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bstract: An accurate and objective assessment of the health status of EMU trains is

of great importance. In order to make sure the trains are functional, reliable, and

endurable in their full life cycle (FLC), health assessment method for EMU trains

after Level 3—5 maintenance and repair is studied. First, the element-selection
principles and the assessment rules are defined,; second, to present the complex topological
relationship between the elements in assessment, a functional logical structure construction
method is proposed, third, a health value calculation model is defined based on the element’s
characteristics and their logical structures. The health variables of each element is calculated
and fitted following the steps in the corresponding weight calculation methods. The
assessment method is proved to be applicable and effective.
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1 Introduction

With the rapid economic and so-
cial development, high-speed railway
is becoming more and more impor-
tant in the national transportation sys-
tem. As the major passenger transpor-
tation vehicle, safety is always the top
priority. The design and manufactur-
ing capability of EMU trains in China
has been greatly strengthened in re-
cent years, and China not only has be-
come more experienced in high-speed
railway operation but also gleaned a
huge amount of data from detection
and inspection. Research institutions
and operational bodies have conduct-
ed further studies on the full-life cy-
cle performance of EMU trains. The
China State Railway Group Co., Ltd.
(herein after referred to as CHINA
RAILWAY) has been actively advanc-
ing the reform of regulations and insti-
tutions of EMU maintenance and pro-
moting cutting-edge technologies such
as PHM'"™, The research on EMU op-
eration and maintenance is focused
on creating an assessment method
which can comprehensively, objective-
ly and accurately reflect the EMU’s
health status. Current researches are
mostly centered on assessing the
health status of a single core system
or equipment, and thus, only a few ob-
jects are assessed with the data-driven
method. The frequently used algo-
rithms for parameter-fitting and weight
calculation are hierarchy analysis,
clustering analysis, gray correlation
and neutral networks and so on®.
Most of the researches are focused on
real-time operation assessment, but
the data and feature thresholds are dif-
ferent from those in real situations,
and thus very few of the research re-
sults can be directly applied in practi-
cal operations. There are also some re-
searchers who study the full-life cycle
health assessment based on building a
working mechanism model for the
component.

As EMUs are massive complicat-
ed integrated equipment, working
mechanism models for all the compo-
nents have not been fully studied.
Therefore, based on the huge amount

of data collected in operation and
maintenance as well as relying on the
standard procedures and technical
guide books, it is possible to analyze
performance degradation trends and
to construct a health assessment sys-
tem for a certain period in the service
life.

This paper is focused on the
EMU health assessment in Level 3—
5 maintenance and repair which pro-
vides data of a larger scale and of a
wider coverage, and thus the health
assessment is more accurate and ob-
jective. The health assessment for
EMUs in Level 3-5 maintenance and
repair is of great importance for rou-
tine maintenance & operation, repair
system reform, FLC performance
analysis, cost analysis and indepen-
dent repair and maintenance system
construction.

2 Element Selection Rules for
Health Assessment

The object for assessment is
called an element and the feature pa-
rameters of the element or the calcula-
tion results are called variables. The
health status of an EMU is influenced
by many factors such as equipment
degradation, maintenance method,
working load, working environment
and so on. But the combined impacts
of all the influencing factors on the
equipment can be observed via fea-
ture variables or the vehicle status
like failure. For complicated massive
equipment, too many elements or vari-
ables do not necessarily make a more
effective assessment. The key point is
to select elements which are able to
comprehensively, objectively and ac-
curately reflect the health status of an
EMU train which is highly systematic
and integrated®. The selected ele-
ments should cover core equipment
on major levels and the variables
should be complete, objective, inde-
pendent, sensitive and consistent. The
principles of element selection are as
follows:

(1) Consistent with regulations
and applicable in practice. Based on
the inspection and maintenance regu-
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lations and standards of EMU man-
agement and operation units while re-
ferring to the maintenance guidebooks
provided by manufacturers, elements
should be properly selected for assess-
ment according to different levels of
maintenance so that the assessment re-
sults are applicable.

