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ABSTRACT   

Fault detection and isolation in the gas lift system were implemented assuming the gas lift variables are stochastic. Injection valve 

coefficient (Civ), production choke coefficient (Cpc), annulus pressure (Pa), and wellhead pressure (Pwh) were observed to show 

variations with faults presence. By simulating these gas lift variables as stochastic, the probability density function (PDF) data were 

used to generate decision functions for both the detection and isolation of the gas lift valve faults. The scheme accurately detected and 

isolated faults in the injection valve coefficient (Civ) and production choke coefficient (Cpc). The result of this diagnosis will aid the 

proper implementation of fault tolerant control in the gas lift system which will lead to its optimal operation. 
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1 Introduction   

Gas lift systems are used for lifting crude oil into the 

production platforms when the reservoir pressure becomes 

insufficient [1]-[3]. Due to the location and the materials 

transported, gas lift usually suffers from faults that reduce its 

ability to function as desired or even cause danger. To optimally 

operate the gas lift system, therefore, a proper fault diagnosis 

procedure must be implemented. 

Fig. 1 is a gas lift system. The key variables are the 

pressures, flow rates, and masses. The pressures are annulus 

pressure (𝑃𝑎), reservoir pressure (𝑃𝑟), bottomhole pressure (𝑃𝑏ℎ), 

well pressure (𝑃𝑤), wellhead pressure (𝑃𝑤ℎ) and separator 

pressure (𝑃𝑠). The flow rates are flow of lift gas from the 

compressor into the annulus (𝑤𝑔𝑙), flow from annulus into tubing 

(𝑤𝑖𝑣), flow from reservoir into the tubing (𝑤𝑟) and flow from the 

tubing into the separator (𝑤𝑝𝑐). The masses are the mass of gas 

in the annulus (𝑚𝑔𝑎), mass of gas in tubing (𝑚𝑔𝑡) and mass of 

oil in tubing (𝑚𝑜𝑡). These masses form the states of the gas lift 

system. 

The natural source of energy for the lift is the reservoir 

pressure (𝑃𝑟) [4]-[5]. During the operation of the system, this 

pressure could become insufficient to lift the crude as desired. 

Gas from the compressor station is therefore supplied to the 

annulus through the gas lift valve. The gas then flows to the 

tubing through the injection valve and mixes with the liquid in 

the tubing. This lightens the tubing liquid ensuring adequate oil 

production again [6]-[7]. 

The valves control the flow of oil through the system [8]-

[9]. The opening and closing of the valves expose the valves to 

faults that affect their optimal operation. Due to the variation of 

reservoir parameters in particular, the gas/oil ratio (GOR), the 

gas lift variables are stochastic in nature, and fault diagnosis 

using the variables is better implemented using probability 

density function (PDF) data similar to results in DC motor in 

[10]. 

In this article, faults in gas lift valves are detected and 

isolated. Variables that change in response to faults presence are 

selected. The residuals which follow Gaussian distribution hence 

permit the use of the PDF data to provide the decision functions 

presented. The decision functions to detect the fault are 

monitored. By generating fault signatures, the faults are isolated. 

The remainder of this article is as follows: Section 2 

discusses the materials and methods; Section 3 presents the 

results and discussion, and Section 4 concludes the article. 

 

Fig. 1 A single-well gas lift system 

2 Materials and Methods 

2.1 Gas Lift faults 

Fault diagnosis involves three activities namely: (i) 

detection, (ii) isolation, and (iii) identification. While fault 

detection implies detecting fault presence, fault isolation 

involves determining faulty components and fault isolation deals 

https://doi.org/10.38032/jea.2023.02.001
http://creativecommons.org/licenses/by-nc/4.0/


O. Adukwu /JEA Vol. 04(02) 2023, pp 35-39 

36 

 

with identification of fault type.  Some valve faults can have a 

step-change effect on the flow rate. The valve coefficient is 

obtained by lumping together all the constants that affect flow 

rates through the valve. For a fluid of constant density at a given 

temperature, 𝐶𝑖𝑣 is the flow rate per unit pressure change (ΔP) if 

the percentage valve opening is constant.  Hence, the flow rate 

through the valve is determined by the valve coefficients as well 

as the percentage of valve opening if the pressure, density, and 

temperature are fixed. Faults have effects on the control of flow 

rate using the valve coefficients as parameters.  

Fault diagnosis is therefore implemented here by assuming 

valve faults to result in a step-like change in these valve 

coefficients. The other assumption is that the gas lift variables 

are Gaussian implying zero mean with nonzero variance.  

