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Abstract: The lathes are basic machine tools for manufacturing cylindrical parts. In recent years, the DL-
series computer numerical control (CNC) heavy-duty horizontal lathes (HDHLs) have been widely used in the
transportation, energy and aviation industries. High availability of the CNC heavy-duty lathes is demanded
to guarantee the efficiency and benefit of these manufacturing industries. As one of the key subsystems of the
HDHLs, the feeding control system is studied in this paper on reliability modeling and reliability analysis. The
fault tree analysis (FTA) method is used for reliability modelling of the feeding control system. Considering the
multiple common cause failure groups (CCFGs) existing in the system, a modified beta factor parametric model
is introduced to model the common cause failure (CCF) in system. The reliability of feeding control system is
then obtained and the effect of CCF on the reliability of the whole system is studied as well.
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0 Introduction

In recent decades, the research of heavy-duty
horizontal lathes (HDHLs) has attracted extensive
attentions""5!. The DL-series horizontal lathes belong
to HDHLs which are used for the turning operation of
rotational parts with outside and inside surfaces, such
as axles and disc. Such DL-series lathes have optional
attachments, including milling tool carriage, end-face
tool carriage for boring and turning, grinding head and
so on. It can satisfy the rough and finishing machin-
ing with high precision for modern large equipment.
Therefore, the DL-series lathes have been widely used
in energy, transportation, aerospace and other heavy
machinery manufacturing industry. The DL-series hor-
izontal lathes are computer numerical control (CNC)
types and have the following work axes: X axis of tool
head lateral movement, Z axis of tool head longitudi-
nal movement, U; axis of left gang tool movement, and
U, axis of right gang tool movement. The advanced
technology of full close-loop control has been implanted
on the X and Z axes, and there is linkage with each
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other. The grating scales are used for position detec-
tion. U; and Us axes use the Siemens’s absolute value
encoders to detect the position, and it is a half closed-
loop control.

The electrical control and drive system for DL-series
CNC HDHL is composed of 8 subsystems. Power con-
trol system and lubrication system are used to pro-
vide lathe with steady power and hydraulic pressure.
Tailstock movement control system and control center
frame motion system are used to fix the components.
The main drive control system and feeding control sys-
tem are applied for completing the machining process,
and other two subsystems are input programmable logic
controller (input-PLC) system and out programmable
logic controller (output-PLC) system.

The fault tree analysis (FTA) method is used to
study the reliability of feeding control system of DL-
series CNC HDHLs. For the heavy-duty lathes, the
harsh working conditions and the shock caused by en-
vironment factor give rise to the common cause failures
(CCFs) of components which cannot be ignored[6-8].
A modified beta factor parametric method is used to
cope with the multiple CCF groups (CCFGs) within
the system. Then the system reliability and failure rate
are computed through the quantitative analysis of fault
tree.
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1 Fault Tree Modeling of Feeding Con-
trol System

The block diagram of the electrical control and drive
system for such DL-series horizontal lathes is shown in
Fig. 1. The feeding control system include 3 subsys-
tems: X, Z, as well as U; and Us axes feeding control
systems. A signal generated by 611D-type servo driven
module (Mo) is transmitted through electric wire (Ew)
to control the motor (Mt) in X axis feeding control sys-
tem. There exists a speed feedback device (Sf). The
grating scales (Gr) feedback the straightness of X axis
to Mo to adjust the feed speed and direction. The elec-
trical control of Z, U; and Uy axes is almost the same
as that of X axis. Although U; and Uy axes share a
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611D-type servo driven module, they yet have different
current relays (Re).

Based on the function analysis and failure mechanism
analysis of feeding control system, the “functional fail-
ure of feeding control system” has been chosen as the
top event in FTA. The main functional failure modes
of the system include motor that cannot be started,
overshooting of axes, short circuit, damage of electronic
units, exceeded standards of geometric accuracy, crack
of structure, etc. In this section, we have simplified
the fault tree to component level without including a
deeper failure analysis to the part level. Therefore, the
fault tree of feeding control system is constructed and
shown in Fig. 2.

