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and other environmental factors, the characteristic parameters of its components will degrade and this phenomenon 
will result in the degradation of output flow the main performance index of piston pump. And soft failure will 
occur when performance degradation exceeds the specified threshold [13]. Based on this characteristic, literature 
[13] took piston pump flow signal as performance degradation parameter, based on considering randomness of 
degradation, combined with path tracing method and graphic method, reliability evaluation of piston pump is 
realized. In literature [14]，the signal of high temperature and low flow were taken as performance degradation 
parameter，and the change rule of reliability was obtained by using degradation path fitting method to analyse 
reliability of an aviation piston pump under constant stress accelerated degradation test (CSADT). Literature [15] 
took the signal of high temperature and low flow of piston pump as the degradation characteristic parameter. Under 
the CSADT, the least square method is used to fit the degradation path and multiple regression method is used to 
get the degradation model, and the life of the piston pump is successfully predicted. In literature [16], volumetric 
efficiency was taken as the signal of performance degradation and obtained the characteristic life of the axial piston 
pump by applying nonlinear least squares method and optimization theory to study the degradation path of 
performance parameters of hydraulic pump under accelerated stress. 

It can be seen that the reliability evaluation of hydraulic pump based on performance degradation is relatively few, 
and smooth curves is used to fit the degradation path frequently. Because of the factors such as wear, environment, 
load and other uncertainties, the performance degradation path of the hydraulic pump has randomness. The impact 
of environment, instruments and manufacturing errors in manufacturing process result in the inconsistency of 
product degradation, that is, individual differences. The interference of the external environment or the inaccuracy 
of measuring instruments will result in the measurement errors. These factors have a certain influence on the 
reliability evaluation of the hydraulic pump. Therefore, in this article, the volumetric efficiency was taken as the 
characteristic parameter of performance degradation. Under the consideration of the individual differences and the 
measurement errors, we established the performance degradation process with stochastic characteristics of 
hydraulic pump based on linear Wiener process. The effectiveness and accuracy of the hydraulic pump reliability 
evaluation method proposed are demonstrated through case studies.  

2 Degradation Model of Hydraulic Pump Based on Linear Wiener Process 

2.1 Degradation model Based on Linear Wiener Process 

Because of the uncertainty of the factors such as wear, environment, load and so on, the performance degradation 
path of the hydraulic pump has randomness. The Wiener process driven by Brown motion can characterize the 
dynamic characteristics of the degradation. So it can build the model of the hydraulic pump performance 
degradation path effectively. Suppose the real degradation process of the hydraulic pump can be interpreted by 
linear Wiener process  

( ) (0) ( )Bx t x t B t     (1) 

Where, ( )x t  denotes the real value of degradation of product’s performance at time t, (0)x  denotes the initial 

value of degradation,  is the drift parameter representing the degradation rate and B is the volatility parameter,

( )B t  denotes a standard Wiener process representing the degradation dynamic characteristics. 

2.2 Degradation Model Considering Individual Differences and Measurement errors 

However, the real degradation data is difficult to be measured precisely because of the random errors caused by 
the instrument or environment. Similar to the degradation model proposed in literature [17], based on wiener 
process with measurement errors under constant stress, measurement value of performance degradation of 
hydraulic pumps can be described as follow 
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1 Introduction 

The hydraulic pump is the core component in the hydraulic system, and its reliability and remaining useful life 
have a vital influence on the reliability and health of the equipment. Therefore, the accurate evaluation of the 
reliability and the remaining useful life of the hydraulic pump has great significance to the failure prediction and 
health management (PHM) of the equipment [1-3]. At present, the reliability evaluation method based on life test or 
accelerated life test is common. In America, the standard of life test for military hydraulic pump has undergone a 
series of development such as MIL-P-19692C, MIL-P-19692D, MILP-19692E, SAE-AS19692A and so on. Russia 
has issued a series of guidelines for accelerated life test: OCT 100228-77, OCT 100389-80, OCT 100149-82, M4-
73 and M35-84[4]. In the literature [5], the sensitive stress of hydraulic pump was analysed and the multiple stress 
accelerated model was given. In the literature [6], double – constant - stress sequential test was carried out by 
increasing the load, and the method of determining the sequential accelerated life test of the aviation gear pump 
was obtained. However, the reliability evaluation method based on life test or accelerated life test needs to observe 
the failure time of the product, which takes long time. The hydraulic pump has large power and long life. Carrying 
out the long life test not only consumes a lot of manpower and material resources, but also is not consistent with 
the rapid development demand of the hydraulic pump. Therefore, short time, high efficiency and accurate 
reliability estimation method is urgently needed. 

