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Abstract: Backlash is a commonly non-linear phenomenon, which can directly degrade the control
accuracy of a pneumatic control valve. To explain the cause and law of backlash error, and to propose
an effective method, many research works on the modeling of a pneumatic control valve system
have been carried out. The currently model of a control valve system can be classified as a physical
model, data-driven model, and semi-physical model. However, most models only consider the
force-displacement conversion process of a pneumatic diagram actuator in a pneumatic control valve
system. A physical model based on the whole workflow of the pneumatic control valve system is
established and a control method to eliminate the backlash error is proposed in this paper. Firstly,
the physical model of the pneumatic control valve system is established, which is composed of three
parts: pneumatic diaphragm actuator model, nozzle-flapper structure model and electromagnetic
model. After that, the input–output relationship of the pneumatic control valve system can be
calculated according to the established physical model, and the calculation results are consistent
with the experimental result. Lastly, a self-calibration PID (SC-PID) control method is proposed for
backlash error elimination. The proposed method can solve valve stem oscillation caused by backlash
during valve control.

Keywords: pneumatic control valve; backlash; physical model; nonlinear control; self-calibration PID

1. Introduction

The pneumatic control valve is one of the most important industrial process control
instruments, which are widely used in petroleum, chemical, electric power, metallurgy,
and other process industries [1]. In the engineering application, the control accuracy of the
pneumatic control valve determines the level of production efficiency and the quality of
production. About 20–30% of the poor control loop effect is caused by the non-linearity of
the control valve every year [2]. Non-linear characteristics such as stiction, backlash error,
dead-band, and hysteresis loop often appear in the control process due to the existence
of factors such as magnetic hysteresis and friction [3–5]. It is found that the backlash
error of pneumatic control valves is similar to the backlash error in gear transmission, that
is, when the control signal changes direction, the valve stem does not change within a
certain threshold range. Hysteresis error of pneumatic control valves is similar to that
of ferromagnetic materials, and the specific performance is that the output signal of the
control valve lags behind the input signal. Stiction is mainly composed of two words,
stick and friction, which is a non-linear error caused by static friction much greater than
friction [6]. Among them, backlash error has been considered to be one of the common
factors, limiting the performance of the control system by causing delays, oscillations,
and inaccuracies. The accurate and stable control of the pneumatic control valve is the
guarantee of the good performance of the control loop. Consequently, it is necessary to
establish an accurate model of the pneumatic control valve system, which is helpful to
research on the causes and laws of backlash error.

Processes 2021, 9, 1378. https://doi.org/10.3390/pr9081378 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr9081378
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9081378
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9081378?type=check_update&version=2


Processes 2021, 9, 1378 2 of 15

The current models of a control valve system can be classified as a physical model, data-
driven model and semi-physical model. The physical model is based on the mechanical
analysis of the control valve system, mainly considering the influence of friction on the
system, which is a “white box model” [7–10]. The accuracy of the physical model depends
on the understanding of the system characteristics. By contrast with the physical model,
the data-driven model of the system can be established only based on the input and output
data, which is a “black box model” [11–15]. Developed on the physical model and data-
driven model, the semi-physical model is proposed. The semi-physical model refers to
the establishment of the physical model for part of the system, and the remaining part is
described by a mathematical model [16,17]. In article [18], He established a semi-physical
model of pneumatic control valve system firstly based on conventional operating data
and limited process knowledge, and the non-linear characteristic parameters of the control
valve system could be estimated according to the semi-physical model.

The common limitation of the above models is that the pressure acting on the di-
aphragm of the pneumatic diaphragm actuator is taken as the model input, that is, only
considering the force-displacement conversion process of the pneumatic diaphragm ac-
tuator. However, the pressure acting on the diaphragm is not the true input signal of
the pneumatic control valve system, which is determined by the nozzle-flapper-structure
electric-pneumatic (I/P) converter. The existing models ignore the analysis of the I/P
converter, resulting in the deviation between the established models and the system. There
are three conversion processes in the pneumatic control valve system, namely, input cur-
rent signal-distance between nozzle and flapper (electric–distance conversion), distance
between nozzle and flapper-pneumatic actuator input air pressure (distance–pressure
conversion), and pneumatic actuator input air pressure-valve stem displacement (pressure–
displacement conversion). The conversion diagram in the control loop of the pneumatic
control valve is shown in Figure 1.

Processes 2021, 9, x 2 of 17 
 

 

accurate model of the pneumatic control valve system, which is helpful to research on the 
causes and laws of backlash error. 

