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Abstract

Hydraulic pumps belong to reliable long-life hydraulic components. The reliability evaluation
includes characters such as long test period, high cost, and high power loss and so on. Based on the
principle of energy-saving and power recovery, a small sample hydraulic pump reliability test rig is
built, and the service life of hydraulic pump is predicted, and then the sampling period of reliability
test is optimized. On the basis of considering the performance degradation mechanism of hydraulic
pump, the feature information of degradation distribution of hydraulic pump volumetric efficiency
during the test is collected, so an optimal degradation path model of feature information is selected
from the aspect of fitting accuracy, and pseudo life data are obtained. Then a small sample reliabili-
ty test of period constrained optimization search strategy for hydraulic pump is constructed to solve
the optimization problem of the test sampling period and tightening end threshold, and it is verified
that the accuracy of the minimum sampling period by the non-parametric hypothes is tested. Simula-
tion result shows it could possess instructional significance and referenced value for hydraulic pump
reliability life evaluation and the test’ s research and design.

Key words: hydraulic pump, small sample test, volumetric efficiency, degradation path mod-

el, life span, period optimal

0 Introduction

Hydraulic pump with characteristics of high relia-
bility and long-life is the key hydraulic component in
the hydraulic system and as “Three Basic” mechanical
basis belonging to the mechanical field. Its level di-
rectly determines many major equipment and the host
of product performance, quality and reliability. How-
ever, there are many problems, such as large power,
long test period, high costly testing, closed-end trans-
mission of power, poor measurability of parameters,
and diversity of failure mechanism. The situation of ze-
ro-failure data may occur in the conventional or accel-
erated reliability life test of hydraulic pump. There-
fore, Reliability assessment and growth of the key fun-
damental parts and components with high reliability
and long-life, represented by hydraulic pump, has be-

come one of the key techniques to be solved urgently in
engineering field'"?'.

At present, the test of reliability life usually takes
a long life test in developed countries, and there is a
big disparity with the situation of our country. In the
United States, the hydraulic pump life test standards
has been developed from MIL-P-19692D, MIL-P-
19692E, MIL-P-19692C to SAE-ASI19292A, which
marks the important development of the relevant stand-

). Hydraulic transmission laboratory of Sundstron

ards
Company was equipped with hydraulic pump test sys-
tem, and began the full-life-test of hydraulic pumps as
early as in 1964. Since the introduction of the micro-
computer in 1974 | At present, the test of reliability life
usually takes a long life test in developed countries,
and there is a big disparity with the situation of our
couniry. UK National Laboratory developed ISO stand-

ard hydraulic pump test rig, and then studied the relia-
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bility of the hydraulic pump. The Institute of Metallur-
gical Machinery in Korea developed the reliability test
and data processing system of the hydraulic pump. The
Research Center of Mechanical Industry ( ETIT) in
France developed the experimental platform of hydrau-

lic pump'*®’

. In recent years, a lot of life experiment
researches have been conducted in China, and have a-
chieved periodic achievement. Sanyi Heavy Industry
and Xuzhou Construction Machinery Group carried out
the on-board test for their own matching pump. Harbin
Industrial University conducted a study of the test
method of life and reliability for hydraulic compo-
1219 " Shanghai Jiaotong University evaluated the
life characteristics of 25CY14-1B type axial piston

pump“”.

nents

Huazhong University of Science and Tech-

nology developed a reliability test for ceramic plunger

]

of water hydraulic pump''"?’. Zhejiang Ocean Universi-

ty focused on the research of 32 hydraulic pumps and
got the comprehensive estimation of the hydraulic pump
reliability without failure data after the introduction of

[13]

the failure information Extensive reliability test

studies were conducted for the factors effecting the reli-
ability of the hydraulic devices of multi-industries and
multi-fields'*"”’

the “ reliability engineering of the hydraulic sys-

, Yanshan University has published

tem” "', Those studies involved the acquisition of the
failure information under conventional test and acceler-
ated test and the reliability assessment based on small
sample and performance degradation, but the related
researches, which makes use of the principles of per-
formance degradation to predict the reliability life and
optimize the test period, are still lacking.

By introducing the performance degradation theory
of hydraulic pump, the reliability test of small sample
size is designed. Through the screening of degradation
model, the reliability of hydraulic pump is predicted.
Test period optimization of hydraulic pump small sam-
ple reliability test is achieved. It has great value in ac-
ademic and engineering area to research reliability as-
sessment of hydraulic pump. The structure and princi-
ple of A4V series hydraulic pump and the main failure
modes after testing are shown in Fig. 1.