The technology of reliability evaluation and life prediction based on performance degradation can obtain reliability 
information without failure, it has gradually become the development trend of reliability evaluation and remaining 
useful life prediction of highly reliable products with long lifetime[7-8], and has been widely unitilized in the models 
of degradation and reliability evaluation, such as LED[9], bridge beam [10], crack length [11] and lithium-ion 
battery[12], etc.It also provided a method of reliability evaluation and remaining useful life predicting of hydraulic 
pump. The hydraulic pump is a typical product with performance degradation. Affected by wear, temperature, load 
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For the 2.2 section, the hydraulic pump performance degradation process considering the individual differences 
and measurement errors, the increment of performance degradation is not independent. In this section, the two- 
step MLE method [12] is used to estimate the unknown parameters of the degradation model. According to the 
Equation (2), the performance degradation of the i-th unit under the j-th measurement can be expressed as  

( ) ( )i j i j B jy t t B t      (10) 

Let T
1( ( ), , ( ))i i i my t y tY  represent the vector of the performance degradation of the i-th unit, ' '

1=( , , )nY Y Y  

represent the performance degradation matrix of the sample, T
1( , , )mt tt , from the Equation (10), it can be seen 

that iY  obeys a multivariate normal distribution whose  mean value is =i i  t  and the covariance is Σ  

2 2
B m  Σ Q I  (11) 

Where, mI  is a unit matrix with order m, and 
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2 2
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The degradation inspections in different units are mutually independent, and then the log-likelihood function 
(Log-LF) can be expressed as  

T 1

1

1( | ) ln(2π) ln - ( ) ( )
2 2 2

n

i i i i
i

mn nL  



    θ Y Σ Y t Σ Y t  
(12) 

Where, 1=( , , , )n B    θ  denotes the vector of unknown parameters. 

Equation (13) can be derived from the first derivation of i in Equation (12), which can be written as  

T 1 T 1( | )
i i

i

L 


 
 


θ Y t Σ Y t Σ t  

(13) 

Let Equation (13) equal to zero, the restricted MLE of i can be obtained by the following equation 

T 1

T 1
ˆ ( , ) i
i B   




t Σ Y
t Σ t

 
(14) 

Substitute Equation (14) into Equation (12), the profile Log-LF of the unknown parameter can be expressed as the 
following equation 

T 1

1

1 ˆ ˆ( , | )= ln(2π) ln - ( ) ( )
2 2 2

n

B i i i i
i

mn nL    



   Y Σ Y t Σ Y t  
(15) 

The MLE of the model parameters, B  and  can be obtained by maximizing the profile Log-LF (15). The MLE 

of i  can be obtained by substituting ˆB and ˆ  into Equation (14).Finally, the estimated values of  and 2
  can 

be obtained by Equations (16) and (17)  

1

1 ˆˆ =
n

j
jn 

   

(16) 
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( ) ( )y t x t    (2) 

Where, ( )y t represents the value of degradation of product’s performance characteristic at time t and the 

measurement errors term   follows a normal distribution as 2~ (0, )N   . 

The degradation rate of hydraulic pumps is different affected by the random effects such as environment, 
instrument, manufacturing errors in manufacturing process. So it cannot be neglected in the reliability evaluation 
and the remaining useful life test. Therefore, refer to the literature Peng and Tseng[17] and Tang[18], drift parameter 
 is set as a random parameter to represent the individual differences, which follows a normal distribution as

2~ ( , )N     .   and ( )B t are mutually independent. 

The hydraulic pump is deemed to be soft-failed when its degradation first exceeds a predefined failure threshold
 .Therefore, the hydraulic pump’s lifetime T at first hitting time can be defined as follow 

 =inf : ( ) | (0)T t y t y    (3) 

The probability density function and the reliability function of the life distribution can be expressed as [19] 
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(5) 

Where,  and  are the probability density function and the distribution function of the standard normal 

distribution. 