The current models of a control valve system can be classified as a physical model, 
data-driven model and semi-physical model. The physical model is based on the mechan-
ical analysis of the control valve system, mainly considering the influence of friction on 
the system, which is a “white box model” [7–10]. The accuracy of the physical model de-
pends on the understanding of the system characteristics. By contrast with the physical 
model, the data-driven model of the system can be established only based on the input 
and output data, which is a “black box model” [11–15]. Developed on the physical model 
and data-driven model, the semi-physical model is proposed. The semi-physical model 
refers to the establishment of the physical model for part of the system, and the remaining 
part is described by a mathematical model [16,17]. In article [18], He established a semi-
physical model of pneumatic control valve system firstly based on conventional operating 
data and limited process knowledge, and the non-linear characteristic parameters of the 
control valve system could be estimated according to the semi-physical model. 

The common limitation of the above models is that the pressure acting on the dia-
phragm of the pneumatic diaphragm actuator is taken as the model input, that is, only 
considering the force-displacement conversion process of the pneumatic diaphragm actu-
ator. However, the pressure acting on the diaphragm is not the true input signal of the 
pneumatic control valve system, which is determined by the nozzle-flapper-structure 
electric-pneumatic (I/P) converter. The existing models ignore the analysis of the I/P con-
verter, resulting in the deviation between the established models and the system. There 
are three conversion processes in the pneumatic control valve system, namely, input cur-
rent signal-distance between nozzle and flapper (electric–distance conversion), distance 
between nozzle and flapper-pneumatic actuator input air pressure (distance–pressure 
conversion), and pneumatic actuator input air pressure-valve stem displacement (pres-
sure–displacement conversion). The conversion diagram in the control loop of the pneu-
matic control valve is shown in Figure 1. 

 
Figure 1. Conversion diagram in the control loop of the pneumatic control valve. 

In this paper, the physical model of the whole workflow of the pneumatic control 
valve system is established. This model is based on Newton’s second law of motion, fluid 
mechanics, and electromagnetism to analyze the mechanism of pneumatic actuators, noz-
zle baffle mechanisms and electromagnets in the pneumatic control valve control system. 
The established model is composed of three parts: pneumatic diaphragm actuator model, 
nozzle-flapper structure model and electromagnetic model. Comparing the existing mod-
els, the influence of the nozzle-flapper structure and the electromagnet in the I/P converter 
on the system output is considered. Hence, a complete physical model is constructed in-
stead of a partial one. 

According to the established physical model, the functional relationship between the 
input and output of the system can be obtained. To verify the correctness of the estab-
lished model, the valve control experiments are carried out in this paper. In accordance 
with the system input and output results of the physical model calculation and experi-
ments, the causes and laws of backlash error that exist in the pneumatic control valve 
system are researched. 

Figure 1. Conversion diagram in the control loop of the pneumatic control valve.

In this paper, the physical model of the whole workflow of the pneumatic control
valve system is established. This model is based on Newton’s second law of motion,
fluid mechanics, and electromagnetism to analyze the mechanism of pneumatic actuators,
nozzle baffle mechanisms and electromagnets in the pneumatic control valve control system.
The established model is composed of three parts: pneumatic diaphragm actuator model,
nozzle-flapper structure model and electromagnetic model. Comparing the existing models,
the influence of the nozzle-flapper structure and the electromagnet in the I/P converter on
the system output is considered. Hence, a complete physical model is constructed instead
of a partial one.

According to the established physical model, the functional relationship between the
input and output of the system can be obtained. To verify the correctness of the established
model, the valve control experiments are carried out in this paper. In accordance with
the system input and output results of the physical model calculation and experiments,
the causes and laws of backlash error that exist in the pneumatic control valve system
are researched.

In order to solve the backlash error, many methods have been proposed. The methods
to reduce the impact of backlash non-linearity on control performance could be roughly
classified as stable backlash inverse compensation methods and adaptive backlash inverse
compensation methods. In stable backlash inverse compensation methods it is believed that
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the backlash parameters are time-invariant, and the backlash parameters mainly include
the backlash width and the backlash slope. According to the backlash parameters, the
corresponding function of backlash inverse can be set up for backlash compensation, which
can mitigate the bad effects of the backlash error [19]. Due to the backlash parameters either
being little known or completely unknown, to estimate the accuracy backlash parameters
it is necessary to establish a reasonable mathematical model for backlash. Therefore, the
control effect of the stable backlash inverse compensation methods is mainly determined
by the accuracy of the established model and the backlash parameters estimation. J.
Voeroes [20–22] establishes different backlash models in order to identify the backlash
parameters. However, it is difficult to estimate the accuracy of the backlash parameters
due to the simplified model and the influence of the physical environment. Meanwhile, the
backlash parameters are time-varying in some cases, which may disable these methods [23].

