 1y (wy, sin ay — wy, cos ay)

where w; is the component of the spin angular velocity in the t-axis, which is approximated
to zero.
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3.3. Wear Prediction Model

The Archard wear model [42] is used to calculate the amount of wear on the screw-
raceway and the nut-raceway, assuming that all wear occurs on the softer contact object
and the raceway is less hard than the ball.

The wear volume is related to the load and sliding distance as follows [43],

4V = kaip o ds (20)
where dV; is the increment of wear volume, ds is the increment of sliding distance, o5 is
the pressure yield limit for the softer material, and kg;, a dimensionless wear constant. For
precision ball-screws made of bearing steel and under well-lubricated conditions, kg;;, can
be taken as 107 [43,44].

Let the discrete time step be dt, then the increment of wear depth dh (i’ = s or n)
and the relative sliding velocity Vy are,

dhy = dVi/ Ay (1)

Vy = ds/dt (22)

With Equations (21) and (22), divide both sides of equal sign of Equation (20) by A dt
and organize the result as follows,

ksiip FNir Vi dt

hy =
d ! 305 ACi/

(23)
To determine the incremental wear depth of the screw-raceway and the nut-raceway, it is
necessary to calculate the contact area and relative sliding velocity using Equations (7) and (19),
respectively.
Since the whole working cycle is relatively constant, the wear of the balls and the
ball-screw working length involved is approximated to be considered uniformly distributed
at the end of the endurance test. It is equivalent in terms of the final state.

4. Wear Calculation and Test Validation

This section introduces the wear prediciton framework, including the discretization of
working conditions and the numerical calculation process. An EMBU endurance test used
to validate the wear calculation is also presented.

4.1. Working Condition Discretization

The Archard wear theory assumes that when the yield limits of the materials of the
two contacting objects are not the same, the wear is calculated only for the softer one
and does not take into account the occurrence of wear in the harder contacting object. In
ball-raceway contact, the screw-raceway and the nut-raceway are softer than the balls;
therefore, it is assumed that wear occurs in the raceways. However, in practice, the balls
will also wear out. The wear distribution ratio of raceway and ball is approximately 2/3 for
the raceway and 1/3 for the ball [45,46].

Since the ball will move cyclically in the raceway, we consider the average wear
increment generated at all contacts as the wear increment for that operating condition.
The cumulative wear increment in the raceway is calculated by adding up the average
wear increment values after each EMBU duty cycle. One duty cycle of an EMBU involves
completing the actions of clearance—elimination, force—generation, force-maintenance,
and force-release (see Figure 2). During the clearance—elimination, force-generation, and
force-release phases, wear occurs due to the relative sliding of the balls and raceways.

According to the analysis of the EMBU working principle, the working conditions of
the ball-screw in these three phases are shown in Figure 5. As illustrated by the figure,
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®  (learance-elimination: the angular velocity of the screw rises from zero to the maxi-
mum velocity and stays at that velocity for a period of time. The axial force moves the
nut and the clamp lever to eliminate the clearance between the brake disc and pads.

e  Force-generation: the angular velocity of the screw decreases from the maximum
velocity while the axial force increases. Finally, the axial force reaches its maximum
value and the screw angular velocity decreases to zero.

e  Force-release phase: the angular velocity of the screw is reversed from zero to a
maximum velocity and is maintained for a specific period of time. The reverse rotation
of the screw drives the nut and clamp lever back, reducing the axial force. Then, when
the target current reaches zero, the screw angular velocity decreases and the axial force
also continues to decrease. Finally, the screw angular velocity reduces to zero and the
axial force also decreases to zero.

(a

N’
=

Angular velocity  Axial force <=

. Maximum
Maximum -

Zero g Zero 4

Maximum Zero

Reverse
maximum

Zero -

Angular velocity — Axial force

T T
Velocity Zero
rise  force

T T
Velocity rise ~ Force rise Zero velocity

Time Time

Figure 5. Working condition of ball-screw in one duty cycle. (a) Clearance—elimination and force—
generation phase; (b) force-release phase.

Therefore, the time-varying axial force and the angular velocity of the screw are dis-
cretized as F,(t) and ws(t), which are used as inputs for the calculation of wear increment.
Then, the average value of the wear increment resulting from all the ball-raceway contacts
is calculated. And the average values of each time step are added together to calculate the
wear of a duty cycle.

