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Modeling and Detection of Stiction in Pneumatic Control Valves
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Control performance monitoring is an important technology that ensures highly efficient operation of produc-

tion plants. Bad control performance is caused mainly by inadequate controller tuning or equipment malfunction.

Valve stiction is the most common problem in pneumatic control valves, which are widely used in the process

industry. Stiction causes persistent fluctuation of process variables. Therefore, developing a method to detect

stiction and distinguish it from inadequate controller tuning is crucial to help operators take appropriate action

for improving control performance. In the present work, valve stiction is modeled by taking into account its

physical mechanism, and then new stiction detection algorithms are proposed. The usefulness of the proposed

detection methods is demonstrated by comparing them with conventional methods. It is shown that the proposed

methods can successfully detect valve stiction, distinguish it from bad tuning or disturbances, and quantify the

degree of stiction by using simulation data sets and real operation data sets obtained from several chemical

processes.
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1. Introduction

The variability of process variables makes it difficult

to keep operating conditions close to their bound; thus it

causes economical loss including poor product quality and

excessive energy consumption. To maximize productivity,

control systems should achieve their best performance.

However, there are thousands of control loops in plants

and it is difficult to clarify which loop is a bottleneck for

efficient operation of the entire plant. To detect control

loops that require improvement, it is necessary to develop

systematic and practical methods for evaluating the per-

formance of control loops. From this viewpoint, much

research concerning control performance assessment and

monitoring has been conducted 1)∼3). A basic method of

control performance assessment uses minimum variance

control as its benchmark 4).

Poor control performance is caused not only by bad

controller tuning but also by undesired characteristics of

control valves. Among the many types of undesired char-

acteristics of control valves, stiction is the most common

problem in the process industry. Therefore, it is impor-

tant to develop a practical method that can detect stiction

and distinguish it from other causes including inadequate
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controller tuning.

In the present work, new methods that use only routine

operation data for detecting valve stiction are proposed.

Although several methods have been proposed 5), 6), they

are based on the assumption that valve opening or a con-

trolled variable such as flow rate follows a predefined prob-

ability distribution, and thus their judgment is not reli-

able when the assumption is not satisfied. In addition,

conventional methods cannot quantify the degree of stic-

tion even if they can detect it. Therefore, in the present

work, a valve stiction model is built first to understand

the stiction phenomenon and simulate it. The proposed

model is not a rigorous first-principles model but a simple

model aimed at describing the behavior of control valves

with stiction, in particular, the relationship between con-

troller output and valve opening. Then, new valve stic-

tion detection methods are proposed on the basis of the

proposed valve stiction model. Not only can these meth-

ods detect valve stiction with accuracy, but they can also

quantify the degree of stiction. The accuracy of the valve

stiction model is validated by comparing simulation re-

sults with real operation data of chemical processes. In

addition, the usefulness of new valve stiction detection

methods is demonstrated by applying them to simulation

data generated by using the developed model and real

operation data obtained from several chemical processes.

2. Valve Stiction Model

The present research focuses on pneumatic control

valves, which are widely used in the process industry. Two
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Fig. 1 Structure of pneumatic control valve

types of valve stiction models have been proposed: 1) a

detailed physical model that formulates the stiction phe-

nomenon as precisely as possible 7), and 2) a data-driven

model that describes the relationship between a controller

output and a valve position 8). Since a detailed physical

model has numbers of unknown physical parameters, it is

not only time-consuming but impractical to simulate an

actual control valve by using such a model. A data-driven

model, on the other hand, is useful because it has only a

few parameters and these are easy to identify and simple

to understand. In the present work, a valve stiction model

than can precisely describe the stiction phenomenon with

as few parameters as possible is developed. In this sec-

tion, the proposed stiction model of a pneumatic control

valve is explained in detail.