(2) Consistent with operation re-
ality. The chosen elements should re-
flect the real everyday operation, in-
cluding the equipment's importance
degree, performance degradation, fail-
ure correlation and applicability and
SO on.

(3) Available in maintenance and
repair. The elements or the variables
chosen should be available -either
quantitatively or qualitatively via cal-
culation or observation and can pro-
vide enough data to reflect the equip-
ment’s status, including the recent
and historic inspection records, test-
ing records, failure records and equip-
ment quality records of the same
EMU models and so on.

(4) Analytical methods. Data cor-
relation analysis tool is used and the
most relevant elements for perfor-
mance degradation are included to re-
flect EMU’s health condition. The
most widely used methods are covari-
ance matrix, correlation coefficients

and information entropy and so on'".

3 Key Technology in Health
Assessment

3.1 Principles in health assess-
ment

The health score of an element is
defined as H, He[0,1], the closer H is
to 1, the healthier the assessed object
and vice versa. The assessment princi-
ples under multi-variable coupling ef-
fects are determined by combining
health assessment methods with the
EMU operational reality and the health
scores are set in 4 categories'™.

(1) Healthy. He (0.9, 1]. Feature
variables of the element are far from
the threshold values or degradation
values. The equipment is reliable,
functional and ready for operation.

(2) Good. He (0.8, 0.9]. Feature
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variables of the element begin to devi-
ate from healthy scores and perfor-
mance begins to decline. The overall
performance is good and the equip-
ment is still functional for operation.

(3) Usable. He(0.6,0.8]. Feature
variables of the element deviate from
the healthy scores and performance
decline is remarkable with high fail-
ure rate. Ordinary or easy operation is
allowed but should be under close in-
spection. Intense maintenance and re-
pair should be arranged on a preferen-
tial basis.

(4) Failure. He[0,0.6]. The gen-
eral status cannot meet the require-
ments and the equipment is no longer
safe or reliable and should be repaired
immediately.

The classification defines the
boundary conditions allowed for the
safe operation of equipment and sys-
tems. EMUs are integrated and com-
plex massive equipment and given
the operational reality, the score rang-
es of Failure and Usable are set four
times bigger than those of the Healthy
and Good categories, so as to ensure
the reliability margin of the assess-
ment results. The above categories
are preliminarily set and could be fur-
ther modified according to different
technological platforms, different train
models, and different stages of ser-
vice life if the database is big enough.

3.2 Building the functional logic
structure

In order to objectively and com-
prehensively present the main topo-
logical relations of the correlated and
inter-dependent elements on all levels
for EMU trains, and based on the
Functional Classification for EMU
Systems issued by CHINA RAILWAY,
elements chosen are organized into a
tree structure, which is also conve-
nient for building the assessment
model and the following calculation.
There are 7 layers in the structure:
variable, component, equipment, func-
tional group, sub-system, system and
completed train. The completed train
layer is at the root node and the ele-
ments with no further branching are
at leaf nodes. A non-leaf node is an el-
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ement with a certain number of child
nodes. Leaf nodes are the lowest as-
sessment level and any level above
leaf nodes could be defined as the
lowest level for repair®. There are
three typical types of EMU system
structural trees: cascaded, parallel and
mixed.

(1) Cascaded. For a parent ele-
ment on a certain level, the functions
of child elements are correlated and
interdependent, and if one of the child
elements is degrading or failing, the
parent element cannot function either.

(2) Parallel. For an element on a
certain level, if one or some of the
component elements at lower levels
fail, the function of the element in up-
per layer will not be affected or only
partly affected.

(3) Mixed. For an element on a
certain level, if some of the compo-
nent elements at the lower levels are
cascaded and some are parallel, the
overall structure is a mixed one.