The meanings of the notations in Fig. 2 are as follows:

PLC <—>| Main drive control system |<—
Feeding control system
Input-PLC X feeding
— system
Lubrication 7 feeding »
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Output-PLC
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Fig. 1 The structure of electrical control and drive system for the DL-series CNC HDHL
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Fig. 2 Fault tree model of the feeding control system
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T denotes the functional failure of feeding control sys-
tem; X F, Z F, U; F and U; F are the functional fail-
ures of X, Z, Uy and U, axes feeding control systems.
The basic components of each axis feeding control sys-
tem include Gr, Sf, Ew, Mo, Mt and Re. Therefore,
in the fault tree model, the failure events of basic com-
ponents are noted by two parts: the code of axes and
the code of each component. For example, X Ew rep-
resents the Ew failure of X axis feeding control system,
and the other notations follow the similar interpreta-
tions.

Considering the CCF caused by interior component
physical interactions C; and human interactions Cs in
system,

CCFG1={X Mo, Z Mo, U Mo},

CCFGy ={X Mt, Z Mt, U; Mt, Us Mt}
are used to represent the CCFGs caused by these two
factors. They exist between Mo and Mt, as shown in
Fig. 2.

2 Modified Beta Factor Parametric
Model for Multiple CCFGs

Considering the dependent failure caused by interior
component physical interactions and human interac-
tions in system, the beta factor parametric modell
has been widely used for such cases. Assuming P; is
the total failure probability of a component, it can be
expanded into an independent contribution P4 and a
dependent contribution Pect (Ppg and Peer are func-
tions of time ¢). When the component is assumed to
follow the exponential distribution, Ay, Aing and Acer
are failure rates of the entire system, independent part
and dependent part, respectively. Then the parame-
ter 8 can be defined as the fraction of the total failure
probability attributable to dependent failures®, and
it can be mathematically described as

B _ Pccf _ Pccf _ 1- exp(_)‘ccft) _
Pt Pind + Pccf 1-—- eXp(—)\tt)
1 — exp(—Acert) ()
1 — exp(—Ainat) + 1 — exp(—Aectt)

The value of (-factor can be obtained by the direct
use of field data and experts’ experience. The range of
0 is from 0 to 0.25, in general, for hardware failure; it
will be in the range of 0.001 to 0.10 for human failure.
The value of 3-factor reflects the sensitive of the associ-
ated components to environmental stressors, including
physical and human interactions.

A simple deduction is performed for signal compo-
nent within the FTA model in order to present how the
beta factor model works. For a basic component A, the
failure probability of A can be divided into two propor-
tions: independent part and CCF parts, and it can be
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expressed as
Pa = Paind + Pa cct- (2)
For the CCF parts, the failure probability is
Pa cet = BPa. (3)

When a single component fails simultaneously within
multiple CCFGs!”, a modified beta factor paramet-
ric model is used to express the coupling mechanism.
The explicit modelling of component A with multiple
CCFGs is shown in Fig. 3.

A
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Fig. 3 Explicit modelling of multiple CCFGs within fault
tree

The failure probability of component A is given as
follows

PA:PAind+PAccf:
Py ina + Paciu-uac, =
Paina+Pac,+-+ Pac,. (4)

In this way, the failure probability of component A is
divided into CCF parts and independent part as follows

Ppet=Pac, +Pac,+--+Pac, =
B1Pa+ BoPa+ -+ BpPa =

k
Pa_ Br, (5)
=1

Py ina = (1 - iﬁk)PA- (6)
i=1

Because the beta factors are obtained by expert judg-
ments, there exists the limitation of this modified beta
factor parametric model for By + Bo +---+ G > 1. In
this case, the failure probability of CCF parts is bigger
than the probability of total components. A propor-
tional reduction factor (PRF) method!” is applied in
this paper to cope with this limitation in the model.
The PRF factor is defined as follows

PRF = (Zk:ﬁj)_l. (7)
Jj=1
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Then a set of new reduced beta factor can be gener-
ated as follows

B =5 Bl =PRF[B1 - Bkl (8)

In this way, the failure probabilities of CCF parts and
independent part are rewritten as

k
Paces =Pa Yy _ B, 9)
z:lk
Paina= (1= 1) Pa=0. (10)

i=1

3 Reliability Analysis of Feeding Con-
trol System

According to the logical relation of fault tree and the
rule of Boolean calculation, the Semanderes method![!!]
which means the bottom-up method is used to identify
the minimal cut sets (MCSs) of the fault tree for the
feeding control system.

By carrying out the bottom-up method, the bottom
level of the fault tree is given by

X F=X (GruSfUEwUMoUMt),
Z F =7 (GruSfUEwU Mo UMt),
U F=U; (GrUSfUReUMt)UU Mo,
Us F=U; (GrUSfUReUMt) UU Mo.

