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Fig.1 Flow chart of model construction and leakage prediction
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Fig.2 Trend data decomposed by HP (Hodrick-Proscott) filter
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Note: The lines in the figure indicate the range of double standard deviation of
the residual sequence.
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Fig.3 Correlation coefficient of the trend data
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Table 1 Results of AIC (Akaike Information Criterion) calculation

B4 Order 1 2 3
AIC -23 500 -25 346 -25359

B4 Order 7 16 19
AIC -25372 -25374 -25369

MR 1 HRIEH, M p=16 B AIC {EH#/N, Ktk
AU 8y HP-ARIMA (16,3,0) o {3 ] 55t/ — 36 J5 V5 X A5
RBHHATING, BARREARN

x, =4.95x10" +2x_ —1.18x_, +0.13x,_, —
0.04x, , —0.21x,_, —0.37x_, —0.22x, , —0.07x, , — (6)
0.15x,_, +0.09x,_, —0.06x,_,, +0.1x_, —0.1x,_, +
0.19x_,, —0.24x_ +0.1x_ +,
A e, A IES 534 N(0,1.447 5x107°)
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{iH LB (Ljung-Box) KiIGx 5% 7 P 41 (g LA

TR (a2} HEATREBLIER S, 7E 0.05 kT FRY B2 Bt

W% 2. 3% 2 AT LUE H, FEAN RS 40T, HP-ARIMA
(16,3,0) 8 (R34 22 7 51 51 e 0 /R 2B BEALIE 2EK, (EX 5%

ZVITFA, LB Sik& M P <0.05, 572 J7 554+

TEIR 2 AN, B2 P 8 W] Be A7 72 v 7 21 .
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Table 2 Significance test results of residual sequence {g,} and

residual squared sequence {8,2} of model

P e} {gf}
Orders
i il & Statistics P 411l & Statistics P
1 0.000 1 0.991 4 10.05 0.001 5
5 0.099 1 0.998 0 22.08 0.000 5
10 0.153 8 1 33.42 0.000 2

7 P<<0.001 HRZ3E, 0.001<P<0.05 Z3%. TH.
Note: P<<0.001 means extremely significant, 0.001<<P<<0.05 means significant.
The same below.
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Table 3 Residual sequence {g} characteristic test results

656 7777 Test methods 4iil& Statistics P
BDS 24.87 0.000 0
LM 10.144 9 0.006 3
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Fig.6 Comparison of prediction results of different models
N E B3 AT RO 45 SRR %, AN S PR At
%7 (Mean Absolute Error, MAE) Fl¥JJ/7i%% (Mean
Square Error, MSE) Z& P AR AL 1) FMIAE B2 . XF
2R ZE SR bR T ST VE R

MAE:li”&—%| (8
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Table 4 Comparison of model prediction errors

PR BT 5% Mean
Mean absolute  square error

A Models HX R

error MAE/ MSE / Relative error/%
(L'min™) (L'min™)

ARIMA 0.044 2 0.002 5 1.88
HP-ARIMA 0.0232 0.001 0 0.98
HP-SETAR 0.0199 6.83x10™ 0.84

HP-ARIMA-GARCH 0.0140 2.46x10™ 0.59

CRA TN A 26 52 22 0 HT, 548 ARIMA B8 ) Tl
FiFE i, HP-ARIMA FER TS5 A ARIMA #578
TE T (A0 BASE s T 5 S2fl, A MAE BKT
47.5%, MSE KT 60%, “F-XJFIXHREZ NN 0.9 AN H 5
B X1 SEMREGE, HP WA BRI T ARIMA
AP TR RS B

E TN BT[] B RT3, SR g i 2 S A el
T 9000 B ) B P s B, Sl e R R A T v
HP-SETRA #5545 HP-ARIMA () MAE P& 14 > 79 £,
MSE F&1I% 32%, 4 &% HP-ARIMA-GARCH F5 7 () ¥
TKS B gk —D 3R T, LT i 26 f B0 1 S A HL 1
WERN, FHHAREZEMNN 0.59%.

SR BEIE I J7 V20 A (R IR A 403 A P DA R T
HERAPE, A SRR 9] 5 9 ) 9 b g SadE AT 0 L BRAIE
18 1] Eb 3 B X R] — & Z2AE AN [R) B B 1 ik s S 25000 10047 T3
W, A EESEXT 5 & RSk FE 22 e = 1 A [7 B B
HEAT F A I LR T 45 5

FEZEIEATIAME AR L RNS, EI 1 S RIE T
JE A 1~800 h, 1~850h, 1~900 h i &) B P ()it &
e s b Zh8E, TS 50 h Ftie . B
ELE B TR 22 45 Rk s
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Table 5 Leakage prediction errors of No.1 pump in different
time periods

%7 Errors/

T 1) B

. R et AEXT A5 2

FO;Z‘;?;;;;}me Model MA];L mmlv?SE Relative error/%

ARIMA 0.0514 0.0037 1.95

301 ~850 HP-ARIMA 0.0247  0.001 3_4 0.94

HP-SETAR 0.020 1 9.67x10 0.77

HP-ARIMA-GARCH 0.0182 5.98x10™* 0.71

ARIMA 02122  0.0319 6.35

251~900 HP-ARIMA 0.0384  0.002 1 1.50

HP-SETAR 0.0316 0.0014 1.23

HP-ARIMA-GARCH 0.0242 7.84x10* 0.93

ARIMA 0.0320 0.0016 1.29

901~950 HP-ARIMA 0.022 2 6.43><10:j 0.90

HP-SETAR 0.0226 6.61x10 091

HP-ARIMA-GARCH 0.0182 4.39x10™* 0.73

ARSI 2~5 SEATH R L, EHE 1~
950 h B[] B P it s i /9 i LA I R, Tl
FIRAE 951~1 000 h Bt It 284k G\ 1a ELAK B2
(TR 5% 22 45 Lk 6.