3.3 Health assessment for ele-
ments at leaf nodes

The health scores of leaf nodes
or the elements on the lowest layer
are fundamental for health assessment
of elements on all layers. Based on
whether the element is newly re-
placed or whether the quantitative da-
ta is enough, there are three assess-
ment types: assessment of newly re-
placed elements, assessment of vari-
ables, and assessment of equipment
elements.
3.3.1 Assessment of newly replaced
elements

For the newly replaced elements,
which are in the initial state, the
health scores can be qualitatively set
between 0.95~0.98, based on a brief
classification and synthesis of the fac-
tors such as historic failure rate, im-
portance degree and safety margin.
3.3.2 Assessment of variables based
on testing data

For the objects with sufficient
data, if there is any performance deg-
radation or abnormality, the values of
one or more variables will deviate
from the proper range. Therefore, the
health score of a feature variable is

defined by the deviation of the mea-
sured value from the normal or ideal
value, and ranges from [0, 1]. The
closer the measured score to the ideal
score or range, the closer the health
score is to 1 and vice versa. Different
variables have different ideal scores
and there are four types of calculation
of the health score of a variable. As
all the measured values of a variable
will be within a required range after a
Level 3-5 maintenance and repair, the
measured values beyond the required
ranges are eliminated.

(1) For a variable whose mea-
sured value is the bigger the better,
the health score is calculated as:

Xi = Xmin
Hi - X = Xonin (1)
Where: is the measured value of the
variable, x . is the maximum proper
value and x_, is the minimum proper
value.

(2) For a variable whose mea-

sured value is the smaller the better,

the health score is calculated as:

X - X
H.: max 1 2
=m0

max min

(3) For a variable whose ideal
value falls at a certain point in a
range, the health score is calculated
as:

Xi - Xmin

_ H Xi € |:Xmin’ Xs)
Xs Xmin

H, = 1, X=X 3)

X - X,
max i

_ » X, € (X59 Xmax]
X nax Xy

Where: is the ideal intermediate value
in the appropriate range.

(4) For a variable whose ideal
value is within a certain range (x;,
[x,,x,]), the health score is calculated
as:

X, = X
. mm’ xiel:xmin"xl)
xl _xmin

H,'= 1 s xie[xl’xZ] (4)
X - X;
e I’ xie(x27xmax]
Xmax ~ X2

Where: x, andx, are the upper and
lower limits of the appropriate range
respectively.

Moreover, as the thresholds of
measured values of all inspected com-
ponents defined by the Level 3-5



maintenance and repair regulations
are different from the values for per-
formance degradation and failure, all
testing and inspected values acquired
in Level 3-5 maintenance and repair
should be within the range required
by the regulations. As long as the
measured feature variables meet the
regulation, they are qualified. Hence,
the health scores of all wvariables
should be at least in the Usable cate-
gory after Level 3-5 maintenance and
repair. This is an important difference
from the EMU health assessment in
real time operation.

Based on different train models
and different stages of service life,
the health status within the quality
guarantee period after Level 3-5
maintenance and repair is presented
by the following steps: a base value
from the Usable category is selected:
H, €[0.6, 0.8]; after computation cor-
rection, the health scores of variables
will be mapped in the range of [H,, 1].
Take the CRH380B model as an ex-
ample, the base value is 0.65 and the
calculation formula is:

H!=0.35H, + 0.65 (5)
3.3.3 Equipment assessment based
on failure data

This method is suitable for criti-
cal equipment for EMU health assess-
ment but with only limited amount of
measured data, or not included in this
round of maintenance or only inspect-
ed briefly.

(1) Health score degradation mod-
el. For complex massive equipment,
the failure distribution is usually ex-
ponential. Therefore, it is assumed
that the health failure distribution is
also exponential for highly integrated
equipment on EMU. In this paper, an
empirical health assessment formula
for aging equipment is introduced,
which is widely adopted in Europe
and America """, This formula was in-
vented by a British company—EA
Technology, and is based on the equip-
ment aging theory which presents the
exponential trend of equipment degra-
dation through time. This formula has
been widely applied to electrical equip-
ment like voltage transformers or cur-
rent transformers. A revised version

of this formula is as follows:

HV,(1)=1-(1 - HV,)e?“" %), (6)
p_ (1 -HV)-In(l —HVO)’(7)
Td

T
=_D 8
Td f‘l'fz’ ()