-

-~

(a) The structure and principle of A4V series hydraulic pump  (b) The main failure modes of A4V series hydraulic pump

Fig.1 The principle of the axial piston pump reliability test rig operation

1 Degradation model selection and life pre-
diction based on performance degrada-
tion theory

1.1 Performance degradation data structure and
model

The population is sampled for the degradation
test, and the random simple size is n. The degradation
test was carried out at given k time points, &, <t,-- <
t, , monitoring one of the performance degradation pa-
rameters. The n groups’ degradation test data are ob-
tained. Y, would be seen as the measured value of the
sample No. i at the time #;. Degenerate data and time

are described as
Yi :d)(tijswli’w%’wmi) + & (1)

where i =1,2,-- n5 j=1,2,-+,(t;, w,;, wy, w,,)
is the degradation path of the No. i sample at time ¢;,
g; ~N(0, o) is error measurement.

In the range of the errors permitted, product per-
formance degradation parameters and time series vector
can be fitted effectively by adopting the following five
kinds of models, which can be considered as the actual
degradation of product performance parameters.

Liner: y; = a;t + 3 (2)
Exponential; y, = aieﬁi’ (3)
Power: y, = a,t” (4)
Logarithmic: y, = o;In(t) + B, (5)
Gampertz: vy, = o, — B: (6)

where «;, B; are unknown parameters in the degrada-
tion model, y, is the target value, i is the number of
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samples under a certain stress level, and ¢ is test time.

1.2 Degradation path fitting method

The nonlinear degenerate models as Eqs(2) ~ (6)
would be expressed asy = F(X, @) + &, where a is
the model coefficient vector, X is a matrix of model de-
sign, F is a function of & and X, g is the error vector,
and y is response vector data. Solution of the nonlinear
regression models can be fitted by a nonlinear least
square method.

min % | F(x, xdata) - ydata || i

- %Z (F(x, xdata,) - ydata,)* (7)

where F(x, xdata) is the vector valued function, xda-
ta is the independent variable vector, xdata = [ t,, t,,
, t. ], ydata is dependent variable vector, ydata =

[yi]’ yiz"“’ yim}(izly 2,”'5n)'

1.3 Optimal degradation path search strategy
1.3.1

Suppose n degenerate path equations can be

Degradation path search decision matrix

achieved by the fitting of the degradation data, m im-
pact properties of search scheme need to be consid-
ered. X=[X,, X,, -, X, ] is a set of n alternative
degradation paths. Y=[VY,, Y,, -+, ¥, ] is a set of
No. i path and No. j(j =1, 2, :--,m) property. At-
tribute Y; is expressed by objective function
Y, = fi(Xp) (8)
The attribute values of each path scheme can be

expressed as the search decision matrix A.

Y11 Y12 o YI m
A = Y21 Yzz YZm (9)
Yul YnZ e Ymn

The weighted normalized decision matrix is got by
the weight of the search decision matrix.

B, =AY/ /ZTY?j (10)

where A is the weight coefficient, i =1, 2, -+ ,n ,j=
1,2, -« ,m
2.3.2 Algorithm for solving the optimal degradation
path

According to the TOPSIS theory that the method of
evaluating the similarity degree of the object and the
ideal target, an optimal solution and the worst solution
are firstly determined, the scheme that the best solu-
tion to the nearest and farthest from the best solution
would be selected as ideal optimization scheme.

The optimal solution of X and the worst solution
X~ are defined as

X" = {(maXX”j eJ),(minX;1jeJ)l

i=172""’n€ = {X;,X;,,X,;}

X = {(m_inX,-jlj e J),(maxX; | j e J)lI
i: 1’27...”1% = {X;’Xz_’.-.’XI:L}
(11)

where J is a set of benefit type attribute, J' is a set of
cost attribute.
The distance of each solution to the optimal solu-

tion 1s

L; = Z(ij_)(;)z’i = 192"“’n (]2)
Jj=1

The distance of each solution to the worst solution

Z(Xi,j_Xj_)z’i:I,za“"n (13)
=1

In order to judge the solution, the relative similar-

is

L =

ity degree is introduced to measure the distance be-
tween two kinds of distance. The relative similarity de-

gree to the optimal solution is defined.
+ L; + .
' =—,0<T ' <1,i=1,2,-,n
L +L,;
(14)
The value of T, is close to 1 (or more), which
indicates that the corresponding model is more consist-

ent with the deterioration law of actual data.

