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Abstract: 

structure, different characteristics in loading and unloading processes of the submersible linear motor were 

model proposed had an excellent performance in failure diagnosis of the submersible pumping system. 

Key words:

A new diagnostic method for identifying 
working conditions of submersible
reciprocating pumping systems

with conventional pumping units, thus completely avoiding 

the linear submersible motor and the plunger pump are 
exposed to severe well bottom conditions, failures such as 
linear motor damage may occur, which seriously shortens the 

Therefore, it is important to find an effective way to detect 

of the submersible pumping system. With more and more 

units have been widely used for this type of pumping system. 
This has major significance for energy saving and efficient 
production (Yu et al, 2011a; 2011b).

such as paraffin deposits in oil tubing, sand production, 

its in-service life, as well as the continuous running time, 

dynamically process the abnormal conditions of the pumping 
system and to perform online diagnosis, thus providing early 

Pet.Sci.(2013)10:81-90

1 Introduction
The submersible reciprocating pumping system is a new 

type of pumping unit used in oil fields. The submersible 
reciprocating pump is driven by a linear motor to lift 

which is powered by a submersible cable, to control the 

Different from conventional pumping systems, in this 
pumping system a submersible plunger pump is directly 
connected to a linear permanent magnet synchronous 
motor at the well bottom to lift crude oil (Yu et al, 2011a; 
2011b). Since the output power of the linear motor acts 
directly on the pump for lifting crude oil, the submersible 
pump has high energy conversion efficiency (Rossini et al, 

introduced into the submersible pumping system compared 
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failure warning.
For conventional beam pumping units, an intelligent 

patterns (Gibbs and Neely, 1966; Foley and Svinos, 1989; 

reciprocating pump is a new type of rodless pumping unit, 

(or displacement) to obtain a surface dynamometer card. 

few papers on the analysis of its typical failure information. 
The pumping system would not be running under abnormal 
conditions for a long time in practice, so it is difficult to 

information and running state have an observably nonlinear 
relation (Zhou and Bennett, 1998; Polycarpou and Trunov, 
2000; Polycarpou, 2001; Zhang et al, 2005), especially in 
the transitory stage of starting or stopping. For these reasons, 

1999).
In order to solve the above problems, we propose a 

submersible pumping systems based on a support vector 

of the loading/unloading process of a submersible linear 

are extracted. Then the sample data of the characteristic 

pumping systems is determined by observing and identifying 

compared. 

2 Failures and their characteristics of the 
submersible pumping system

of several submersible pumping systems in several oil 

shortage in the pump and gas obstruction may occur after 

probably cause damage to submersible linear motors and 
pumps, affecting the oil production.

The submersible reciprocating pumping system is different 

is under the pump body, while its standing valve is above the 
pump body. Furthermore, the submersible pumping system is 
a type of rodless pumping unit and so its dynamometer card 
cannot be measured. In this paper, the load changes under 

pumping system.

relatively high, some gas may be separated from the fluids 

gas may be compressed and the exhaust valve cannot open 

solution gas and compressed gas are left in the clearance 

valves between the beam pumping unit and the submersible 
pumping unit, the gas obstruction for the motor load is the 
same. The more the gas there is, the longer the loading and 

TUU, loading 
TDU, unloading time during the 

TUD TDD, 
PUE, average power 

PDE) are extracted from loading time, 
unloading time and power of the linear motor, which serve as 

Influence of liquid shortage in the pump  If the 

is started, the suction valve cannot immediately open, so 

IUE, average motor current during 
IDE, variance of the motor current during 

IUV, variance of the motor current during the 
IDV TUD, and 

TDD) are extracted 

Influence of leakage
the pressure between the suction and exhaust valves gradually 
goes up, and the pressure underneath the suction valve 

valve, supporting the plunger of the reciprocating pump and 

the exhaust valve and the upward movement of the plunger, 
the pressure between the suction and exhaust valves will 

velocity, it will reproduce the support effect and lead to 

and exhaust valves where the exhaust valve is not tight during 

Pet.Sci.(2013)10:81-90



83

of the suction valve. Therefore, the unload rate becomes slow 
and the movement of the plunger decelerates during the latter 

pump leads to premature loading. 3) When the travelling and 

the superimposed effect of these cases in isolation. 4) When 

and unloading processes are not hysterestic, the maximum 
load cannot reach the theoretical maximum. Therefore, the 