Augmented states are therefore obtained if the valve 

coefficients are added to the masses described in section 1 as: 

𝑥 = [𝑚𝑔𝑎   𝑚𝑔𝑡     𝑚𝑜𝑡     𝐶𝑖𝑣    𝐶𝑝𝑐]𝑇 (1) 

These augmented states vary for 𝑚𝑔𝑎, 𝑚𝑔𝑡 , 𝑚𝑜𝑡 but 

remains constant for  𝐶𝑖𝑣 , 𝐶𝑝𝑐 until the arrival of faults.  

2.2 Gas Lift Variables Used for Fault Detection 

Fault detection involves generating a residual, r. This 

residual is constant at a steady state at each time sample in the 

absence of fault. This is still true even in the presence of input 

change and disturbance for an ideal system. This residual 

changes only when there is a fault.  For a stochastic system, with 

Gaussian noise distribution, the residual has zero mean and 

nonzero variance.  At no-fault case. The mean is however 

nonzero at all or some points when there is fault. 

  𝐶𝑖𝑣 and 𝐶𝑝𝑐 are good candidates to be used to generate fault 

signatures. Other variables also vary in known ways due to faults 

in the valves. Fig. 2 shows an abrupt fault of 20% step increase 

in  𝐶𝑖𝑣 introduced at the 60th minute and 𝐶𝑝𝑐 introduced at the 

120th minute while Fig. 3 shows the step decrease. 

In Fig. 2 and Fig. 3 a step fault in 𝐶𝑖𝑣 has no affect 𝐶𝑝𝑐, 

similarly, a step fault in 𝐶𝑝𝑐 does not affect 𝐶𝑖𝑣. Therefore, if a 

residual is generated for a fault in the 𝐶𝑖𝑣, it will not affect the 

residual for the fault in the 𝐶𝑝𝑐. To improve detection and 

isolation, we increase the number of variables that will be used 

to generate fault signatures. We make an assumption to enable 

us to use this: there is no disturbance input and the system is 

operating at a steady state where the control input is constant 

throughout. Removing the disturbance effect helps avoid having 

to solve the optimization problem to decouple the disturbance 

effect hence easing our fault detection here. We, therefore, add 

other variables to the two gas lift valve coefficients. These 

additional variables are discussed briefly below: 

 𝑃𝑎: The pressure in the annulus is directly affected by the 

injection valve coefficient (𝐶𝑖𝑣). All other things being constant, 

𝑃𝑎 decreases if 𝐶𝑖𝑣 increases owing to more gas flow from the 

annulus into the tubing which decreases the mass of gas in the 

annulus 𝑚𝑔𝑎. But 𝑃𝑎 is affected by other variables namely, the 

pressure  in the well at the injection point (𝑃𝑤) and the rate of gas 

injection into the annulus (𝑤𝑔𝑙). Despite these a change in 𝐶𝑖𝑣 

will show symptoms in 𝑃𝑎 hence it is selected as one of the 

variables for detection to a large extent. But since annulus 

pressure is also affected by the well pressure at the injection 

point, 𝑃𝑎 is also affected by 𝑤𝑝𝑐 since it affects the 𝑃𝑤. 

 

Fig. 2 Augmented gas lift states with a 20 % step increase in 

valve coefficients 

Consequently, a fault in 𝐶𝑖𝑣 and 𝐶𝑝𝑐 show symptoms in 𝑃𝑎 

if a disturbance is removed and the system operates at constant 

input. This is shown where in both cases, the residual responded 

in the same way to fault presence, hence this is used for fault 

detection. 

 

Fig. 3 Augmented gas lift states with a 20 % step decrease in 

valve coefficients 

𝑃𝑤ℎ :  The pressure of the wellhead is affected by the flow 

rate through the production choke 𝑤𝑝𝑐. The pressure decreases 

as the production rate increases. 𝑃𝑤ℎ depends on the mass of 

tubbing gas which is contributed by flow from the reservoir and 

from the annulus. 𝑃𝑤ℎ is hence affected by 𝐶𝑖𝑣 too but minimally 

as the loss in mass due to reduced 𝑤𝑖𝑣  can be compensated for 

by the flow from the reservoir. A fault in 𝐶𝑖𝑣 shows little effect 

on the 𝑃𝑤ℎ  as seen in Fig. 4(b) where the fault in 𝐶𝑖𝑣 affected the 

residual only during the fault transient period. A fault in 𝐶𝑝𝑐 

shows strong effect on 𝑃𝑤ℎ  as shown in Fig. 5(b). 𝑃𝑤ℎ  can 

therefore be used for both detection and isolation when 

appropriate threshhold is selected.  