Similarly, the remaining useful life at first hitting time can be defined as  =inf : |t tL l T t T t  , and the probability 

density function and the expectation value of the remaining useful life can be respectively written as 

( ) ( ) / ( )
tL t tf l f t l R t   (6) 

0
( ) ( )d ( ) ( )d / ( )

t tL t t L t t t
E l l f l l s t f s s R t

 
     (7) 

3 Parameter Assessment 

Assume that n  units are to be tested. Each unit is measured once every t  hours and is measured m  times totally. 
For 2.1 section, the degradation process without consideration of individual differences and measurement errors, 
the increment of the degradation of the i-th unit under the j-th measurement ( )ij B jx t B t      ,

1( ) ( )ij i j i jx x t x t    , 1( )= ( ) ( )j j jB t B t B t   , 1= j jt t t   , jt is the time of measurement, 0 =0t , 1,2, ,i n , 

1,2, ,j m . Known from the stationary independent increment of Wiener process, 2~ ( , )ij Bx N t t    . 

According to the maximum likelihood estimation (MLE) method, we can obtaine 
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(8) 
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Figure 2: Independence Test of Performance Increment. 

Similar to literature [16], we think that the soft failure occurred on the hydraulic pump when the volumetric 
efficiency of the hydraulic pump drops to 87%. The initial volumetric efficiency of the series axial piston pump is 
95.5%, so we think that the hydraulic pump failed when the performance degradation (Figure 1) reaches the failure 
threshold of 0.085. Aimed at the standardized data, failure threshold   is max0.085 / y . According to Equations. 

(8) and (9), the parameter estimation of M1 can be obtained, 4ˆ=4.4798 10  , 2 4ˆ =8.1470 10B
 . Let 2ˆ =0 and

2ˆ =0 , it can be calculated that the average life of the hydraulic pump is 2.4771×103 h by substituting the 

parameters into the Equation (7).  

For the method M2, according to the parameter estimation method proposed in the section 3, we can obtain
4

1̂=2.8078 10  , 4
2̂ =4.6211 10  , 4

3̂=6.7492 10  , 4
4̂ =4.1791 10  , 4ˆ =4.5893 10

 , 2 8ˆ =2.0021 10
 ,

2 4ˆ =2.7833 10B
 and 2 3ˆ =3.3039 10

 . It can be calculated that the average life of the hydraulic pump is 3.7706

×103h by substituting the parameters into the Equation (7). 

Comparing the parameter estimation results of M1 and M2, it can be seen that the estimated value of drift 

coefficient ̂ is close to ˆ , which demonstrated the correctness of the two models fitting for degradation trend. 

The result of diffusion coefficient estimation 2ˆB is quite different. This is because M1 does not consider the 

measurement errors. The fluctuation of measurement errors is reflected by diffusion coefficient. Meanwhile, it 
demonstrated that the measurement errors cannot be ignored. 

The results of method M3 are given by literature [16]. The life distribution of the hydraulic pump obeys the two-
parameter Weibull distribution, its characteristic value is 2.5m  , 4482.4  , and the average value of life is 

4.1275×103 h. 

Comparing the average value of life obtained by the three methods, it can be seen, the average values of M1 and 
M2 are less than M3. Because of failure was defined by the first hitting time (Equation (3)), the result tends to be 
conservative, which has positive significance for the preventive maintenance and health management of hydraulic 
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2 2

1

1 ˆˆ ˆ= ( )
n

j
jn   


  
(17) 

4 Application Example 

The A4VS series axial piston pumps produced by a company were used as the test object to demonstrate the 
validity and accuracy of the reliability evaluation and the remaining useful life prediction method. The rated 
pressure of this series of pumps is 350 bar, and the peak pressure is 400 bar. Four hydraulic pumps were randomly 
selected for the test, and the measurement interval was set as =12ht , test pressure was set as rated pressure. The 
volumetric efficiency ( ( )i jz t , 1,2, ,85j  ) was calculated. The performance degradation value ( )i jd t  of 

hydraulic pump's volumetric efficiency can be expressed as ( )= (0) ( )i j i jd t z z t , (0)=0.955z is the mean of initial 

volumetric efficiency of the axial piston pump under the rated pressure, and the performance degradation trend of 
the tested pumps are shown in Figure 1.  
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Figure 1: A trend Diagram of the Performance Degradation of the Hydraulic Pump. 