TUU, TDU, TUD, TDD, IUE, IDE, PUE, 
PDE) are extracted from loading time, unloading time and 

Influence of sand production  When the submersible 
pump is installed at a location of the tubing string which is 
surrounded with unconsolidated formation or the production 
pressure is too high, sand will move into the wellbore from 
the reservoir. If some fine sand gets into the pump, it will 
generate additional resistance to the plunger in a certain 

induce a drastic change in the pump load in a short time. 
IUV, IDV) are extracted 

Influence of paraffin deposits  Paraffin deposited in 
the oil tubing creates an additional resistance to the plunger 
during operation. This will increase the load during the 

located at the lower part of the pump, the load change of the 

(IUE, IDE, PUE, PDE) are extracted from load fluctuation in a 

deposits.
The analyses of the pump structure and the operation 

the submersible reciprocating pumping system.

3 Extraction of characteristic quantities
The submersible reciprocating pump is operated in 

an intermittent mode. Each running cycle includes four 

interval”. Changes of the motor voltage and current in a cycle 

research focus.

 
are observed in the motor current curve, which are the 
starting current of the linear motor. The starting current may 

when extracting characteristic parameters. Therefore, it is 

before processing data. The method is shown in Fig. 2, which 
uses t2

t1) before 

t1 and t2 

Fig. 1 Voltage and current of the linear motor
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Fig. 2 Starting current of the linear motor
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pumping system and the load of the submersible motor, and 
the data such as operating voltage, current and power may 
mirror the change of the load of the linear motor. Therefore, 
it is necessary to extract the characteristic parameters of the 

conditions.
In an operational cycle of the linear motor, the motor 
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where iD tD is the 
IDE is the average 
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(3) (0< kDU <1, 0< kDD <1). kDU and kDD are the loading 
and unloading coefficients of the motor current during the 

IDU and IDD are the threshold of loading current 
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where PUE and PDE are the average motor power values during 
IUV and IDV are 

4 Diagnosis of working conditions based on 
SVM

4.1 Bayes decision rule based on SVM
In actual oil production, downhole conditions of 

production wells are different, each submersible reciprocating 

conditions, so it is necessary to propose a  method for 

a statistical learning machine which maps low-dimensional, 
linearly non-separable data to a high dimensional space and 
constructs an optimal hyperplane to classify the data (Chen 

F o r  a  s e t  o f  n o n - l i n e a r l y  s e p a r a b l e  s a m p l e s , 

1{( , )}N
i i ix y , 1iy  or 1iy , N samples in all, if 

there is a nonlinear mapping.
 

(13)0 0
0 0( ), R R , ( )n mx m n

hyperplane can be expressed as follows:

(14)( ) ( )f x x b  

where   and (x) are m0 dimensional vector; b is offset. 
On the optimal hyperplane, 2 /  should be the largest. 

Lagrange method.

(15)T

, , 1

1min
2

N

ib i
J C

(16)

where i ; 
C is the penalty coefficient. When C increases, the degree 

obtained:

(17)

Lagrange’s multiplier, 1{ }N
i i , meets the constraints:

(18)
1

s.t. 0 , 0 ( 1, 2, , )
N

i i i
i

C y i N

s.t. ( ) 1i i iy x b  
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T( ) ( ) ( )i j i jk x x x x

can be obtained from the original input space:

(19)
1

( ) ( , )
N

i i i
i

f x y k x x b

valued classification usually can be obtained by using a 

diagnostic method is to construct a super-sphere in high 

samples, and refuses other samples.
For an h

positive class, that is yi 

Si, 
and the corresponding category is i, then

(20)( ) ( , ) , 1, 2, ,i i i i i
i

f x k x x x S i h  

Then we obtain h fi(x
sample category i (b is neglected for it is a constant and does 

as follows:

(21)
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Because ( ) 0if x  and ( )d 1if x x , ( )if x  can be 
sed as a density function of some probability distribution 
to construct the Bayes classifier. Conditional probability is 
estimated as follows: 