1.4 Test period optimization search strategy

According to the search strategy of the optimal
degradation model and the fitting results from section
2.3, comparatively accurate hydraulic pump volumet-
ric efficiency test data degradation model would be got.
According to the programme, the mean error square
and fitting goodness index matrix of the actual degrada-
tion data and optimal degradation trajectory in specific
timing interval can be acquired. And that is selected to
construct test period constrained optimization search
strategy of the hydraulic pump reliability short-time test
for search index fitting goodness. According to the al-
gorithm introduced in the Section 1. 3, the fitting
search for the twice time is carried, and then the opti-
mal truncated threshold of the minimum sampling peri-
od and the performance degradation would be ac-
quired.

2 Small sample reliability test of hydraulic
pump
2.1 The design of test system and program

In the laboratory the existing condition’ s founda-
tion, the small sample reliability test rig of hydraulic
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pump based on the energy saving and power recovery
principle is designed.
Test hydraulic system and test rig are shown in

Fig. 2 and Fig. 3.

12
P N B
s :
[ | S— .
— 13
Q

1.3- Test subjects of axial plunger pump; 2 4- Test subjects of axial pis-

ton motor; 5-Flowmeter; 6-Screw pump oil compensator; 7 ,13-Overflow
valve; 8 .10- Torque Tachometer; 9- Biaxial stretch Motor; 11- Pressure
gauge; 12-Electromagnetic relief valve;
Fig.2 The principle of the axial piston pump reliability
test rig operation

Fig.3 Test rig pictures

The reliability test subjects are A4VS series axial
piston pumps that were produced by a domestic enterprise.

The nominal rated pressure of A4VS series productions
is 35MPa, and the peak pressure is 40MPa. The four
samples selected include open circuit hydraulic pump
whose displacement is 250ml/r, closed loop hydraulic
pump whose displacement is 250ml/r, open circuit hy-
draulic pump whose displacement is 125ml/r, and
closed loop hydraulic pump whose displacement is

125ml/r.

2.2 Failure detection and judgment

The volumetric efficiency is selected as the main
performance appraisal parameter, in addition, dynami-
cal sealing capacity, outlet pressure oscillation and
sealing property are detected during the test. And fail-
ure judgment criteria are shown in Table 1.

Table 1  The failure judgment criteria of hydraulic pump
Perfi e
No. eriormance Failure judgment criteria
parameters
| Volumetric ~ Decrease more than 5% than the prede-
efficiency termined value ,that is 87% or less
Dynamical ~ No leakage at rest. When running, the
2 sealing oil spill is not more than 1 drop per
capacity Smin
Sealing . . .
3 All static seal without penetration
performance

2.3 Experimental data processing
2.3.1

The working condition of the hydraulic pump is
tested in real time. The life time and failure mode of

The analysis of experiment result

hydraulic pump are recorded when the performance pa-
rameter monitored is below the predetermined index
value. The fulfillment of test is shown in Table 2.

Table 2 The fulfillment of the reliability accelerated life test of hydraulic pump

Test subjects Test pressure Speed (rpm) VOl,u r_nemc Time to failure
(MPa) efficiency
. I#pump (HLA4VS0250) 35 1500 93.5% No failure
First test | 4 ump (HLA4VSG125) 35 1685 ~ 1850 92% No failure
(ls(g%eh) 3# pump (HLA4VSO125) 35 1685 ~ 1850 86.7% 1030
4# pump( HLA4VSG250) 35 1500 93% No failure
1# pump (HLA4VS0250) 41 1500 85% ~86% 656.3
ti‘;";’t:‘;e 2#pump (HLA4VSG125) 41 1540 ~ 1600 85% ~86% 358
2504 3#pump (HLA4VSO0125) 41 1540 ~ 1600 90% No failure
4#pump ( HLA4VSG250) 41 1500 86% 846.4
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2.3.2 The determination of volumetric efficiency
degradation path

The four samples volumetric efficiency degradation
data are fitted by using nonlinear least squares, the
sum square error of them is selected as the evaluation
result. Based on the search strategy in Section 2. 3,
according to the search strategy in Section 2. 3, the
original search decision matrix A is established accord-
ing to Eq. (9), the effects of their weighting assign-
ment could be ignored, which means that A; = 1. So
normalized matrix B would be got according to

Eq. (10).

r0.0049 0.0188 0.0792 0.01367
0.0056 0.0175 0.0808 0.0147
A =10.0074 0.0267 0.1622 0.018
0.0073 0.0266 0.2597 0.0189
-0.0085 0.0319 0.2699 0.0280-
(15)
r0.5786 0.5348 0.6484 0.56071
0.5063 0.5745 0.6356 0.5188
B =10.3831 0.3765 0.3166 0.4237
0.3884 0.3780 0.1978 0.4035
~0.3336 0.3152 0.1903 0.2724-
(16)