2. 1 Pneumatic Control Valve and Stiction

The general structure of a pneumatic control valve is

shown in Fig. 1. This valve is closed by elastic force and

opened by air pressure. Flow rate is changed according to

the plug position, which is determined by the balance be-

tween elastic force and air pressure. The plug is connected

to the valve stem. The stem is moved against static or ki-

netic frictional force caused by packing, which is a sealing

device to prevent leakage of process fluid. Smooth move-

ment of the stem is impeded by excessive static friction.

The valve position cannot be changed until the controller

output overcomes static friction, and it is suddenly and

considerably changed when the difference between elastic

force and air pressure exceeds the maximum static fric-

tional force.

2. 2 Stiction Model

To model the relationship between the controller output
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Fig. 2 Relation between controller output and valve position

under valve stiction

and the valve position of a pneumatic control valve, the

balance among elastic force, air pressure, and frictional

force needs to be taken into account. The relationship

can be described as shown in Fig. 2. The dashed line de-

notes the states where elastic force and air pressure are

balanced. The controller output and the valve position

change along this line in an ideal situation without any

friction.

The ideal relationship is disturbed when friction arises.

For example, the valve is resting at (a) where elastic force

and air pressure are balanced. The valve position can-

not be changed due to static friction even if the controller

output, i.e., air pressure, is increased. The valve begins to

open at (b) where the difference between air pressure and

elastic force exceeds the maximum static frictional force.

Since the frictional force changes from static fS to kinetic

fD when the valve starts to move at (b), a slip-jump of

the size

J = fS − fD (1)

happens and the valve state changes from (b) to (c).

Thereafter, the valve state changes along the line l2 which

deviates from the ideal line by fD because the differ-

ence between air pressure and elastic force is equal to fD.

When the valve stops at (d), the difference between air

pressure and elastic force needs to exceed fS again for the

valve to open further. Since the difference between them

is fD at (d), air pressure must increase by J to open the

valve. Once air pressure exceeds elastic force by fD, the

valve state changes to (e) and then follows l2.

Air pressure begins to decrease when the controller or-
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Fig. 3 Flowchart of valve stiction model

ders the valve to close at (f). At this moment, the valve

changes its direction and comes to rest momentarily. The

valve position does not change until the difference be-

tween elastic force and air pressure exceeds the maximum

static frictional force fS . The valve state (h) is just point-

symmetric to (b). The difference of air pressure between

(f) and (h) is given by

S = fS + fD . (2)

The valve state follows the line l1 while the valve position

decreases.

The above-mentioned phenomena can be modeled as a

flowchart shown in Fig. 3. The input and output of this

valve stiction model are the controller output u and the

valve position y, respectively. Here, the controller output

is transformed to the range corresponding to the valve

position in advance.

The first two branches check if the upper and the lower

bounds of the controller output are satisfied. In this

model, two states of the valve are explicitly distinguished:

1) a moving state (stp=0), and 2) a resting state (stp=1).

In addition, the controller output at the moment the valve

state changes from moving to resting is defined as uS . uS
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Fig. 4 Comparison between flow rate measurements and es-

timates for validating valve stiction model

is updated and the state is changed to the resting state

(stp=1) only when the valve stops or changes its direction

(∆u(t)∆u(t−1)≤ 0) while its state is moving (stp = 0).

Then, the following two conditions concerning the differ-

ence between u(t) and uS are checked unless the valve

is in a moving state. The first condition judges whether

the valve changes its direction and overcomes the maxi-

mum static friction (corresponding to (b) and (h) in Fig. 2.

Here, d=±1 denotes the direction of frictional force. The

second condition judges whether the valve moves in the

same direction and overcomes friction. If one of these two

conditions is satisfied or the valve is in a moving state,

the valve position is updated via the following equation:

y(t) = u(t)− dfD = u(t)− d(S − J)

2
(3)

On the other hand, the valve position is unchanged if the

valve remains in a resting state.