HV, is the health value at the
time of # ¢ is the corresponded time
for assessment; HV, is the health
score at fy; f, is the time when the
equipment is put into operation; B is
the aging coefficient; HV, is the
health score at retiring time, which
could be the average value of EMUs
of the same model or could be set at
an appropriate value according to the
Healthy category; T, is the expected
service life; Ty, is the designed ser-
vice life; f, is the safety coefficient
(f,>1) , ranging from 1.1~1.3, based
on the importance degree and the his-
toric records of equipment of the
same model; is the load coefficient
(f,>1), ranging from 1.05~1.50, based
on the everyday work intensity and
working environment, such as the av-
erage daily operational mileage of
this EMU, the average mileage of the
EMUs of the same model, and the
maximum mileage allowed in the reg-
ulation as so on.

(2) Calculate failure rate of an el-
ement. This calculation involves all
the operational EMUs of the same
model under the management of an
operational unit. As the health score
is a combined result of different fail-
ures, failure severity degree will be
taken into consideration in the ele-
ment's failure rate calculation. After
failure severity degree is quantified
and corrected, it is then put into calcu-
lation. The failure rate P, between the
last two high-level maintenance and
repair of an element i is calculated as
follows:

P=1-¢h )
, 10°m E,
}“i = zj: 1ﬁ (10)

Where: 4, is the failure rate per one
million km; L, is the running mileage
between two latest Level 3-5 main-
tenance and repair; m; is the occur-
rence of failure type j; E; is the con-
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version coefficient of failure type j
for element i, based on failure severi-
ty degree calculation; M, is the ele-
ment number in criteria group; > L is
the cumulated running mileage of all
the EMUs of the same model in statis-
tics.

(3) Failure rate function based
on health scores. Theoretically, the
higher the failure rate of an element,
the lower the health score, and vice
versa. In order to properly depict the
inner correlation, it is assumed that
the correlation of equipment failure
rate and the health score is exponen-
tial "'’ as follows:

P, = Ke™" (11)
Where: P, is the failure rate of ele-
ment 7; K is the scaling coefficient; C
is the curvature coefficient; H is the
health score.

The function of failure rate and
health score is shown in Fig.1. Calcu-
lating the element’s health score via
formula (11) needs to determine the
values of K and C first. P, is the fail-
ure rate of element 7 in a certain time
period by calculating all the samples
(all EMUs of the same model under
management of the operational unit)
and the average health score HV, is
calculated by the aging formula. With
the failure rate for the first 3 months
in operation of this element in the
sampling EMUs and the correspond-
ed average health score HV, via ag-
ing formula, the values of K and C
can be obtained. Then, put the failure
rate between the last two high-level
maintenance and repair P; into formu-
la (11), the health score at the assess-
ment time can be obtained.

3.4 Element weight calculation
Weight calculation for elements
on all levels is very important. The as-
sessment after a Level 3-5 mainte-
nance and repair usually covers a
large number of elements with a large
scale of sampling variables, and the
health scores of feature variables are
generally satisfying, and therefore,
the static weight calculation methods,
namely the Entropy Weight Method
(EWM) and Fuzzy Analytic Hierar-
chy Process (FAHP), are applied here.
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Fig.1 Function of failure rate and health score

The two weight calculation methods
are widely adopted and their applica-
tion in health assessment of EMU
trains is introduced in the paper.

For objects with a large number
of variables or elements, EWM is pre-
ferred in weight calculation; if the
technicians have a good knowledge
of the functions of the other elements
on the same level, FAHP can be used
to calculate the weights of the second
group. Finally, Moment Estimation is

adopted in weight combination? as
follows:
w. = a;@,; * b/w‘V , (12)

J n
2,- _ (a0, + bogy)

Where: w,. o, are the weight coeffi-
cients obtained via the two weight cal-
culation methods respectively; @, and
b, are the relative importance values
of w, and w, respectively, and a; =
o,/ (0, +o,) and b, =o,/(o,+

@ )-

3.5 Assessment model and algo-
rithm

The health scores of leaf node el-
ements are calculated first and then
the health scores of elements on high-
er layers are calculated following the
three logic structure models and ulti-
mately, the health scores of the train
can be obtained.