By contrast with stable backlash inverse compensation methods, adaptive backlash
inverse compensation methods do not require the accurate backlash parameters, and are
an adaptive control scheme based on output feedback for a class of nonlinear systems.
Adaptive backlash inverse compensation control schemes were respectively proposed in
the case of discrete-time or continuous-time control to improve system performance as
demonstrated in [24,25]. The use of state observers to estimate the effect of the backlash
is also one of the research hotspots; Zhou [26] and Li [27] are all use expanded state ob-
servers for backlash compensation. However, this method is too cumbersome and not
conducive to engineering practice. Some researches apply advanced control algorithms to
the compensation of backlash inverse. In article [28], the controller composed of the neural
network and the sliding mode control is used for backlash compensation. Article [29]
introduces the fuzzy system theory and proposes a fuzzy backlash model, in which the
backlash parameters are described by fuzzy values instead of deterministic values. At the
same time, the fuzzy parameter adjustment algorithm is proposed for backlash compensa-
tion. However, the algorithms mentioned above are complicated and take a long time to
calculate. Therefore, it is difficult to be applied in the real service environment directly and
only can be used for simulation analysis.

A self-calibration PID algorithm is proposed to solve the backlash error in this research.
Before the control of the valve, the relationship between valve position and the input current
signal can be calculated through self-calibration. Adding the current output obtained
through the self-calibration control to the PID output can eliminate the fixed deviation
caused by the self-calibration control and improve the accuracy of valve control.

The rest of this paper is organized as follows. In Section 2, the commonly used
pneumatic control valve experimental equipment is introduced, and the physical model of
the pneumatic control valve is established. The proposed control method is introduced in
Section 3 the actual control effect is shown in Section 4. Finally, the conclusion of this paper
is shown in Section 5.

2. Pneumatic Control Valve Model

This section introduces the commonly used equipment in the control of the pneumatic
control valve and establishes the physical model of the experimental system.

2.1. Experimental Equipment

The commonly used pneumatic control valve system consists of three components,
including valve positioner, pneumatic diaphragm actuator, and valve body; and the experi-
mental platform is shown in Figure 2. Among them, the valve positioner is the key com-
ponent of the pneumatic control valve system, which is responsible for the adjustment of
the valve position [30,31]. It is mainly composed of the controller, nozzle-flapper-structure
electric-pneumatic (I/P) converter and the valve position feedback device.
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Figure 2. The experimental platform of the pneumatic control valve.

In the control process of a pneumatic control valve, the controller in the valve posi-
tioner outputs a current signal i (4–20 mA) according to the error between the setting value
of the valve position and the actual value, which causes the distance between nozzle and
flapper δ to change and then leads to the input air pressure of the pneumatic diaphragm
actuator Pb change. The air pressure Pb acts on the diaphragm to form the driving force
Fp, which drives the valve stem to the specified position y1. The schematic diagram of
the pneumatic control valve system is shown in Figure 3. The technical parameters of the
pneumatic diaphragm actuator and I/P converter are shown in Table 1.
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The input–output relationship of the system can reflect whether the pneumatic control
valve system has backlash error. In order to analyze the cause of the backlash error and
find the solution to this non-linear problem, the physical model of the pneumatic control
valve system should be established. The physical model of the pneumatic control valve
system consists of three parts, namely, the pneumatic diaphragm actuator model (achieve
the conversion of Pb to y1), the nozzle-flapper structure model (achieve the conversion of δ
to Pb), and the electromagnetic model (achieve the conversion of i to δ). According to the
physical model, the input (i) and output (y1) relationship of the pneumatic control valve
system can be calculated.

2.2. Physical Model
2.2.1. Pneumatic Diaphragm Actuator Model

The commonly used pneumatic diaphragm actuator is mainly composed of the di-
aphragm, spring, and valve stem. The mass of stem m is regarded as the mass of the
pneumatic diaphragm actuator in this research. There is an interference fit between the
valve stem and packing, so the friction arises when the valve stem moves, and friction
acts on the system in the form of damping. Due to the existence of mass block (mass of
stem m), spring (elastic coefficient k) and damping (damping coefficient c), the pneumatic
diaphragm actuator can be simplified to the m-c-k model. According to the model, the rela-
tionship between valve stem displacement y1 and the input air pressure of the pneumatic
diaphragm actuator Pb can be calculated. The model diagram of the pneumatic diaphragm
actuator is shown in Figure 4.
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Based on Newton’s second law of motion, the motion equation of the valve stem is:

m
..
y1 = Fp + Fk + Ff + Fg + Fi (1)