Flowrates: Many other variables vary in an observable way 

with valve coefficients faults when the disturbance is ignored and 

input kept constant; for example, Fig. 6 shows the flow rates for 

the gases. 
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Fig. 4 Gas lift residual with a 20 % step increase in 𝐶𝑖𝑣 

  

Fig. 5 Gas lift residual with a 20 % step increase in 𝐶𝑝𝑐 

 

Fig. 6 Gas lift residual with a 20 % step increase in 𝐶𝑝𝑐 

Both 𝑤𝑟𝑔 and 𝑤𝑝𝑔 change with change in the valve 

coefficients at steady states while 𝑤𝑖𝑣  change only during the 

transient period. Flow through the injection valve is not affected 

at a steady state due to the fact that there is no net change in 

annulus gas implying that 𝑤𝑖𝑣  = 𝑤𝑔𝑙  at steady state. The mass of 

gas in the annulus is also seen to vary with changes in 𝐶𝑖𝑣 as seen 

in Fig. 4. 

The mass of gas in the annulus behaves similarly to 𝑃𝑎 (Fig. 

4(f) and Fig. 5(f)), hence no need to include it.  It is expected that 

mixture density should respond to both a change in 𝐶𝑖𝑣 and 𝐶𝑝𝑐 

but Fig. 4(c) shows no residual change with fault in 𝐶𝑖𝑣 while 

shows change with fault in 𝐶𝑝𝑐. Fig. 4(d),(e) and Fig. 5(d),(e) all 

behave as expected, with each residual responding to change in 

the corresponding fault and unaffected by fault in other 

coefficients.  We therefore limit the additional variables to two 

which are 𝑃𝑤ℎ  and 𝑃𝑎.  

2.3 Gas Lift models. 

The gas lift models presented here are adapted from [11]. 
The mass (differential equations): 

dmga

dt
 = wgl − wiv 

(2) 

dmgt

dt
 = wiv+wrg − wpg 

(3) 

dmot 

dt
= wro −  wpo 

(4) 

 

Flow rate: 

wiv=Civ√max(0, ρ
a
(Pa-Pw) 

(5) 

 

wpc=Cpc√max(0, ρ
w

(Pwh-Ps)  f(u) 
(6) 

wpg=
λ

λ+1
wpc 

(7) 

wpo=
1

λ+1
wpc 

(8) 

 

wro=Cr√ ρ
o
(Pr-Pbh) 

(9) 

wrg=GOR (10) 

The pressure: 

Pa=(
TaR

VaM
+

g

Aa

)ga 
(11) 

 

Pwh=
TtR

M
(

mgt

Vt+Vbh-
mot

ρ
l

) 

(12) 

Pw=Pwh+
(mgt+mot-ρmVbh

) gHt

Vt

 

(13) 

Pbh=Pw+ρ
m

gHbh (14) 

The density: 

ρ
a
=

mgaPa

TaR
 

(15) 

𝜌𝑚 =
𝑚𝑔𝑡 + 𝑚𝑜𝑡 − 𝜌𝑜𝐿𝑏ℎ𝐴𝑏ℎ

𝐿𝑤𝐴𝑤

 
(16) 
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3 Results and Discussion 

3.1 Residual Generation 

The residual has been shown in Fig. 4 and Fig. 5 of section 

2.2 to change in reaction to a fault. Fig. 7 shows the decision 

function for the residuals for a no-fault case. It is seen that at no 

fault, the function variation is very small hence no fault can be 

detected. When a fault is introduced, these functions change in 

response to the faults as shown later in section 3.3.  

 

Fig. 7 No fault decision function based on the residuals 

3.2 Hypothesis test using PDF data 

ResidualS statistics of the gas lift system change following 

the arrival of fault. Fig. 8 is the PDF plot of the residual for the 

selected variables. The mean and standard deviation of some of 

the variables change with a fault when the production choke 

valve is increased by 20 % after the 600th minute. While for 

annulus pressure and wellhead pressure, the mean of the PDF 

shifts right following the fault, the PDF of the residual for the 

production choke characteristics shifts left after the fault, and that 

of the injection valve remains constant.  The variation of the PDF 

of the residuals of some variables of the gas-lifted system with 

fault present is used to produce a decision function. This decision 

function is monitored which when an appropriate threshold is 

exceeded, a fault is detected, and the alarm rings.  

 

Fig. 8 PDF of the residuals for faulty and no-fault cases 

The hypotheses according to [12], this hypothesis test is 

stated as follows: 

𝐻0:    Ɵ(𝑖) =  Ɵ0         for 1 ≤ 𝑖 ≤ 𝑡 

𝐻1:    Ɵ(𝑖) =  Ɵ0         for 1 ≤ 𝑖 ≤  𝑖𝑓 

Ɵ(𝑖) =  Ɵ1         for 𝑖𝑓 ≤ 𝑖 ≤  𝑡 

Where i is the time instant, t is the simulation time and 𝑖𝑓 is 

the fault occurrence time. We select 𝐻0 if there is no change in 

decision function exceeding the selected threshold over the 

whole simulation time, else, 𝐻1 is selected.  