(1) Health scores of parallel ele-
ments. Assume the logic structure of
three elements A, B and C is parallel
(see Fig.2), the health score of the ele-
ment on higher layer is obtained
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through weighted sum method:

H=w,H, + wgHy + o Hc ,(13)
Where: H,, Hy and H_ are the health
scores of the three elements respec-
tively; w,, wg, @ are the weight co-
efficients of the three elements respec-
tively.

(2) Health scores of cascaded el-
ements. Assume the logic structure of
three elements A, B and C is cascaded
(see Fig.3), the health score of the
higher layer element can be obtained
through the exponential weighting

product as in reliability calculation:
H=HHy "H* (14)

(3) Health scores of elements in
mixed structure. In reality, the func-
tional logic structure is not exclusive-
ly parallel or cascaded. Elements can
be either parallel or cascaded or both
on some level. Referring to the meth-
od proposed in the Reference [13] to
calculate the health scores of a mixed
structure.

Take the traction sub-system in
Car 1 of model CRH380B as an ex-
ample. This sub-system is consisted
of two lower-layer elements: one is
the traction converter and cooling fan
module, and the other is the traction
motor and cooling fan module. In
functional logic structure, the traction
converter and cooling fan module
(MMU A) is a cascaded element and
the traction motor and cooling fan
module (MMU B) is a parallel ele-
ment. In order to calculate the health
score of the element on higher level, a
weighted failure-free branch (MMU
X) has been introduced to realize the
mathematical expression of the mixed
structure. The mixed structure of 1
parallel module and 1 cascaded mod-
ule is shown in Fig.4.

B
wB, }
@
W,
Fig.2 Function logic structure of 3 parallel elements
= T - e =
| A [ B [ C
—» "
| @, H, h w,, :_\ W H, |

Fig.3 Function logic structure of 3 cascaded elements
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Health score of the
traction sub—system
in Car 1: H,,

— — e o— — —

Health score of the

traction motor and

cooling fan module
in Car 1: H,,,

traction converter |
and cooling fan

!Lnodule in Car 1: H,,, |

cooling fan module

Traction converter and

Traction Motor B and
the cooling fan module

Weighted failure—free branch

Fig.4 Mixed structure block diagram of 1 parallel and 1 cascaded

The overall structure of 1 paral-
lel and 1 cascaded mixed structure is
still a cascaded structure. Therefore,
by calculating the health scores of the
parallel and the cascaded structure re-
spectively, the health score of this
mixed structure is calculated as fol-
lows:

H=H[(1 = wg) x 1 + 0yHy](15)

In order to conclude a general
formula, it is assumed that m + n are
the number of the subordinate ele-
ments of a particular object, and the
former m clements are parallel and
the latter n eclements are cascaded. A
general formula for health score cal-
culation in a mixed structure is as fol-
lows:

H=[(1-37 o)+
z;n: 1wiHi:| ;: IHJ,“'r —
[1-37 o - )T
(16)

4 Gase Study of Health As-
sessment

4.1 Element selection for assess-
ment

The following is a case study of
an EMU model CRH 380B based on
the above assessment algorithm. Ac-
cording to the selection rules, there
are 10 systems, 45 sub-systems/func-
tion modules, 180 equipment and
around 300 feature variables in total
selected for the assessment.