Fp = S1 · Pb (2)

Fk = −k · y1 (3)

where y1 is the displacement of the valve stem; The driving force Fp is generated by the
input air pressure of the pneumatic diaphragm actuator Pb, and the constant S1 represents
the area of the diaphragm; Fk is the spring force. Both Fg generated by the fluid movement
in the valve body and Fi required to obtain the valve stem plug into the seat are assumed
to be zero because of their negligible contribution in the model according to the article [32].
Ff is the friction between the valve stem and packing, the classical friction model is given
in article [16].

v =
.
y1 (4)

Ff =


−Fcsign(v)− v fv i f v 6= 0
−(Fp + Fk) i f v = 0and

∣∣Fp + Fk
∣∣ ≤ Fs

−Fssign(Fp + Fk) i f v = 0and
∣∣Fp + Fk

∣∣ > Fs

(5)
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where Fc is the coulomb friction (also called the dynamic friction); fv is the viscous friction
coefficient, and v fv represents the viscous friction; Fs is the maximum static friction. Due
to the discontinuity point (v = 0) in the friction model, it is not conducive to analyze
the established model. To deal with the issue, according to the article [14], a constant
ε is introduced to create a very small zone as a mathematical expression of v = 0, i.e.,
|v| < ε = 10−4 m/s equals v = 0. Based on the (1)–(5), the continuous-time model of the
pneumatic diaphragm actuator can be obtained:

m
..
y1 =


S1 · Pb − k · y1 − Fc −

.
y1 · fv i f

.
y1 ≥ ε

0 i f
∣∣ .
y1
∣∣ < ε and

∣∣Fp + Fk
∣∣ ≤ Fs

S1 · Pb − k · y1 − Fs i f
∣∣ .
y1
∣∣ < εand(Fp + Fk) > Fs

S1 · Pb − k · y1 + Fs i f
∣∣ .
y1
∣∣ < εand(Fp + Fk) < −Fs

S1 · Pb − k · y1 + Fc −
.
y1 · fv i f

.
y1 ≤ −ε

(6)

The external force of the valve stem is zero when the valve stem is stable, and the
sum of Fp and Fk is less than Fs. Changing the direction of stem movement, Fp increases
(decreases), but the valve stem remains stable due to the existence of static friction. The
input current continues to increase (decrease) until the sum of Fp and Fk is more (less) than
Fs (−Fs), the acceleration of the valve stem becomes non-zero and starts to move. The
valve stem needs to overcome the effect of friction when changing the direction of stem
movement, that is, the input current within a certain threshold changes, and the valve stem
does not move.

2.2.2. Nozzle-Flapper Structure Model

In order to calculate y1, the input air pressure of the pneumatic diaphragm actuator
Pb should be calculated firstly, which is determined by the distance between the flap
and nozzle δ. To calculate the relationship between Pb and δ, the structure of the nozzle-
flapper should be analyzed. The nozzle-flapper-structure I/P converter is similar to a
solenoid valve, which is composed of an induction coil, the nozzle-flapper structure, and a
pneumatic amplifier. The stable gas source enters the back-pressure chamber after being
throttled and stabilized by the constant orifice, if δ changes, Pb changes. The nozzle-flapper
structure is shown in Figure 3.

Gas flow in the nozzle-flapper structure satisfies the flow continuum equation:

Q1 = Q2 + Qb (7)

where Q1 is the inflow of the back-pressure chamber; Q2 is the outflow of the nozzle; Qb is
the flow from the back-pressure chamber into the pneumatic amplifier.

Both the orifice and nozzle belong to the thin-walled hole, the flow equations of the
fluid flowing through the thin-walled holes are:

Q1 = Cq1 A1

√
2
ρ

∆P1 (8)

Q2 = Cq2 A2

√
2
ρ

∆P2 (9)

A1 =
π

4
D2

1 (10)

A2 = πD2δ (11)

δ = δmax − x (12)

∆P1 = P1 − Pb (13)

∆P2 = Pb (14)
where Cq is the flow coefficient of the small hole and it is a constant; A1 is the area of the
orifice; ρ is the density of the fluid; A2 is the area of gas passage at nozzle; P1 is the input
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gas pressure; ∆P1 is the differential pressure between the back-pressure chamber and input
gas; ∆P2 is the differential pressure between back-pressure chamber and atmosphere; δmax
is the distance between the nozzle and the flapper when the I/P converter is not working;
x is the displacement of the flapper.