4.2. Numerical Calculation

The wear of ball-screw is calculated using component parameters, the axial force,
and the screw angular velocity as inputs. The flow chart of the calculation process is
illustrated in Figure 6. It is divided into two parts: the first part solves numerically for
the contact deformation of the ball and raceways, and the second part calculates the wear
depth increment.

The steps in the first part are shown in the blue box in Figure 6, which are,

1.  Assuming the initial contact angle a5 = an = 45°, solve for the normal forces Fys
and Fyp, from Equation (5) and solve for the initial contact deformations s and
from Equation (1).

2. Assuming a smaller angle of relative axial angular 6’ (2° in this paper), solve for A;
and A; from Equation (16), and then substitute the results into Equation (17) to solve
for x; and x7, and then update contact angles ag and ap from Equation (18).

3. Calculate the cyclic angular velocity and the spin angular velocity of balls from
Equations (8) and (9), and then substitute into Equations (12)—(14) to calculate the
centrifugal force, the viscous drag, and the sliding friction.

4.  Update the normal forces Fng and Fnyp, from Equation (15), and then update the contact
deformations Js and Jy, from Equation (1).

5. Repeat Steps 2 to 4 until the difference in contact deformations meets the re-
quired accuracy.
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o

Assume the initial contact angle as=a,=45
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v
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|
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|
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| I
v

Calculate the wear depth
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Figure 6. Flow chart of the wear depth increment calculation.

The input values of related symbols used for the numerical calculation are listed

in Table 2.

Table 2. Input values of related symbols used for the numerical calculation.

Symbol Value
14N 1.5875 mm
Dm 32 mm
z 124
¢ 2.8473°
1o 0.04 Pa-s
o/ 22 x1078 m?/N

4.3. Test Validation

We designed an endurance test and conducted the test to gather the degradation
data. The photograph and schematic diagram of the test are shown in Figure 7. The
industrial PC calculates the current command and sends it to the motor driver via the CAN
communication device. The motor driver produces the three-phase current to operate
the motor in EMBUs. The measured signals are obtained using the data acquisition

(DAQ) card.

In addition, the endurance test applies and relieves the force according to a designed
cycle and mainly examines the open-loop output force characteristics of the EMBU. It is a
static test without a rotation disk and an actual vehicle braking process, so there is no wear
on the brake discs and pads.
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i
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A
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-
-3

3-phase Current

DAQ Card EMBU

Figure 7. Schematic diagram of endurance test. (a) Photograph; (b) test layout.

5. Results and Discussion

The endurance test conditions are designed according to the operating conditions
of the EMBU. The time-varying axial force and the time-varying screw angular velocity
are discretized using a time step df as 0.01 s. Using the discrete results as the computa-
tional input, the incremental wear depth in each step is obtained as shown in Figure 8.
The photographs in Figure 9 show the balls with normal wear and the screw after the
endurance test.

It can be found that the effect of angular velocity on the wear increment is greater
than that of the axial force. And the wear on the screw-raceway is greater than that on the
nut-raceway.
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Figure 8. Calculation results of incremental wear depth in one duty cycle. (a) Clearance—elimination
and force-generation phase; (b) force-release phase.



Actuators 2024, 13, 135

13 of 17

Figure 9. Photographs of the normal wear balls and the screw after the endurance test. (a) Balls;
(b) Screw.

The diameter of the balls was measured after the test using a vernier scale. Each ball
was measured five times from different angles and the average value was taken as the ball
diameter after removing the maximum and minimum values. The measurement results
for the ball diameter are shown in Figure 10. The initial diameter is 3.175 mm, and after
approximately 200,000 duty cycles, the diameter ranges between 3.14 mm and 3.162 mm,
with a median of 3.153 mm and a mean of 3.1518 mm. Inferred from the median, the
depth of wear on the balls is 0.022 mm, and on one side is 0.011 mm. According to the
wear distribution ratio of raceway and ball, the wear depth on one side of the raceway is
0.022 mm. Hence, the total wear depth on one side of the ball and the raceway is 0.033 mm.
The test has been conducted for a total of 200,000 duty cycles; therefore, the total of the
wear depth increment on one side of the ball and raceway for each cycle is 1.65 x 10719 m.