In this paper, only the assess-
ment of traction motor and the cool-

ing fan module after the third-level
maintenance is taken as an example
to show the assessment procedures
and results. This function module is
consisted of two pieces of equipment:
the cooling fan and the traction mo-
tor. Due to limited data, the lowest as-
sessment level for cooling fan is the
level it is on. The traction motor is di-
vided into five components based on
the minimum maintenance unit: sta-
tor, rotor, power cable, bearing, and
temperature detection. As the old
bearing has been replaced, there is no
variable for the bearing while the oth-
er four components have 12 variables
in total: the maximum of cable single
phase shielding, the maximum of ca-
ble inter-phase shielding, post-wash-
ing dielectric loss of stator, inter-UV
winding resistance, inter-VW winding
resistance, inter-UW winding resis-
tance, maximum imbalance of wind-
ing resistance, imbalance value at the
driving end, imbalance value at the
non-driving end, resistance of the
bearing temperature sensor at the driv-
ing end, resistance of the bearing tem-
perature sensor at the non-driving
end, and resistance of the stator tem-
perature sensor.

4.2 Building the functional logic
structure

Analyze the logic between the el-
ements at different levels and build
the logic tree based on the three types
of functional logic structures men-
tioned above (Fig.5).
4.3.2 Health scores for leaf-node
components

As the old motor bearing has
been replaced with a new one, based

on the historic bearing operation re-
cords of model CRH380B, the initial
value of this new replacement is set
at 0.97.

4.3.3 Health

equipment

values for leaf-node

In a third level advance over-
haul, only a brief examination is con-
ducted for the cooling fan of the trac-
tion motor, and therefore, data vol-
ume is limited. For a third level ad-
vanced overhaul, health assessment of
cooling fan is based on failure data.
According to the health assessment
model for aging equipment and the
health value function, the calculated
health value of the cooling fan is at
0.913.

4.4 Element weight calculation
4.4.1 Weight calculation for variable

Traction motor has enough vari-
ables and components, and element
weight calculation is based on the
EWM method"?, and the results are
shown in Table 2.

4.4.2 Weight calculation for compo-
nents

Weight calculation for compo-
nents follows the FAHP method!"”".

(1) Set up a fuzzy complementa-
ry matrix of correlated importance
values. Compare the importance val-
ues of the components of the same
traction motor in pair and set up the
fuzzy complementary matrix R,:

0.5 05 0.6 0.6 0.8
0.5 05 0.6 0.6 0.8
R =|04 04 05 05 07
04 04 05 05 07
02 02 03 03 05

(2) Transform and verify the con-
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Fig.5 Logic structure of the traction motor and cooling fan of the EMU model CRH380
Table 1 Health values of the traction motors in Car1 of CRH380B
Health Values of Traction Motors
Variables
Bearing 1 Bearing 2 Bearing 3 Bearing 4
post-washing dielectric loss of stator 0.916 9 0.916 9 0.899 0 0.9157
inter-UV winding resistance 0.820 7 0.792 8 0.745 2 0.848 5
inter-VW winding resistance 0.838 0 0.808 9 0.727 3 0.857 2
inter-UW winding resistance 0.847 3 0.796 6 0.736 0 0.984 5
maximum imbalance of winding resistance 0.945 8 0.966 8 0.963 3 0.973 8
imbalance value at the driving end 0.9859 0.878 5 0.928 8 0.838 6
imbalance value at the non-driving end 0.904 9 0.865 4 0.858 2 0.898 6
resistance of the bearing temperature sensor at the driving end 0.708 1 0.708 1 0.766 2 0.679 0
resistance of the bearing temperature sensor at the non-driving end 0.780 7 0.766 2 0.766 2 0.7517
resistance of the stator temperature sensor 0.8533 09114 0.882 4 0.896 9
the maximum of cable single phase shielding 0.811 0 0.860 0 0.798 8 0.807 5
the maximum of cable inter-phase shielding 0.965 0 0.991 3 0.8250 0.873 1
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Table 2 Variable weight coefficients of traction motor

Upper level Components Variables Weight Coefficients

post-washing dielectric loss of stator 0.071 1
inter-UV winding resistance 03138
Stator inter-VW winding resistance 0.297 7
inter-UW winding resistance 0.3112
maximum imbalance of winding resistance 0.006 3
imbalance value at the driving end 0.493 0

Rotor
imbalance value at the non-driving end 0.507 0
resistance of the bearing temperature sensor at the driving end 0.509 9
Temperature Detection resistance of the bearing temperature sensor at the non-driving end 0.380 4
resistance of the stator temperature sensor 0.109 7
the maximum of cable single phase shielding 0.259 6

Power Cable

the maximum of cable inter-phase shielding 0.740 4

sistence of the fuzzy complementary

matrix in the following steps:

7y =ry =1yt 0.5,

1
i’jlk:1’2739...’n5 ( 7)

Where: r; is the quantified compared
importance value of element i to ele-
ment j, and ranges from 0.1 ~ 0.9.