According to (7)–(14),

Qb =
πCq1 D2

1
4

√
2
ρ
(P1 − Pb)− πCq2 D2δ

√
2
ρ

Pb (15)

The back-pressure chamber is connected to the pneumatic amplifier, and when the
system is stable, the pressure of the pneumatic amplifier is equal to the pressure of the
back-pressure chamber. In this case, the flow from the back-pressure chamber into the
pneumatic amplifier (Qb) equals 0. Based on it, the function Pb can be obtained, which is
related to δ.

Pb =
C2

q1
D4

1P1

16C2
q2

D2
2δ2 + C2

q1
D4

1
(16)

Formula (16) is the function relationship between the output air pressure of the back-
pressure chamber Pb and the nozzle baffle gap δ. The analysis of it shows that:

(1) When δ = 0, Pb = P1, that is, when the distance between the nozzle and the baffle is 0,
the output air pressure of the back-pressure chamber is equal to the input air pressure
of the nozzle baffle mechanism;

(2) When δ gradually increases, Pb approaches 0, that is, the output pressure of the
back-pressure chamber is almost equal to the atmospheric pressure. According to
the mechanism analysis of the nozzle baffle mechanism, the nozzle is equivalent to
variable air resistance, which is connected in series with the constant air resistance
corresponding to the constant orifice. As the gap increases, the variable air resistance
value decreases. According to the principle of partial pressure, the constant air
resistance partial pressure ∆P1 (formula (13)) in the gas path increases, and the
variable air resistance partial pressure ∆P2 (formula (14)) decreases, and finally ∆P2
approaches zero, that is, Pb approaches zero. The mechanism analysis result of the
nozzle baffle mechanism is consistent with the numerical analysis result of formula
(16). Based on the above analysis, the derivation of formula (16) is correct.

2.2.3. Electromagnetic Model

There is an induction coil in the I/P converter, based on the principle of electromag-
netic effects, the change of the input current i causes the magnetic force generated by the
coil to change, which causes the movement of the flapper, and finally leads to the change
of δ. To obtain the relationship between δ and i, the electromagnetic model generated by
the induction coil in the nozzle-flapper-structure I/P converter should be established.

The dynamic process of the nozzle-flapper-structure I/P converter follows the voltage
balance equation on the circuit:

U = iRs +
dψ

dt
(17)

ψ = Nφ (18)

where U is the voltage of the coil and it is a fixed value; Rs is the coil resistance; ψ is the
coil flux; N is the number of coil turns; φ is the coil magnetic flux, which is a variable about
i and x.

U = iRs + N
(

∂φ

∂i
di
dt

+
∂φ

∂x
dx
dt

)
(19)

di
dt

= − iRs
∂φ
∂i N

+
U

∂φ
∂i N
−

∂φ
∂x
∂φ
∂i

dx
dt

(20)

Equation (20) is the differential equation about i and x. According to Kirchhoff’s
magnetic pressure law, the magnetic circuit equation ignoring armature and non-operating
air gap magnetoresistance is as follows.
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iN = φδR + HmLm (21)

R = 2x/µ0S (22)

φδ = σφ (23)

B = φ/S = µ0 · Hm (24)

where R is the gap magnetoresistance; φδ is the magnetic flux at the gap; Hm is the magnetic
field intensity; Lm is the length of the magnetic circuit; S is the magnetic area; σ is the
magnetic leakage coefficient at air gap. According to (18) and (21)–(24),

φ =
iNµ0S

Lm + 2σx
(25)

according to (20) and (25), the relationship between i and x can be obtained.

∂φ

∂i
=

Nµ0S
Lm + 2σx

(26)

∂φ

∂x
=

2σNµ0Si

(Lm + 2σx)2 (27)

di
dt

=
LmU

N2µ0S
+

2σU
N2µ0S

x− LmRs

N2µ0S
i− 2σRs

N2µ0S
xi− 2σi

Lm + 2σx
dx
dt

(28)

The coil resistance is small and can be ignored, (28) can be simplified as:

di
dt

= a + bx− si
j + sx

dx
dt

(29)

where a = LmU
N2µ0S , b = 2σU

N2µ0S , j = Lm, s = 2σ. Divide both sides of (29) by b,

1
b

di
dt

=
a
b
+ x− 1

b
i

j
s + x

dx
dt

= X− 1
b

i
X

dX
dt

(30)

a
b = j

s = Lm
2σ , a

b + x = j
s + x, which can be substituted by X. On this basis, the

differential equation (30) can be solved. In order to calculate the functional relationship
between i and x, it is assumed that i = etv, X = ntv−1 (e, n 6= 0, v 6= 0, 1). e, n, v are all
fixed values, which are determined by the structure of the induction coil. The functional
relationship between i and δ is:

δ = δmax +
Lm

2σ
− (

(2v− 1)n
1

v−1

b
i)

v−1
v (31)

2.2.4. Model Integration

The relationship between y1 and i can be obtained according to three physical models
established above, that is, the input–output relationship of the control system of the
pneumatic control valve can be obtained.