I
20— e

E 15 e

Z

Z

o4 |

3.140 3.144 3.148 3.152 3.156 3.160
Ball diameter (mm)

Figure 10. Measurement results of ball diameter after the endurance test.

According to the test conditions, using the method outlined in Figure 6, the calculation
results for the wear depth increment of the screw- and nut-raceway for one duty cycle are
shown in Table 3. The test results and the calculation results are of similar magnitude and
close in value. Other random factors may also influence the wear process, but they are not
currently being considered. Thus, the calculations can be considered reasonable.
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Table 3. Calculation results for the wear depth increment of screw- and nut-raceway for one
duty cycle.

Clearance-Elimination and

Force—Generation Phase (m) Force-Release Phase (m) Sum (m)
Screw-raceway dhs 8.4848 x 10711 6.3585 x 10711 1.4843 x 10710
Nut-raceway dhn 8.4848 x 10~ 11 53024 x 10~ 1.3787 x 10710

The wear of ball-screws will affect the control accuracy of the EMBU in the braking
and releasing process, resulting in the degradation of vehicle’s braking performance. When
the wear increases to a certain level, the performance of the EMBU may deteriorate to the
point where it cannot fulfil the braking task, i.e., failure of the EMBU.

6. Conclusions

For the railway transport system, the safety of train operation needs to be ensured by
the brake system. Ball-screws play important roles in the EMBUs by converting rotational
motion into translational motion and thus outputting force. They are the core components
of the brakes and the key link for the effective execution of the braking and releasing
functions. Wear is an inevitable degradation behavior of ball-screws. The wear will result
in functional failures of EMBUs. The prediction of ball-screw wear allows for tracking
and monitoring of the performance of the EMBUs as well as the operational performance
of the entire system, which can help engineers and users to better use and maintain the
system. The rotation angle, angular velocity, angular acceleration, and axial force of the
screw can be taken as indicators used for health monitoring of EMB systems. This paper
studied the wear process of EMBU ball-screws. Combined with the characteristics of time-
varying working conditions of EMBUS, this paper presents a framework for ball-screw wear
calculation and validates it with endurance test results. Summing up the above analysis,
the following conclusions can be drawn:

1. Theload is dynamically varied during the duty cycle of the EMBU, which has an effect
on the contact type and wear increment of the ball and raceway. In this paper, the
load is discretized to determine the elastic—plastic contact type to calculate the wear
increment.

2. The calculation results and the endurance test show that the wear of the screw-raceway
is greater than that of the nut-raceway and that the effect of velocity is greater than the
effect of axial force.

3.  The test results show that the presented calculation framework in this paper is reason-
able. It can be used for ball-screw wear and internal clearance prediction.
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Nomenclature

The following symbols are used in this paper:

r radius

D nominal diameter

o contact angle between balls and raceways

¢ helix angle

0 principle curvature

Ps1 principle curvature of screw-raceway (direction of sliding velocity)
0s2 principle curvature of screw-raceway (orthogonal direction)

On1 principle curvature of nut-raceway (direction of sliding velocity)
On2 principle curvature of nut-raceway (orthogonal direction)

Vs effective curvature ratio of the contact between ball and screw-raceway
Tn effective curvature ratio of the contact between ball and nut-raceway
Fir complete ellipticity integrals of the first kind

Ei complete ellipticity integrals of the second kind

E, effective modulus

a7 ratio of the long and short semi-axes of the contact ellipse

Fair normal force at the ball-raceway contact

F, axial force

V4 effective number of balls

i number of loaded turns

Zy number of unloaded balls

H hardness

v Poisson ratio of the softer object

Rp average effective curvature radius of asperities

wWs rotational angular velocity of the screw

Bo gyroscopic angle

WR spin angular velocity

My mass of the ball

"o initial dynamic viscosity

K. ratio of equivalent radii

o pressure—viscosity parameter

N load of the contact

Hait boundary friction coefficient

Fani load shared by asperities

4 relative axial angular between the screw and nut after loading

Ja relative axial displacement between the screw and nut after loading
s relative radial displacement between the screw and nut after loading
wi component of the spin angular velocity in t-axis

dvy increment of wear volume

ds increment of sliding distance

s pressure yield limit for the softer material

kstip dimensionless wear constant

dt discrete time step

dhy increment of wear depth

Vi relative sliding velocity

Subscripts

b ball

s screw

n nut

il sorn
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