(3) Calculate weight victor via
fuzzy complementary matrix in fol-
lowing steps:

1 1 1 n
" 2g T g 2T

i=1,2,-,n, (18)
Where: « is the weight transformation
coefficient, and o =(n - 1)/2; n is
the number of elements. When a is
set at the minimum, the weight victor .
4.4.3 Weight calculation for equip-
ment

In the function module of trac-
tion motor, each element consists of 6
sub-elements and by comparing those
sub-elements in pair via FAHP, a
fuzzy consistent matrix R, is estab-
lished.
0.5 05 07 05 05 07
05 05 07 05 05 07
03 03 05 03 03 05
0.5 05 07 05 05 07
05 05 07 05 05 07
03 03 05 03 03 05

Likewise, by further calculation,
the weight victors of the 6 sub-ele-

R, =

ments:
Q, :[0.193, 0.193, 0.113, 0.193,

0.193, 0.113]

4.5 Health assessment for non-
leaf-node elements
4.5.1 Health value for component
elements
According to the health value al-
gorithm and functional logic structure
(Fig. 5), health value of all elements
could be calculated in an upward man-
ner—from the bottom layer to the up-
per layer. The health values of the
four non-leaf-node components are
shown in Table 4.
4.5.2 Health values for equipment
Similarly, the health values of all
16 traction motors can be calculated
and what needs to be addressed is that
the bearings’ health values at leaf
nodes should be introduced in calcula-
tion. Take the traction motor 1 in car
1 as an example, the calculation is as
follows:
Hyop =H o H oy H gy H gy [(1 -
o5 ) 1+ @ 505" H s ]

(19)
The health values of all the trac-
tion motors are seen in Table 5.
4.5.3 Health values for functional
modules
In every functional module, the
6 elements are cascaded. When the

health values of the cooling fans are
introduced, the calculation results of
the traction-motor-plus-cooling-fan
functional modules in the four cars
are: for Car 1, the score is 0.8675; for
Car 3, the score is 0.9083; for Car 6,
the score is 0.9121; for Car 8, the
score is 0.8990.

Similarly, the health values of
sub-systems and systems can also be
calculated in an upward direction.

4.6 Conclusion of health assess-
ment

The cumulated used mileage of
traction-motor-plus-cooling-fan in this
particular EMU is over 3 200 thou-
sand km. For the 4 traction-motor-
plus-cooling-fan modules, two are at
the lowest level of healthy state and
the other two are at the highest level
of good health. Referring to the pre-
maintenance operational records, the
overall health status of the traction
motor plus cooling fan module are de-
teriorating. According to further corre-
lation analysis, health scores of lower-
level elements follow 4 rules:

(1) The health scores of the trac-
tion motors at the head and rear ends
of the train are lower than those in the
middle, which is caused by compara-
tively lower health scores of the sta-
tors, rotors and temperature detective
components. At variable level, this
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Table 4 Health values of component variable