In order to facilitate subsequent calculation and analysis, the degradation data shown in Figure 1 is standardized 
by Equation (18) 

max( )= ( ) /i j i jy t d t d  (18) 

Where, 1,2, ,i n , 1,2, ,j m , maxd  is the maximum value of the performance degradation ( )i jd t .  

In order to demonstrate the validity and accuracy of the proposed method, the model defined in 2.1 section is 
denoted as M1，the model  in Section 2.2 is denoted as M2 and the method of curve fitting based on [16] is defined 
as M3. 

For the method M1, using the autocorrelation function to inspect the independence of the increment of standardized 
performance degradation firstly. Figure 2 is an autocorrelation function chart of the standardized performance 
degradation increment of 4 hydraulic pumps. From Figure 2, it can be observed that the first order autocorrelation 
coefficients are close to or exceed the two horizontal lines, that is, approximate or exceed the positive and negative 

two times of the sample autocorrelation coefficient approximate standard deviation( 2 / m ). It means if 
standardized degradation obeys Wiener process model, the standardized incremental sequence of degradation did 
not pass the inspection of independence. We should not choose M1 method but M2 to model the hydraulic pump 
performance degradation process. 
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necessary to consider the stochastic volatility, individual differences and measurement errors in the reliability 
evaluation of the hydraulic pump based on degradation. Using the first hitting time to define the degradation failure 
of the hydraulic pump will lead to the results tend to be conservative. The reliability estimation method based on 
performance degradation does not need to observe the failure of hydraulic pump, compared with the method based 
on lifetime, it can reduce the test time and the cost. 
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Nomenclature 

Variable Description Unit 

( )x t  The real value of product performance degradation at time t [-] 

  Drift coefficient [-] 

B  Diffusion coefficient [-] 

( )B t  Standard Brownian motion [-] 

( )y t  Degradation path of product [-] 

  Measurement errors [-] 

T  First-hitting-time of product [hour] 

( )f t  The probability density function of the product life [-] 

( )R t  Reliability function [-] 

( )   The probability density function obeying the standard normal distribution [-] 

( )   Standard normal distribution function [-] 

tL  Remaining useful life of hydraulic pump [hour] 

( )
tL tf l  Probability density function of remaining useful life [-] 

( )
tL tE l  Remaining useful life expectation [hour] 

n  Total sample number [-] 

m  The measurement number of each sample during the test  [-] 

t  The interval of test time [hour] 

ijx  The increment of the degradation of the i-th unit under the j-th measurement [-] 

iY  The vector of the performance degradation of the i-th unit [-] 

Y  The performance degradation matrix of the sample [-] 

mI  Unit matrix with order m [-] 

Σ  Covariance matrix [-] 
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pump. Meanwhile, the average life of M2 is close to M3, and the correctness of the method proposed in this paper 
is also demonstrated. For a more direct comparison to illustrate the characteristics of the three methods, Figure 3 
and Figure 4 give the probability density function curves and reliability function curves respectively.  
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Figure 3: Probability density function graph. 

0 2000 4000 6000 8000 100000

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

M1
M2
M3

Re
lia

bi
lit

y

Time(hour)  

Figure 4: Reliability function graph. 

As can be seen from figure 3, the life distribution of M1 is very concentrated, and it is mainly concentrated within 
2000h, which is not in conformity with the reality. The life distribution of M3 is very dispersive, which is not very 
reasonable in the life distribution of marginal. It can be seen from figure 4, the reliability estimation results of M1 
and M2 are more conservative than that of M3, which is consistent with the above conclusions. The pump 3 almost 
failed at the end of the test, indicating that the reliability of these hydraulic pump at time 1000h was lower than 
that of the M3. Therefore, we think the reliability estimation method proposed in this paper, M2, can be used to 
estimate the life distribution of the batch hydraulic pump well. 