To demonstrate the validity of this stiction model, simu-

lation results are compared with operation data of a chem-

ical process that suffers from valve stiction. The flow rate

is estimated by calculating the valve position from the

controller output with the stiction model and by assum-

ing dynamics from the valve position to the flow rate is

given by a first order model.

PF (t) =
1

0.2s + 1
(4)

Measurements and estimates of the flow rate are shown

together with the controller output in Fig. 4. The flow

rate measurements proved coincident with that estimated

by the stiction model. The parameters in Eq. (4) are set

at typical values observed in chemical processes 9).

The valve stiction model developed here is based on the

balance among the elastic force, the air pressure, and the

frictional force, and it can describe the behavior of pneu-

matic control valves with only two parameters S and J .

For example, an ideal situation exists when S = J = 0

and no slip-jump when J =0. In addition, the developed
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model has several advantages compared with the conven-

tional model 8). First, it can cope with stochastic input as

well as deterministic input. Second, uS can be updated

at appropriate timings by introducing the valve state stp.

Third, it can change the degree of stiction according to

the direction of the valve movement.

3. Stiction Detection Methods

In this section, two new methods for detecting valve

stiction are proposed. In addition, conventional methods

are briefly introduced. The superiority of the proposed

methods over conventional methods is not only detection

performance but their ability to quantify the degree of

stiction.

3. 1 Detection Methods Based on Stiction

Model

As shown in Fig. 2, the following characteristics are ob-

served when stiction occurs.

(1) There are sections where the valve position does

not change even though the controller output changes.

Stiction is stronger as such sections are longer.

(2) The relationship between the controller output

and the valve position takes the shape of a parallelo-

gram if slip-jump J is neglected. Stiction is stronger as

the distance between l1 and l2 is longer.

On the basis of these characteristics, new methods for

detecting valve stiction are proposed. The first method,

referred to as method A, is based on characteristic (1);

and the second, method B, is based on characteristic (2).

The algorithm of method A is summarized as follows:

(1) Calculate the difference of valve position y.

∆y(t) = y(t)− y(t− 1) (5)

(2) Find time intervals when the following condition

is satisfied.

|∆y(t)| < ε (6)

where ε is a threshold.

(3) During each time interval found, calculate the

difference between the maximum and the minimum of

the controller output u and define it as ũ. Similarly,

calculate the difference between the maximum and the

minimum of the valve position y and define it as ỹ. In

addition, determine thresholds: εu for ũ and εy for ỹ.

(4) Conclude that stiction occurs when ũ ≥ εu and

ỹ ≤ εy. Otherwise, conclude that stiction does not oc-

cur.

(5) Calculate the ratio ρ of total length of intervals

when stiction occurs to total length of all intervals. In

addition, calculate σ that is the mean of ũ when stiction

occurs.

There is higher possibility of stiction as the normalized

measure ρ is closer to one. On the contrary, it is confirmed

that no stiction occurs when ρ is zero. Furthermore, the

degree of stiction can be quantified by using σ.

Method B is based on the fact that the relationship be-

tween the controller output and the valve position takes

the shape of a parallelogram and the distance between l1

and l2 increases as stiction becomes stronger. To capture

the difference of shapes, a function F is introduced.

F (t) = max {min {F (t−1)+∆u(t), Fmax} , 0} (7)

F (0) = F0 (8)

The function F indicates the difference between the con-

troller output u and the value on the line l1 at the same

valve position. Therefore, u−F will have a strong correla-

tion with the valve position y. In addition, the maximum

value Fmax of F corresponds to S−J . Thus, the degree of

stiction or deadband can be quantified by Fmax because

slip-jump J is much smaller than deadband S and Fmax is

usually close to S. This is the most important advantage

of using method B. To date, no stiction detection method

that enables one to quantify stiction has been proposed.

Fmax and its initial value F (0) can be identified from op-

eration data by solving an optimization problem that aims

to maximize a correlation coefficient r between u−F and

y. As a result, the possibility of stiction gets larger as

Fmax becomes larger. However, the results of method B

are reliable only when the correlation coefficient r is close

to one.