Substituting (31) into (16), the function relationship between the input air pressure of
the pneumatic diaphragm actuator Pb and input current i can be obtained:

Pb =
C2

q1
D4

1P1

16C2
q2

D2
2(δmax +

Lm
2σ − ( (2v−1)n

1
v−1

b i)
v−1

v )2 + C2
q1

D4
1

(32)

Substituting (32) into (6), the relationship between the input current i and the valve
stem displacement y1 can be obtained.

m
..
y1 =


S1 · C

(D−Ei
v−1

v )2+F
− Fc − k · y1 −

.
y1 · fv

.
y1 ≥ ε

0
∣∣ .
y1
∣∣ < ε

S1 · C
(D−Ei

v−1
v )2+F

+ Fc − k · y1 −
.
y1 · fv

.
y1 ≤ −ε

(33)
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where C = C2
q1

D4
1P1, D = 4Cq2 D2(δmax +

Lm
2σ ), E = 4Cq2 D2(

(2v−1)n
1

v−1

b )
v−1

v , F = C2
q1

D4
1.

Among them, C, D and F are all fixed values, E is determined by n and v. When the coil
structure is determined, n and v are all constants.

Based on (33), the displacement of the valve stem y1 can be calculated when different
currents i are loaded, that is, the input (i)–output (y1) relationship of the pneumatic control
valve system can be obtained. When i is fixed, (33) is the second-order differential equation
of t. The Runge–Kuta method can be used to calculate the numerical result of the differential
equation. The parameters of the commonly used pneumatic control valve system are shown
in Table 2. The first group of the parameters (m to Fc) in Table 2 come from reference [18],
and the rest of the parameters are obtained by consulting the relevant technical personnel.
Since E is determined by n and v, v = 2, n = 1 and v = 2, n = 2 are chosen for calculation
in this research. Current-displacement calculation results of the physical model are shown
in Figures 5 and 6.

Table 2. Parameters of commonly used pneumatic control valve system.

Parameter Value/Unit

Mass of stem m 1.36 kg
Spring constant k 5.25 × 104 kg/s2

Diaphragm area S1 6.45 × 10−2 m2

Input gas pressure P1 3 × 105 Pa
Viscous friction coefficient fv 1.59 kg/s

Coulomb friction Fc 1423 N
Magnetic path length Lm 0.4 m

Maximum gap of nozzle baffle δmax 3× 10−4 m
Orifice flow coefficient Cq1 0.75
Nozzle flow coefficient Cq2 0.7

Supply voltage U 12 V
Orifice diameter D1 4.3× 10−4 m
Nozzle diameter D2 1.6× 10−3 m

Coil turns N 24,000
Magnetic flux leakage coefficient σ 4.2

Magnetic area S 1.995× 10−3 m2
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Take v = 2 and n = 1 as an example for the differential Equation (33) solution
description. Since the (33) is a piecewise function, it needs to be discussed in four states.

State 1: The direction of input current is not changed, increasing the input current. In
this state, different current values can be substituted into the (33) to solve the differential
equation when

.
y1 ≥ ε. For example, when the current starts from 6mA and increases every

0.5 mA to 20 mA, the relationship between i and y1 is shown by curve 1 in Figure 5. It is
shown that i and y1 have a linear relationship.

State 2: Change the current input direction (decrease). Once the current direction
changes, the velocity of valve stem becomes 0, and the valve stem movement state meets
the differential equation under the condition of

.
y1 < ε in (33). Analyze the valve stem

displacement value under the State 1, and the displacement of the valve stem at this time
is 0.263. Therefore, the initial conditions of the differential equation are: y(0) = 0.263,
.
y(0) = 0. As shown by curve 2 in Figure 5, y1 keeps constant, while i is changing, so that
a horizontal path is obtained. After the current is reduced by a certain threshold, when
Fp + Fk < −Fs, the valve stem starts to move and turns to State 3 for analysis.

State 3: The direction of input current is not changed, reducing the current input. In
this state, different current values can be substituted into the (33) to solve the differential
equation when

.
y1 ≤ −ε. For example, when i starts from 20mA and decreases every

0.5mA to 7mA, the relationship between i and y1 is shown by curve 3 in Figure 5, and the
relationship between i and y1 is linear.