According to Eqs(11) ~ (14), the optimal solu-
tion is D* =[0.5786 0.5745 0.6484 0.5607 ],
and the worst solution is D~ = [ 0. 3336 0. 3152

— 1st volumetric efficiency degradation curve
0.98 ---- 1st linear degradation model
—— limit volumetric efficiency

Volumetric efficiency
o
Nl

0 200 400 600 800
Time (h)
(a) No. 1 sample life estimation

1000 1200

— 3rd volumetric efficiency degradation curve
----3rd linear degradation model
it volumetric efficiency

0.9

Volumetric efficiency

0 200 400 600 800
Time (h)
(c) No. 3 sample life estimation

1000 1200

0.1903 0.2724]. The distance of the solution to the
optimal solution is L;” = [0. 0397 0. 1271 0. 8623

0.9947 1.2509]", and the distance of the solution to
=[1.2112 1.1238 0.3886

0.2562 0]". The relative similarity degree matrix of

the worst solution is L,

the solution to the optimal solution is

T =1[0.9682 0.8984 0.3107 0.2048 0]"

(17)

According to the relative similarity degree matrix,
a conclusion is drawn that the fitting of the performance
degradation data and the linear degradation model y, =
a;t + B, is the best, whose solution most accurately de-
scribes the optimal solution, the relative similarity de-
gree is 0.9682. As a result, the linear model is used
as the degradation path of hydraulic pump volumetric
efficiency, and the model parameters can be obtained
by the nonlinear least square method. The model pa-
rameters can be obtained from 4 samples.

y, =—-1.255 x 107t + 0. 9481 (18)
y, =—2.4464 x 1071 + 0. 9484 (19)
¥, =—5.7492 x 107t + 0. 9607 (20)
y, =—1.5222 x 107 + 0. 9445 (21)

Such regulation is formulated that the correspond-
ing test time is the life of the hydraulic pump when the
volumetric efficiency of the test sample is reduced to

the limit of 87% in the condition of 35MPa. In Fig. 4,

0.99 —2nd volumetric efficiency degradation curve
----2nd linear degradation model
. 0.97 —4— limit yolumetric efficiency

@ 0.95 }--

Volumetric efficienc;
=
Nel
e

200 400 600 800 1000 1200
Time (h)
(b) No. 2 sample life estimation

— 4th volumetric efficiency degradation curve
0.98 ---- 4th linear degradation model
—— limit volumetric efficiency

0.96
0.94
0.92

Volumetric efficiency
=
[¥=)

0.88

0.86
0 200 400 600 800

Time (h)
(d) No. 4 sample life estimation

1000 1200

Fig.4 Test sample life estimation
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the horizontal line is the limit value, and the dotted
line is the curve of the volumetric efficiency. It is con-
clued that the volumetric efficiency of hydraulic pump
shows a downward trend over time as a whole. The cor-
responding time of intersection of the degradation path

curve and the horizontal line is the life prediction of the
hydraulic pump. It is shown in Table 3 that the predic-
ted life of the hydraulic pump, which is the degrada-
tion rate of the volumetric efficiency is fitted.

Table 3 Test sample forecast life data

Sample number 1 2 3 4
Fitting degradation rate -1.255x107° —2.4464 x107° -5.7492 x107°  -1.5222x107°
Life(h) 6216 3204 1578 4895

3 Hydraulic pump small sample reliability
test period optimization

3.1 Test period optimization search decision ma-
trix

According to the search strategy of the optimal
degradation model and the fitting results, the mean er-
ror square and fitting goodness index matrix of the actu-
al degradation data and optimal degradation trajectory
in specific timing interval can be acquired, as shown in

Table 4.

Table 4 The minimum sampling period search index

Sample . . . .
Time 1(SSE x107°)  2(SSE x107*)  3(SSE x107°)  4(SSE x107*)
300 0.0314 0. 0986 0.1778 0.0615
400 0. 0266 0.0834 0.1943 0. 0490
500 0. 0247 0. 1209 0.1913 0. 0481
600 0.0232 0.1112 0.1798 0.0526
700 0. 0201 0.1048 0.1711 0.0515
800 0.0181 0.0938 0. 1596 0.0477
900 0.0169 0.0872 0.1639 0. 0462
1000 0.0159 0. 0807 0. 1800 0.0456
1100 0.0154 0.0778 0. 1790 0. 0430
1200 0.0150 0.0758 0.1783 0.0415
1300 0.0152 0.0732 0.1710 0. 0440
1400 0.0147 0.0717 0.1733 0.0451

According to Table 4, the test period constrained
optimization search matrix A of the hydraulic pump re-
liability short-term experiments is established, the
effects of their weighting assignment could be ignored,
which means that the A; = 1. So the normalized matrix
B would be got.