3. 2 Conventional Detection Methods

To compare the proposed methods and conventional

methods in the next section, two conventional methods

are briefly explained here.

The first method is proposed by Kaseda et al. 5). When

a controlled variable fluctuates due to valve stiction, the

velocity of the valve stem v becomes zero under stiction.

The distribution of the valve stem velocity is assumed to

be

p(v) =
1

S(a)
exp

{
−

∣∣∣∣
v

1
a

λ(a)

∣∣∣∣
}

(9)

S(a) = 2aλ(a)aΓ(a) (10)

λ(a) =

{
|v|

[
Γ(a)

Γ(2a)

]} 1
a

(11)

Γ(a) =

∫ ∞

0

e−tta−1dt (12)

where a is a positive shape parameter and |v| denotes the
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mean valve stem velocity 5). However, the validity of the

distribution is not explained or verified with operation

data. An index ξ for stiction detection is introduced as

the ratio of the root mean square of stem velocity
√

v2

to mean velocity |v|.

ξ ≡
√

v2

|v|
=

√
Γ(a)Γ(3a)

Γ(2a)
(13)

ξ monotonically increases with the shape parameter a and

its lower bound is one. Since the valve stem velocity dis-

tribution p(v) reaches a higher peak around zero as a be-

comes larger, it is concluded that the larger ξ indicates

a higher possibility of valve stiction and ξ close to one

indicates no stiction.

On the other hand, Horch proposed another method fo-

cusing on the response of a controlled variable by assum-

ing that the controlled variable fluctuates periodically 6).

In concrete terms, the response of a controlled variable

becomes square or choppy waves when the fluctuation is

caused by valve stiction, whereas the response becomes

sinusoidal when the fluctuation is caused by bad tuning.

Therefore, a first or second derivative signal x of the con-

trolled variable becomes spiky under valve stiction and

sinusoidal in other cases. The probability distributions of

the spiky signal and the sinusoidal signal are assumed to

be

p1(x, σ1) =





(1− εH) 1√
2πσ1

exp
{
− x2

2σ2
1

}

(|x| > A1)

(1− εH) 1√
2πσ1

exp
{
− x2

2σ2
1

}
+ εH

2A1

(|x| ≤ A1)

(14)

p2(x, σ2) =
1

σ2

√
2π3

∫ A2

−A2

exp
{
− (x−y)2

2σ2
2

}
√

A2
2 − y2

dy (15)

respectively by taking account of measurement noise. A1

denotes the size of spike and A2 the amplitude of the

sinusoidal wave. εH is a weighting coefficient and is rec-

ommended to be set at 0 to 0.3. The standard deviation

of measurement noise σj is determined so that the mean

squared error of p(xi)(i = 1, 2, · · · , k) and pj (j = 1, 2) is

minimized.

MSEj =
1

k

k∑
i=1

{pj(xi, σj)− p(xi)}2 (16)

where p(xi) is the probability distribution transformed

from a histogram of time series of a controlled variable

with k classes. If MSE1 < MSE2, that is, the signal is

more likely to be spiky than sinusoidal, then it is con-

cluded that valve stiction occurs.
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Fig. 5 Block diagram of control systems

Table 1 Controller tuning

Proportional Gain Integral Time [min]

Flow Control 0.5 0.3

Level Control 3 30

Table 2 Parameters of valve stiction model

S[%] J [%]

Case 1 (No Stiction) 0 0

Case 2 (Weak Stiction) 1 0.3

Case 3 (Strong Stiction) 5 1

4. Applications

In this section, the proposed valve stiction detection

methods, A and B, as well as conventional methods are

applied to simulation data generated by using the pro-

posed stiction model and also operation data obtained

from several chemical processes.