State 4: Change the current input direction (increase). When the current input direction
is changed, the valve stem velocity becomes 0, and the valve stem movement state meets
the differential equation under the condition of

.
y1 ≤ −ε in the (33). Analyze the valve

stem displacement under State 3, the displacement of the valve stem is 0.2131. Therefore,
the initial conditions of the differential equation are: y(0) = 0.2131,

.
y(0) = 0. As shown

by curve 4 in Figure 5, y1 keeps constant, while i is changing, so that a horizontal path is
obtained. After the current increases by a certain threshold, when Fp + Fk > Fs, the valve
stem starts to move and turns to State 1 for analysis.

In order to verify the correctness of the proposed physical model, an experiment was
conducted, in which different input currents i were loaded and valve stem displacement y1
was recorded. The experimental equipment is shown in Figure 1. The experimental result
is shown in Figure 7.
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According to the experimental result and the calculation results of the physical model
established above, the control system of the pneumatic control valve is non-linear. As
shown in Figures 5–7, if the valve stem rises firstly and then falls, the displacement of
the valve stem undergoes a “rising-horizontal-falling” state change. The appearance of
a “horizontal” state is caused by friction, which causes backlash error in the system and
makes the system appear non-linear.

Comparing Figures 5–7, it is shown that the vertical axes of three figures all represent
the displacement of the valve stem, the values are different, but the changing trends of the
displacement are consistent. The focus of model calculation is not the specific displacement
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value, but the change trend of the displacement value y1 with the current i to reveal the
manifestation of the backlash error. The difference in value are caused by the difference
between the physical model parameters and the experimental parameters. In addition,
when the direction of movement of the valve stem is not changed, y1 and i are linear in
Figures 5 and 7, while y1 and i are nonlinear in Figure 6, which is caused by the difference
in the combination of v and n in two cases. n and v are determined by the structure of the
induction coil, therefore the physical model established under v = 2 and n = 1 is similar to
the actual experimental equipment.

3. Control Method

It is proved that the backlash error exists in the pneumatic control valve system. In this
sense, the whole control system appears non-linear and the oscillation of the valve stem is
prone to occur during the control process. The PID algorithm is used in the control system
commonly and achieves a good control effect. However, only using the PID algorithm
cannot deal with the backlash error entirely in the pneumatic control valve system, and the
oscillation of the valve stem still exists. The PID algorithm is as follows:

u(k) = KPe(k) + KI

k

∑
j=0

e(j) + KD[e(k)− e(k− 1)] (34)

KP, KI and KD represent proportional coefficient, integral coefficient and deriva-
tive coefficient respectively; e(k) represents the deviation between the set value and the
actual value.

Based on the physical model established above, there is a certain non-linear relation-
ship between the input current and the displacement of the valve stem. According to
Figure 7, when the direction of the input current signal is changed, the movement direction
of the valve stem is unchanged. Therefore, Ithreshold can be introduced, which refers to the
value of current change that drives the movement of the valve stem under the condition
that the direction of the current changes. Its main function is to overcome the influence of
backlash. Based on it, the value of the input current signal iSC can be obtained, which is
related to Ithreshold.That is, when the current increases in the positive direction, Ithreshold is
added to the current i, that is, iSC = i + Ithreshold. And when the current decreases in the
reverse direction, Ithreshold is subtracted, that is, iSC = i− Ithreshold. This method requires
pre-calibration before valve control, which is called the self-calibration (SC) control method.
The SC control method performed before the valve control, CPU records the current value
and the corresponding valve stem displacement value automatically, calculates Ithreshold,
and uses this value in subsequent control finally. The steps for SC control are as follows:

Step 1: Carry out three forward current loads in sequence and record the correspond-
ing valve displacement respectively, which are (I1, A1), (I2, A2), (I3, A3);

Step 2: Carry out three reverse current loads in sequence and record the corresponding
valve displacement respectively, which are (I4, B1), (I5, B2), (I6, B3);

Step 3: The valve stem displacement is linearly fitted to calculate the slope k1 and
intercept b1 of the curve when the current signal is loaded forward. The slope k2 and
intercept b2 can also be calculated by fitting the curve of the displacement and the reverse
loading current signal. It is found that k1 is almost the same with k2, so take the mean of k1
and k2 as the slope of the curve k. The current threshold Ithreshold caused by the backlash
error can be calculated. The schematic diagram of self-calibration control method is shown
in Figure 8.