(22)
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Prior probability estimation can be expressed as:

(23)
1 2

( )d
( )=

( )d ( )d ( )d
i

i
h

f x x
P

f x x f x x f x x

1 1 2 2( )= ( | ) ( ) ( | ) ( ) ( | ) ( )h hP x P x P P x P P x P
(24)

estimation can be expressed as:

(25)

1 2

( | ) ( )
( | )

( )
( ) 1

( )( )d ( )d ( )d

i i
i

i

h

P x P
P x

P x
f x

P xf x x f x x f x x

Because the total probability density does not affect 
P(x

as follows: 

        (26)1 2

( )
( | )

( )d ( )d ( )d

( 1, 2, , )

i
i

h

f x
P x

f x x f x x f x x

i h

sample categories can been judged.

If 
1, 2, ,

( ) max { ( )}i jj h
f x f x , then  ix  (27)
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Fig. 3

i

f1(x)

f2(x)

fc(x)

1
, b

1
)

2
, b 2

)

c , b
c )

x max

4.2 Constructing an input space vector
In a cycle of operation of the pumping unit, several 

are extracted. Because the orders of magnitude of these 

 (28)min

max min

ˆ 2 1i
i

x x
x

x x

where ˆ( [ 1, 1])ix , and xi is the 
xmax and xmin 

are the maximum and minimum values of the characteristic 

(29)T
UU UD DU DD UV DV UE DE UE DE
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ[ , , , , , , , , , ]G T T T T I I I I P P

4.3  Diagnosis  of  working condit ions  of  the 
submersible pumping system

One of the important problems in the diagnosis of the 

expressed as follows:
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(30)2 2( , ) exp( / )k l k lk x x x x

where  .
IUE, IDE, PUE and PDE are 

inherent in the running of the submersible pumping system, 
and they only vary with the sample data. But TUD, TDU, TDD, 
IUV and IDV are not only related with sample data but also 
related with kUU, kUD, kDU and kDD, so the selection of the 
loading/unloading threshold will affect the accuracy of the 

production, paraffin deposits and normal running, original 

C and of 

machine for multiple conditions of the submersible pumping 
system, as shown in Fig. 3.

system.

5 Simulation experiments

5.1 Simulation of working condition diagnosis based 
on SVM

fluid circulation in an oil well. The platform consisted 
of a simulated circulation system, a flow control device, 
a submersible reciprocating pumping system and its 

the experimental platform are shown in Figs. 4 and 5, 
respectively. Electrical parameters of the cylinder-shaped 
linear motor used were as follows: outer diameter 110 mm, 
length 6 m, rated voltage 660 V, the maximum input current 

N, maximum thrust 35,000 N, maximum travel of the slider 
123 cm. Fig. 6 shows the cylinder-shaped linear motor and 
the reciprocating pump, the red one is the linear motor, and 
the blue one is the reciprocating pump. Fig. 7 shows the 
control cabinet of the submersible reciprocating pumping 
system. 

In experiments, 

of the linear motor and its current and power and other 

vector, the first 230 input vectors were used to construct 
training samples for the classifier, and the remaining 70 

for the submersible pumping system was trained by the 230 
samples and tested by the 70 samples. kUU, kUD, kDU and kDD 
were manually-set parameters, if they changed, the training 
samples would change, and C and  would also change. The 
misjudgment rate of each failure with different parameters 
is shown in Table 1, F1: gas obstruction, F2

in the pump, F3 4: standing valve 
5 6 7: 

sand production, F8: paraffin deposits, F9: normal running 
(when the output of F1 to F8 

value, the running state may be determined as F9).
The values of relevant parameters shown in Table 1 are 

only part of the experimental data. It was clear that when 
kUU=0.85, kUD=0.80, kDU=0.80, kDD=0.75, the misjudgment 
rate of each failure could be controlled in an expected 