5 Conclusion 

Taking volumetric efficiency as the characteristic parameter of performance degradation, a reliability evaluation 
method for hydraulic pump based on performance degradation is proposed. And the stochastic volatility, individual 
differences and measurement errors have been considered in the creation of the degradation model. Aiming at the 
performance degradation data of the 4 hydraulic pumps, the two-step MLE method is used to estimate the unknown 
parameters, and the average life and the life probability density function of the batch of pump are obtained. 
Compared with the reliability evaluation method of degradation path model and Wiener process model, it is 
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t  Vector of measurement time [hour] 

θ  Vector of unknown parameters [-] 

( )i jz t  The volumetric efficiency of the i-th unit under the j-th measurement [-] 

( )i jd t  The performance degradation of the i-th unit under the j-th measurement [-] 

( )i jy t  The normalized performance degradation of the i-th pattern  under the j-th 
measurement 

[-] 

References 

/1/ Wang, X., Lin, S., Wang, S., Remaining Useful Life Prediction Based on the Wiener Process for an 
Aviation Axial Piston Pump, In: Chinese Journal of Aeronautics, Vol. 29, No. 3, pp. 779-788, 2016. 

/2/ Han, L., Wang, S., Zhang, C., A Partial Lubrication Model between Valve Plate and Cylinder Block 
in Axial Piston Pumps, In: Proceedings of the Institution of Mechanical Engineers, Part C: Journal of 
Mechanical Engineering Science, Vol. 229, No. 178, pp. 3201-3217, 2015. 

/3/ Du, J., Wang, S., Zhang, H., Layered Clustering Multi-Fault Diagnosis for Hydraulic Piston Pump, 
In: Mechanical Systems and Signal Processing, Vol. 36, No. 2, pp. 487-504, 2013. 

/4/ Ma, J., Ruan, L., Fu, Y., A Review on Method of Accelerated Lifetime Test for Aircraft Hydraulic 
Pump, In: Chinese Hydraulics & Pneumatics, No. 6, pp. 6-12, 2015. 

/5/ Yuan, Z., Wang, S., One Method Solving Parameter Estimation of Varying Stress Accelerated Life 
Test, In: Journal of Beijing University of Aeronautics and Astronautics, No. 11, pp. 1172-1176, 2005. 

/6/ Zhang, J., Li, H., Fu, J., Research of Sequential Accelerated Life Test Method for Aviation Gear 
Pump, In: Chinese Hydraulics & Pneumatics, No. 05, pp. 101-104, 2012. 

/7/ Ye, Z., Chen, N., Shen, Y., A New Class of Wiener Process Models for Degradation Analysis, In: 
Reliability Engineering & System Safety, No. 139, pp. 58-67, 2015. 

/8/ Hu, C., Lee, M., Tang, J., Optimum Step-Stress Accelerated Degradation Test for Wiener 
Degradation Process under Constraints, In: European Journal of Operational Research, Vol. 241, No. 
2, pp. 412-421, 2015. 

/9/ Huang, J., Golubović, D., Koh, S., Lumen Degradation Modeling of White-Light Leds in Step Stress 
Accelerated Degradation Test, In: Reliability Engineering & System Safety, No. 154, pp. 152-159, 
2016. 

/10/ Wang, X., Wiener Processes with Random Effects for Degradation Data, In: Journal of Multivariate 
Analysis, Vol. 101, No. 2, pp. 340-351, 2010. 

/11/ Pan, Z., Balakrishnan, N., Sun, Q., Bivariate Constant-Stress Accelerated Degradation Model and 
Inference, In: Communications in Statistics—Simulation and Computation®, Vol. 40, No. 2, pp. 247-
257, 2011. 

/12/ Tang, S., Yu, C., Wang, X., Remaining Useful Life Prediction of Lithium-Ion Batteries Based on the 
Wiener Process with Measurement Errors, In: Energies, Vol. 7, No. 2, pp. 520-547, 2014. 

/13/ Ma, J., Zhan, X., Performance Reliability Analysis of a Piston Pump Affected by Random degradation, 
In: Journal of Mechanical Engineering, Vol. 53, No. 14, pp. 189-193, 2010. 

/14/ Fang, J., Wei, X., Fan, L., Reliability Analysis of Aircraft Hydraulic Pump Based on Performance 
Degradation Data, In: Mechanical Research ＆ Application, No. 06, pp. 30-33, 2008. 

371

G
R

O
U

P
 P

C
- 

S
P

8