4. 1 Validation with Simulation Data

A flow control system and a level control system are in-

vestigated here. Block diagrams of both control systems

are shown in Fig. 5. Process transfer functions of flow

PF (s) and level PL(s) are given by

PF (s) =
1

0.2s + 1
(17)

PL(s) =
1

15s
e−s (18)

where the unit of time is min. In the level control system,

a flow meter is installed for monitoring and the dynamics

from valve opening to flow rate is given by Eq. (17).

PI controllers are used for both control systems. Dis-

turbances are added into flow rate. Control parameters

and valve stiction model parameters are summarized in

Table 1 and Table 2, respectively. Under these con-

ditions, simulations were executed and data of 1500 min

length were obtained. The sampling interval is three sec.
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Fig. 7 Simulation results of level control system

Simulation results are shown in Fig. 6 and Fig. 7.

Each stiction detection method was applied to resam-

pled data. The sampling interval for flow control and

level control is 0.5 min and 2.5 min, respectively. The

number of sampling points used for analysis is 300. In

all methods, data were mean-centered and scaled to have

unit variance. In method A, ε = 0.1 and εu = εy = 0.5 in

all cases. In Horch’s method, εH = 0.1.

The results are summarized in Table 3. LC-F is the

case where controller output and flow rate are used for

detection. On the other hand, LC-L is the case where

controller output and level are used. Average computa-

tional times of methods A, B, Kaseda, and Horch are 0.07

sec, 1.12 sec, 0.06 sec, and 79 sec, respectively. The com-

putational load of Horch’s method is excessively heavy,

because it requires solving two optimization problems to

Table 3 Application results of four detection methods (300

samples of simulation data)

A B Kaseda Horch

ρ σ Fmax r ξ Stiction

Flow Control (FC)

Case 1 0.00 0.00 0.00 0.03 3.99 Yes

Case 2 0.77 0.60 0.00 0.18 2.03 Yes

Case 3 0.83 3.50 0.00 0.11 3.68 Yes

Level Control - F (LC-F)

Case 1 0.00 0.00 0.00 1.00 1.19 Yes

Case 2 0.56 0.83 0.74 1.00 1.79 Yes

Case 3 0.79 4.54 4.20 0.99 2.99 Yes

Level Control - L (LC-L)

Case 1 0.05 0.54 0.00 0.53 1.17 Yes

Case 2 0.02 0.68 0.00 0.65 1.25 Yes

Case 3 0.00 0.00 0.00 0.82 1.18 Yes

fit data into two predefined probability distributions.

In case FC, only method A can detect stiction success-

fully. The index ρ of method A becomes zero under no

valve stiction, and it becomes non-zero when stiction oc-

curs. In addition, the index σ corresponds roughly with S

in Table 2. That means method A can quantify the degree

of valve stiction. Small σ is derived because its mean is

adopted. In fact, σ = 0.00, 0.92, 4.66 when its maximum

value is adopted. On the other hand, method B fails to

detect stiction because the relationship between the con-

troller output and the flow rate does not take the shape

of a parallelogram. The small correlation coefficient r in-

dicates that the assumption of method B is not satisfied.

The index ξ of Kaseda’s method is larger when valve stic-

tion does not occur than when stiction occurs, because the

valve opening is constant for a long period of time if the

process is operated stably. Kaseda’s method, which uses

only flow rate or valve opening for analysis, thus cannot

distinguish between stable operation and valve stiction.

Horch’s method concludes that stiction occurs in all cases.

Of course, this is not true. Horch’s method does not func-

tion well in this case study because flow rate does not

fluctuate persistently. In all cases, MSE1 = 0.02 ∼ 0.04

and MSE2 = 0.22 ∼ 0.24.