3.2 The minimum sampling period algorithm
According to the TOPSIS theory and the Eqs(11)
~(14), the optimal solution is D" = [0.3559 O.
3480 0.3181 0.3288], and the worst solution is D~
=[0. 1666 0.2064 0.2613 0.2219]. The dis-
tance of the solution to the optimal solution is L, =
[0.2395 0.1830 0.2136 0.1959 0.1605 0.1141
0.0846 0.0663 0.0482 0.0390 0.0314 0.0363]",

the distance of the solution to the worst solution is L;

= [0. 0526 0. 1128 0. 0767 0. 0751 0. 1135
0.1609 0. 1859 0.2083 0.2295 0.2455 0.2422
0.2518]". The relative similarity degree matrix of the
solution to the optimal solution is T, = [ 0. 1801
0.3813 0.2642 0.2772 0.4143 0.5851 0.6871
0.7984 0.8558 0.8630 0.8852 0.8739]".

According to matrix of relative degree of approxi-
mation, it could be found that fitting precision would
be 85.85% when the sampling period reaches 1100
hours, which could meet the requirement of engineer-
ing practice. So the minimum sampling period of hy-
draulic pump reliability short time test as 1100 hours is
preliminarily determined.

The optimal truncated threshold of the perform-
ance degradation would be acquired just as shown in

Table 5.
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Table 5 The optimal truncation threshold of performance
degradation of hydraulic pump reliability short time test
Sample 1 2 3 4

The optimal
0.9339 0.9227 0.8970 0.9245

truncation

threshold

3.3 Nonparametric tests of the minimum sam-
pling period

The minimum sampling period is T =1100h by the
above calculation. As to the life data from the mini-
mum sampling period method or the complete life test
data from the reliability test, its reliability is to be veri-
fied by using nonparametric K-S test model. That
would assess the accuracy of the minimum sampling pe-
riod.

The linear degradation model of four hydraulic
pumps Eqs(22) ~ (25) can be obtained by the data
from the former 1100h. Pseudo failure life time of four
hydraulic pumps can be calculated by Matlab, just as
shown in Table 6.

y ==1.069 x 107x + 0. 9454 (22)
y ==2.491 x 107x + 0. 9495 (23)
y =-5.116 x 107°x + 0.9597 (24)
y =-1.182 x 107°x + 0. 9428 (25)

According to K-S two-sample test method, sup-
pose the small sample life reliability test data acquired
is seen as the complete life test data, so distribution
function is got, called F (x). And life distribution
function that is got by fitting with volumetric efficiency
degradation trajectory is called G(x). The null hypoth-
esis is put forward ;

Hy: F(x) =6(x) (26)
And corresponding alternative hypothesis ;

H . F(x) # G(x) (27)
G(x) =1 - e @55 can be caleulated accord-

ing to inverse moment estimation in Table 6. After the
quick and accurate analysis with software program-
ming, the results are shown in Table 7, h = 0 and p -
> a, indicating that the null hypothesis could not be
rejected, and it shows that the life data from the mini-
mum sampling period method and the complete life test
data from the hydraulic pump reliability test method are
reliable, in other words, the minimum sampling period
from the above calculation process is real and reliable.

Table 6 Pseudo failure lifetime of four hydraulic pumps

Test Significance Test .
p-value Statistics

methods level results

K-S Test 0.05 0

0.9969 0.25

Table 7 Analysis of test results
Sample 1 2 3 4
Pseudo failure lifetime (h) 7053 3191 1753 4017

4 Conclusion

Hydraulic pump with characteristics of high relia-
bility and long-life is taken as research objects. For
hydraulic pump life prediction and reliability test peri-
od optimization, the small sample reliability test of the
hydraulic pump was carried out, which selected the
volumetric efficiency as the main performance appraisal
parameter.

(1) The test period optimize method of the hy-
draulic pump reliability test is put forward, and test
period optimization search strategy for reliability test is
built. The optimal truncated threshold of the minimum
sampling period and the performance degradation is ac-
quired. Then non-parametric hypothesis test proves
that the minimum sampling period is right.

(2) Through building the model of feature infor-
mation degradation path sequence, the optimization of
degradation path of the hydraulic pump small sample
reliability test is determined, and hydraulic pump life
is predicted. The results show that performance of hy-
draulic pump nearly has reached the same level as that
abroad.

(3) The small sample hydraulic pump reliability
test rigs based on the energy-saving and power recovery
principle are designed and built. And according to the
experimental program, two-stage step stress accelerated
life test is completed, so a full life test data is got.
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