5 GAFFERMERIR ML FE R A AE A ZE 5, TR =B
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Table 6 Leakage prediction errors of No.2 to No.5 pumps at

951-1 000 h
- T 1% Errors/ (L'min) M iRZE
%5 No. Model Relative
MAE MSE error/%
ARIMA 0.1373 0.0317 5.31
5 HP-ARIMA 0.061 7 0.008 1 2.42
HP-SETAR 0.053 1 0.003 3 1.72
HP-ARIMA-GARCH  0.009 6 0.002 4 1.50
ARIMA 0.0275 9.47x10™ 1.14
3 HP-ARIMA 0.0168 3.87x10™ 0.69
HP-SETAR 0.0149 3.57x10™ 0.62
HP-ARIMA-GARCH 0.0175 4.04x10™ 0.72
ARIMA 0.0314 0.001 2 1.39
4 HP-ARIMA 0.0130 2.40x10™ 0.57
HP-SETAR 00141 2.77x10* 0.62
HP-ARIMA-GARCH  0.0131 2.70x10* 0.58
ARIMA 0.0132 2.76x10™ 0.58
5 HP-ARIMA 0.0107 2.50x10™ 0.47
HP-SETAR 0.0106 1.93x10™ 0.40
HP-ARIMA-GARCH  0.0088  1.34x10™ 0.39
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Predicting leakage in a piston pump using HP filter and
ARIMA-GARCH model

Chen Le!, Gao Wenke'*, Ji Hong!, Zhang Lei

(1. School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China; 2. School of Mechanical and
Electrical Engineering, Xuzhou University of Technology, Xuzhou 221018, China)

Abstract: A piston pump has been widely used in large agricultural equipment, and walking machinery. However, the leakage
can often be induced by the performance degradation with the increase of cumulative running time, even threat to the
volumetric efficiency and operation safety of the equipment. It is a high demand for the accurate and rapid prediction of the
performance degradation state in the piston pump for better working reliability. In this study, the leakage was selected as the
characteristic indicator to quantitatively analyze the performance degradation of the piston pump. A Hodrick-Proscott (HP)
filtering was first utilized to divide the leakage volume of the piston pump into the long-term trend data and short-term
fluctuation data in the modeling. A correlation function graph of long-term trend term data was drawn to observe the effective
lag order, and then the Akaike information criterion (AIC) criterion was used to select the optimal order. The autoregressive
integrated moving average model (ARIMA(16, 3, 0)) was established to verify the data characteristics of the residual sequence
using the statistical analysis. After that, a generalized autoregressive conditional heteroscedasticity (GARCH (1,1)) model was
established to combine with the data characteristics of nonlinear and heteroscedasticity of long-term trend data. As such, an
HP-ARIMA-GARCH model was established for the trend item data to predict the leakage of the piston pump. The residual
sequence was approximately normal distribution after testing, fully meeting the requirements of the model. The leakage
prediction was performed on the same pump in different time periods and different pumps in the same time period. The
accuracy of the proposed model was then determined to compare with the linear ARIMA model and the nonlinear
self-excitable threshold autoregression (SETAR) model. The mean absolute error (MAE), mean square error (MSE), and the
mean relative error (MRE) of the HP-ARIMA model were significantly reduced in all prediction periods, compared with the
traditional ARIMA model, where the maximum average relative error was 2.42%. Therefore, it infers that the HP filtering can
be widely expected to effectively extract the long-term trend of leakage data, and then filter out the noise interference for the
lower prediction error of the time series model. Furthermore, there was a relatively smaller error in the nonlinear time series
model for the higher prediction accuracy, compared with the traditional linear model. Nevertheless, there was a varying
prediction of the improved model in the prediction accuracy. The reason was the inconsistent leakage of the piston pumps
during the different periods and the rapid fluctuation in the short time during operation. More importantly, the error of
unfiltered data was less than that of the filtered, indicating that the nonlinear model performed better than the linear one. The
highest prediction accuracy was achieved in the HP-ARIMA-GARCH model, where the average relative error was within
1.5%. Therefore, the improved time series model was more accurate than before, particularly suitable for the leakage
prediction of the piston pump. Above all, the finding can provide a theoretical reference to quantitatively predict the
performance degradation of piston pump, especially for the decision-making on the equipment reliability and operational
safety. The long-term prediction accuracy can be further improved in the time series model in the future. Besides, the
fluctuation data by the HP filter can also be expected for the higher prediction accuracy of leakage, considering the valuable
information of the time series model, rather than the errors during modeling.

Keywords: piston pump; models; leakage prediction; HP filter; ARIMA-GARCH; performance degradation
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