In case LC-F, method A can detect stiction successfully,

and σ is coincident with S in Table 2. Method B can be

used in this case because r is almost one. The index Fmax

becomes larger as stiction becomes stronger; thus stiction

is successfully detected. In addition, S−J in Table 2 is

accurately estimated by Fmax. That is, methods A and B

can detect valve stiction and also quantify the degree of

stiction. In Kaseda’s method, the index ξ becomes larger

as stiction becomes stronger. Thus, stiction is success-

fully detected, but Kaseda’s method cannot quantify the

degree of stiction. On the other hand, Horch’s method
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does not function well. It concludes that stiction occurs

in all cases.

In case LC-L, no method can detect stiction success-

fully. Methods A and B and also Kaseda’s method do not

function well in such a case where the controlled variable

is delayed. These methods should be used only when flow

rate or valve position is measured. Horch’s method is not

applicable because persistent fluctuation is not found in

a controlled variable.

4. 2 Validation with Data from Chemical

Plants

The results of applying stiction detection methods to

actual plant data are described here. Normalized opera-

tion data obtained from four chemical processes are shown

in Fig. 8. In case 1, a level control loop is investigated,

in which valve stiction occurs. In case 2, a flow control

loop is investigated, in which valve stiction occurs. In

case 3, a level control loop is investigated, and the con-

trolled variable fluctuates due to bad tuning. Finally, in

case 4, a flow control loop is investigated, and significant

disturbances affect the controlled variable. In each case,

operation data are stored in the database with the sam-

pling period of 1 min. Operation data of 24 hours are

used for analysis. The results of applying four methods

to the normalized data are summarized in Table 4. The

settings are the same as before.

In cases 1 and 2, all methods can detect stiction suc-

cessfully. In case 3, where there is no stiction but bad

controller tuning causes fluctuation, Horch’s method in-

correctly concludes that there is stiction. However, meth-

ods A and B give small indexes ρ and Fmax, respectively,

that is, methods A and B correctly conclude that there is

no stiction. Kaseda’s method also concludes that there is

no stiction. In case 4, where no stiction occurs, Horch’s

method reaches a wrong conclusion again because the

plant is in stable operation when disturbance does not

enter. The index ξ of Kaseda’s method is larger than

that in case 3, and it is difficult to conclude that there

is no stiction. This difficulty is caused by stable opera-

tion. On the other hand, method A does reach the right

conclusion. Although method B reaches the right conclu-

sion, the correlation coefficient r is too small and thus the

result is not reliable.

The influence of the number of samples on the stiction

detection performance is investigated. A stiction method

can be used on-line if it functions well with a small number

of samples. The results of applying four methods to the

normalized data of 100 samples are summarized in Table

5. In cases 1, 3, and 4, the stiction detection performance

of all methods is similar to that using 1440 samples. How-

ever, in case 2, method B fails to detect stiction because

the relationship between the controller output and the

flow rate does not take the shape of a parallelogram due

to the small sample number. That is, method B requires

more data than the other methods.

5. Conclusions

In the present work, a valve stiction model is developed

and new stiction detection algorithms are proposed. The

validity of this model is demonstrated by comparing simu-

lation results generated by using the model with operation

data of a chemical process that suffers from valve stiction.

Using only two parameters, the model can describe stic-

tion phenomena with sufficient accuracy. In addition, the

usefulness of the proposed detection methods is demon-

strated by comparing them with conventional methods.

Conventional stiction detection methods including

Horch’s method that assume periodical fluctuation are

not applicable when the assumption is not satisfied. In

practice, another method that does not assume periodi-

cal fluctuation is preferable because periodical fluctuation

does not necessarily occur when valve stiction occurs. Al-

though Kaseda’s method is simple and achieves high per-

formance, it cannot distinguish between stable operation

and valve stiction, and it is difficult to determine an ap-

propriate threshold of the index ξ. In addition, conven-

tional methods cannot quantify the degree of stiction.

The proposed methods solve these problems. They are

shown to successfully detect valve stiction, distinguish it

from bad tuning or disturbances, and quantify the degree

of stiction, with applications to simulation data sets and

real operation data sets obtained from several chemical

processes.
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