Health Values for Component Elements
Position
Stator Rotor Power cable Temperature
Bearing 1 Carl 0.841 4 0.943 9 0.9224 0.750 1
Bearing 2 Carl 0.808 1 0.8718 0.955 4 0.750 1
Bearing 3 Carl 0.748 1 0.892 3 0.818 1 0.778 1
Bearing 4 Carl 0.897 0 0.868 5 0.8556 0.72717
Bearing 1 Car 3 0.814 8 09122 0.770 0 0.969 5
Bearing 2 Car 3 0.8715 0.960 4 0.9539 0.879 6
Bearing 3 Car 3 0.980 1 0.9512 0.953 4 0.7257
Bearing 4 Car3 0.922 8 0.907 0 0.953 4 0.8879
Bearing 1 Car 6 0.9713 0.884 5 0.887 6 09114
Bearing 2 Car 6 0.968 4 0.944 9 0.9522 0.898 0
Bearing 3 Car 6 0.8912 0.870 7 0.8852 0.707 0
Bearing 4 Car 6 09115 0.9622 0.9539 0.868 3
Bearing 1 Car 8 0.740 6 0.860 6 0.875 8 0.928 6
Bearing 2 Car 8 0.968 1 0.916 1 0.9555 0.893 3
Bearing 3 Car 8 0.767 2 0.885 4 0.926 3 0.909 8
Bearing 4 Car 8 0.967 3 0.862 4 0.956 5 0.8710
Table 5 Health values of all the traction motors
Position Health Value of Traction Motor Position Health Value of Traction Motor

Bearing 1 Car 1 0.879 8 Bearing 1 Car 6 0.920 6
Bearing 2 Car 1 0.859 8 Bearing 2 Car 6 0.9459
Bearing 3 Car 1 0.8273 Bearing 3 Car 6 0.8597
Bearing 4 Car 1 0.858 4 Bearing 4 Car 6 0.930 6
Bearing 1 Car 3 0.873 2 Bearing 1 Car 8 0.8551
Bearing 2 Car 3 0.9219 Bearing 2 Car 8 0.938 2
Bearing 3Car 3 09171 Bearing 3 Car 8 0.8752
Bearing 4 Car 3 0.9233 Bearing 4 Car 8 0.9200

can be implied from the low health
scores of the 3 inter-phase winding re-
sistances. This conclusion is consis-
tent with historic failure distribution.
(2) For the traction motors which
are in poor health condition, the inter-
phase winding resistances of stators
differ significantly. However, the health
scores of the imbalance degree of re-
sistance is good in spite of the remark-
able differences in the stators’ inter-
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phase winding resistances of different
traction motors and therefore, further
research should be carried out on the
working mechanism of the traction
motors, whereas in everyday opera-
tion, inspections and detections should
be strengthened.

(3) Health scores are usually low
for motor temperature sensor modules,
indicating remarkable performance
degradation. Reviewing the historic

data and failure records shows that
failure rate of temperature sensors has
always been high, also consistent
with the conclusion.

(4) The reason for low health
scores of motors at the head and rear
end of the train, especially the motor
at bearing 4, is that the health score of
the imbalance between driving-end
and non-driving end is comparatively
low. According to the motor's work-



ing mechanism, increase in imbalance
will lead to the increase of excitation
force and centrifugal inertia force of
the bearing, worsening abrasion and
degradation of the bearing. The data
shows that this conclusion is consis-
tent with the temperature trend and
the failure reality of motor bearings.
Further studies can be conducted on
degradation of this specific compo-
nent.

Relying on health assessment,
the technical challenges and needs of
Level 3-5 maintenance and repair
should be addressed. In Level 3-5
maintenance and repair, for the com-
ponents and EMUs in poor health
condition, specific inspection items

should be strengthened and the assem-
bly relations of rotable spare parts
should be improved so as to raise the
overall health scores and to make sure
the equipment is in a balanced and op-
timal condition. In operational practic-
es, intensified inspection should be
carried out of the components with
lower health scores.

9 Conclusion

A health assessment system for
EMU after Level 3-5 maintenance
and repair has been established which
is based on on-field practices and reg-
ulations. In this paper, a functional
logic structure has also been built
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which is able to provide a tailored
health assessment algorithm for differ-
ent components with different detec-
tion scope and depth, and this struc-
ture also applies well when assessing
component with limited data or not in-
cluded in the maintenance. The algo-
rithm is tested and verified in real
practices and has proved effective and
consistent with historic records and
operation reality. This algorithm pro-
vides good reference for EMU health
assessment in Level 3—5 maintenance
and repair and full-life cycle health as-
sessment in the future.

(Translated by ZHANG Yiran)
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