3.3 Fault detection using PDF data 

The decision function for the fault of a 20 % increase in 𝐶𝑖𝑣 

occurring at the 600th sample time is given in Fig. 9 while a 20 

% increase in Cpc is given in Fig. 10. The data window is taken 

as N = 50 samples (minutes) and the simulation time is 1000 

samples with the first 100 minutes removed to avoid the transient 

part (caused by the initial condition). In Fig. 9, only the annulus 

pressure Pa and Civ decision function change in response to a 

fault. But in Fig. 10 the decision function corresponding to the 

annulus pressure, wellhead pressure and 𝐶𝑝𝑐 responded to the 

faults while the decision function for the 𝐶𝑖𝑣 does not respond to 

the 𝐶𝑝𝑐 fault. 

 

Fig. 9 Decision function for a fault of 20% in the 𝐶𝑖𝑣 

 

Fig. 10 Decision function for a fault of 20% in the 𝐶𝑝𝑐 

This makes it much easier to isolate faults in Cpc then it is 

for Civ. Fig. 9 and Fig. 10 show that a threshold of h = 23 selected 

can easily be met with little detection delay. Fig. 11 and Fig. 12 

show the zoomed sensitive residuals to indicate the point at 

which the fault is detected (time at which gk = h = 23) for Fig. 9 

and Fig. 10 respectively, where gk implies decision function.  

In Fig. 11 the gk for the 𝑃𝑎 residual crossed h = 23 at 504 

samples which is the detection time implying that the detection 

delay is therefore 3 samples, while the detection delay for the 𝐶𝑖𝑣 

is 22 samples. Similarly, the detection delays in Fig. 12 are 3, 3, 

and 19 samples for 𝑃𝑎, 𝑃𝑤ℎ and 𝐶𝑝𝑐 respectively. All these 

detection delays are within acceptable values for a gas lift 

system.  
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Fig. 11 Zoomed decision function for a fault of 20% in the 𝐶𝑖𝑣 

 

Fig. 12 Zoomed decision function for a fault of 20% in the 𝐶𝑝𝑐 

The estimated change magnitude of the parameter is 2.1*E-

4 for 𝐶𝑝𝑐 and 5.7*E-5 for 𝐶𝑖𝑣. If we note that 𝐶𝑝𝑐 provided is 

2*E-3 and 𝐶𝑖𝑣 is 1E-4, then the estimated changed magnitude of 

the fault is 10 % for 𝐶𝑝𝑐 and 57 % for 𝐶𝑖𝑣. But we apply a 20% 

change in both cases implying the effects of noise and the size of 

N has affected the estimated parameter at the point the fault is 

detected.  

3.4 Fault isolation in gas lift system using PDF data. 

For fault isolation, Table 1 shows the fault signatures for the 

variables and parameters selected. A 1 in the entry for a given 

residual implies the decision function changes following the 

arrival of the fault and 0 means the decision function is 

insensitive to a fault. From Table 1, each fault can be easily 

isolated since they have different signatures. The residual for the 

annulus pressure only helps in detection but not isolation as it is 

sensitive to both faults.  

Table 1 Fault signatures for the gas lift system 

 fault in 𝐶𝑖𝑣 fault in 𝐶𝑝𝑐 

gk for 𝑃𝑎 residual 

gk for 𝑃𝑤ℎ residual 

gk for 𝐶𝑖𝑣 residual 

gk for 𝐶𝑝𝑐 residual 

1 

0 

1 

0 

1 

1 

0 

1 

 The decision presented in Fig. 9 to Fig. 12 evaluates the 

residual and a simple logic is used to isolate the faults based on 

Table 1.  The residual for 𝑃𝑎 can be ignored as it is sensitive to 

both faults and a necessary condition for isolation is that the 

number of residuals must be at least equal to the number of faults. 

Even if 𝑃𝑎 is removed, there are still three residuals for two faults. 

4 Conclusion 

Fault detection and isolation in the gas lift system was 

implemented considering the selected variables as stochastic 

hence the PDF data of these variables were used to generate fault 

signatures. The PDF data of the variables were used to generate 

decision functions used for both fault detection and isolation. The 

valve coefficients were used in addition to annulus pressure, flow 

through the injection valve, and pressure of the wellhead. The 

algorithm detected and isolated all fault scenarios examined for 

the gas lift system. The detection and isolation of the fault in the 

systems provide input to a fault-tolerant control system that 

ensures optimal operation of the gas lift system. 
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