The top level can be expressed as

T=XFUZFUU, FUU, F =
X (GrUSfuUEw U Mo U Mt)U
Z (Gr U Sf UEw U Mo U Mt)U
U (Gr U SfURe UMt UMo)U
Us (Gr U Sf URe UMt UMo). (11)

From the Boolean calculation of Eq. (11), there are
19 MCSs of the feeding control system: {X Gr},
{X Sf}, {X Ew}, {X Mo}, {X Mt}, {Z Gr}, {Z Sf},
{Z Ew}, {Z Mo}, {Z Mt}, {U; Gr}, {Uy Sf}, {Ur Re},
{Ul Mt}, {UQ GI‘}, {UQ Sf}, {UQ Re}, {UQ Mt} and
{U Mo}.

Assume that the lifetime of all components follows
the exponential distribution. By referring the literature
and relevant studies, as well as integrating the knowl-
edge of various relevant experts, the failure rate A and
failure probability P (¢ = 3000h) of basic components
of feeding control system are given in Table 1.

The failure probability of top event T" at ¢ = 3000h
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Table 1 The failure rate of components
Code A x 1076/h~t P
Mo 0.2 0.000 6
Ew 0.6 0.0018
Gr 2 0.006 0
Mt 7 0.0208
St 0.5 0.0015
Re 2 0.006 0

can be calculated as follows

Pr=1-(1—-Pxyg)(l—Pzp)(1— Py, v)(1—-Py,¥)=
19

1- H(l — Pucs) =
19
1-JJa -1 —e?)=0.1231. (12)

i=1

The common cause factor C; and C5 can affect the
reliability of Mo and Mt simultaneously, as shown in
Fig. 2. Accordingly, the failure probabilities of Mo and
Mt can be divided into two parts: independent and
dependent parts. The modified beta factor parametric
model in Section 2 is used to cope with the multiple
CCFGs in system. From Egs. (2) to (6), the failure
probabilities of basic components Mo and Mt can be
obtained as follows

PMo:PMoind+PMoccf:

Prio ind + Pyo ciuMo €, =

Bmo 1 + Bmo 2
P oind + P o ind =
M d 1_(6M01+6M02) M d
1
Prio ind- 13
1 — (Bmo 1+ Prio 2) Mo ind (13)
Pyiy = P ind + Pt et =
1
Pyt ind- 14
1— (Bwme 1+ P 2) Mt ind (14)

where Omo 1, BMo 2, Omt 1 and Bt 2 are the beta fac-
tors of CCFG; and CCFGy caused by C7 and Cs, re-
spectively, and reflect the sensitivities of Mo and Mt
to C1 and C5. In this paper, according to the experts’
judgment, these beta factors are set as Ono1 = 0.1,
ﬁMO 92 = 0.157 ﬁMt 1 = 0.1 and ﬁMt 2 = 0.05.

By using Egs. (13) and (14) to update the failure
probability of corresponding components (Mo and Mt)
in Eq. (12), the failure probability of system with mul-
tiple CCFGs at ¢t = 3000h is computed and equals to
0.1367. Meanwhile, the curve of reliability R of the
entire feeding control system is obtained and shown in
Fig. 4.

From Fig. 4 we can see that the reliability of the sys-
tem is 0.8769 at ¢ = 3000h. Comparing this result with
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Fig. 4 The system reliability curves

the case that multiple CCFGs in system are considered,
we can conclude that the CCF has a remarkable effect
on the reliability of feeding control system. When the
lifetime of system is assumed to obey exponential dis-
tribution, the system failure rate can be calculated and
it is approximated to 6.6332 x 10~*h~1!.

4 Conclusion

In this paper, the reliability analysis of the feeding
control system of DL-series HDHL has been investi-
gated. Firstly, the fault tree model is constructed based
on the functional analysis and failure mechanism anal-
ysis. Then, considering the multiple CCFGs in the sys-
tem, the modified beta factor parametric model is used
to model the effect of CCFGs. Finally, the reliabil-
ity of the system is calculated. It equals to 0.8769 at
t = 3000 h without considering CCF, and is 0.863 3 un-
der the effect of CCF. The failure rate of the feeding
control system is approximated to 6.6332 x 1074h™!
under the assumption of exponential distribution com-
ponents. This paper quantifies the effect of CCF on the
entire system and also provides a practical way for the
reliability analysis of system with multiple CCFGs.
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