M

Control cabinet

Manual valve 1

Manual valve 2

Electric valve
Pressure meter 1

Pressure meter 2

Flow meter 1

Flow meter 2

Submersible reciprocating pump

Liquid storage tank

Circulating pump

Fig. 4 Schematic of the simulation platform

Fig. 5 Photo of the simulation platform
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range. It should be noted that the normal running state F9 
was not an individual classifier, its output came from other 

the corresponding classifiers were trained and tested. So 
the misjudgment rate of F9 was higher than those of others. 

system is not only related to the model parameters, but 
also related to the number of training samples. This paper 

on the misjudgment rate at the same model parameters. 

an increment of 10, were used to estimate the dependence of 

condition diagnosis decreases with an increase in the 

sand production, the misjudgment rate decreases at an almost 

Fig. 6 Linear motor and reciprocating pump Fig. 7 Control cabinet of the submersible reciprocating pumping system

Table 1

kUU, kUD, kDU, kDD

(0.70, 0.80, 0.75, 0.70) (0.75, 0.80, 0.75, 0.75) (0.80, 0.85, 0.75, 0.80) (0.85, 0.80, 0.80, 0.75) (0.90, 0.85, 0.90, 0.80)

F1 11.7 8.4 6.9 4.9 5.7

F2 10.4 7.3 6.6 4.9 5.4

F3 8.5 9.5 7.2 5.8 5.9

F4 9.6 9.8 7.7 6.0 6.4

F5 9.1 9.7 7.1 5.6 6.1

F6 7.3 7.7 6.4 3.1 4.0

F7 10.1 8.1 6.2 4.4 6.8

F8 9.9 8.8 6.7 4.3 6.1

F9 6.5 6.6 5.4 4.1 4.9

9.2 8.4 6.7 4.8 5.7

Pet.Sci.(2013)10:81-90
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the number of training samples reaches 200 or so, and then 
the misjudgment rate changes slightly. Under the condition 

when the number of training samples is less than 150. The 

valve and the both valves, the change of the misjudgment rate 

are 250 training samples or so, and then fluctuate a little. 

rate decreases slowly when the number of training samples 

Therefore, the misjudgment rate can reach a desired value 

5.2 Comparative analysis of SVM- and LVQ-based 
methods

Using the same experimental data, the misjudgment 
rates of the diagnostic method based on the learning vector 

for classifier included the first 230 input vectors, and the 

structure of LVQ was 10-50-8: the number of the neurons 
in the input layer was the vector dimension of characteristic 

neurons in the competitive layer was 50 (the design and 

is not discussed here). The classifier based on LVQ for 

system was trained and tested, respectively. The misjudgment 
rate (listed in Table 2) was also related to the training sample 

Fig. 8

Table 2

Fault
50 100 150 200 230

F1 43.7 35.1 23.1 19.2 15.7

F2 40.1 33.2 22.3 16.8 14.1

F3 38.9 31.6 22.6 17.2 14.5

F4 42.1 37.2 23.7 16.3 13.3

F5 39.1 32.8 22.9 16.1 12.7

F6 37.4 30.3 21.8 17.1 14.3

F7 42.5 36.3 23.2 20.2 18.1

F8 41.3 34.9 22.1 19.3 17.2

40.6 33.9 22.7 17.8 14.9

conditions are not discussed here), the effect of the sample 

when the model parameters are the same. The training sample 

a constant rate when the sample number is below 170, and 
then decreases slowly with an increase in the training sample 

Pet.Sci.(2013)10:81-90
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decreases at a faster rate and finally reaches a minimum 

conditions of the submersible reciprocating pumping system.

6 Conclusions

of the submersible reciprocation pumping. Based on the 
structural characteristics of the pumping unit, a new way 

reciprocating pumping unit was proposed and then tested by 
the data obtained from the simulation platform. 

1) Based on the structural and running characteristics 
of the submersible reciprocating pumping unit,  the 
characteristics of the loading/unloading of the submersible 

in this paper could be accurately described by the loading/
unloading characteristics.

2)  The loading/unloading characterist ics of  the 

kUU, kUD, kDU, kDD and other characteristic 

TUU, TUD, TDU, TDD, 
IUV, IDV, IUE, IDE, PUE, PDE were obtained, which were used 

submersible reciprocating pumping unit.

reciprocating pumping unit on the simulation platform. These 

reciprocating pumping unit. The test results were compared 
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