k1 = (
A2 − A1

I2 − I1
+

A3 − A2

I3 − I2
)/2 (35)

k2 = (
B2 − B1

I5 − I4
+

B3 − B2

I6 − I5
)/2 (36)

k = (k1 + k2)/2 (37)

b1 = [(A1 − kI1) + (A2 − kI2) + (A3 − kI3)]/3 (38)
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b2 = [(B1 − kI4) + (B2 − kI5) + (B3 − kI6)]/3 (39)

Ithreshold = (b2 − b1)/k (40)
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However, the output current signal is calculated by the self-calibration control method,
so using the calculated current iSC as the control current signal may result in a fixed
deviation from the setting value of the valve position. Therefore, only using the self-
calibration control method may result in the fixed deviation between the setting value and
the actual value.

To deal with the backlash error, a self-calibration PID (SC-PID) algorithm is proposed,
which combines the PID algorithm and the self-calibration algorithm. The SC-PID al-
gorithm reduces the response time with self-calibration control and eliminates the fixed
deviation caused by the self-calibration control with PID control. Adding the current
output iSC obtained by the self-calibration algorithm with the current output calculated
by the PID algorithm as the output signal of the SC-PID algorithm. iSC is the current
output obtained by the self-calibration algorithm, and its main function is to overcome
the influence of backlash error. During the control process of a pneumatic control valve,
the control quantity needs to be constantly changed. Due to the influence of backlash,
within a certain threshold, changing the current cannot make the valve stem move, and
the error continues to accumulate, which leads to a sudden change in the control quantity,
eventually resulting in overshoot during the control process. In severe cases, the valve stem
oscillation is aggravated. By introducing i, the influence of the backlash can be overcome,
the control speed can be improved, and the valve stem oscillation can be reduced. The
SC-PID algorithm is:

u′(k) = KPe(k) + KI

k

∑
j=0

e(j) + KD[e(k)− e(k− 1)] + iSC (41)

4. Valve Position Control Experiment

In order to prove the effectiveness of the SC-PID algorithm in dealing with the backlash
error, the PID algorithm, self-calibration algorithm, and SC-PID algorithm are applied
to the valve position control experiment respectively. According to the control effects
of different control algorithms, the SC-PID algorithm can handle the backlash error that
existed in the valve position control.

The control effect with three control methods is shown in Figure 9. The valve stem
oscillates violently during the control. The reasons for PID algorithm cannot realize valve
stem stability control are as follows: When the actual valve position is not equal to the
setting value, the PID controller will change the input current i. If the change in input
current is less than the current threshold, the valve stem cannot move due to the existence
of backlash error. Once the change in input current is greater than the current threshold,
the valve stem moves. Because the change in input current needs to exceed the current
threshold, the valve stem moves a lot and exceeds the setting value, so that the error
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between the setting value and the actual value still exists, and the oscillation of the valve
stem does not stop.
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Self-calibration control is similar to the pre-processing of valve position control. Ac-
cording to the relationship between the input current i and valve stem displacement y1
obtained before valve position control, the current control signal can be calculated. This
algorithm decreases the calculation requirement of the controller and increases the control
speed. However, error exists in linear fitting of valve stem displacement-input current,
which causes a fixed deviation between the actual value and the setting value. Since the
self-calibration algorithm is a form of open-loop control, the fixed displacement cannot be
eliminated by it.

The valve position control effect with the SC-PID algorithm is shown in Figure 9.
This method uses a self-calibration algorithm to increase the control speed and uses the
PID algorithm to eliminate the fixed deviation caused by the self-calibration algorithm.
Because the fixed deviation is small, there is a little oscillation of valve stem due to backlash
error during control. Using the SC-PID algorithm for valve position control can make the
position control faster and more accurate as a means to solve the backlash error.

5. Conclusions

(1) The physical model of the commonly used pneumatic control valve is established in
this paper, including the pneumatic diaphragm actuator model, nozzle-flapper struc-
ture model, and electromagnetic model. It is shown that the backlash error existing in
the pneumatic control valve is related to the friction according to the physical model.
In addition, the relationship between the input current i and valve stem displacement
y1 can be calculated based on the physical model, and the experimental result is con-
sistent with the model calculation results, which shows that the established physical
model is correct.

(2) To deal with the valve stem oscillation caused by the backlash error during valve
control, the SC-PID control method is proposed. Compared with other algorithms, the
proposed algorithm is simpler, valve position control faster, and control effect better.

(3) During the control of the pneumatic control valve, the disturbance caused by the
flow of medium in the pipeline is inevitable and cannot be ignored. The dynamic
characteristics of the control system under load disturbance will be analyzed in
future work.
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