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Abstract: As an international standard pressure-measuring instrument, the absolute pressure piston
manometer’s working medium is gas, so the actual working process will be affected by many internal
uncertainties and external disturbances, leading to its long stability time and poor performance.
In this paper, a fuzzy linear active disturbance rejection control strategy (FLADRC) for absolute
pressure piston manometers is proposed to address these problems. First, the characteristics of the
main components are analyzed according to the actual working principle of the system to establish
a theoretical model of the controlled system. Second, the corresponding linear active disturbance
rejection controller (LADRC) is designed according to the model. The principle of fuzzy control is
introduced to adaptively adjust the controller parameters of the LADRC in real time, which improves
the disadvantages of the LADRC parameters, which are difficult to rectify and have poor immunity
to disturbances due to fixed parameters, and the stability of the control method is subsequently
demonstrated. Finally, a simulation model is built in the Simulink environment in MATLAB, and
three different pressure operating points are selected for the corresponding experiments to make a
comparative analysis with Kp, PID, and LADRC. The results show that FLADRC enables the absolute
pressure piston manometer to achieve better stability and greater immunity to disturbances. This also
verifies the effectiveness and feasibility of the control strategy in practical engineering applications.

Keywords: absolute pressure piston manometer; system theoretical model; linear disturbance

rejection control; fuzzy control; parameter tuning

1. Introduction

In recent years, absolute pressure measurement technology has become one of the
important symbols to measure the degree of industrial technology development of a country
and is also an important evaluation indicator of industrial safety [1-3]. As an international
standard pressure measurement instrument with high accuracy and stability, the absolute
pressure piston manometer is based on the hydrostatic equilibrium principle and Pascal’s
law for pressure measurement. As the working medium is a gas, the adiabatic manometer
is subject to many nonlinear and time-varying factors, which results in relatively long
stabilization times and unsatisfactory stability performance. Therefore, it is crucial to
design a high-quality control system to address these issues.

Relatively few scholars at home and abroad have studied piston manometer balancing
control methods, but for quadrotors [4,5], inverted pendulums [6-8], balancing vehicles [9,10],
permanent-magnet synchronous motors [11,12], and other such similar balancing systems,
there are many modern control algorithms currently applied, such as proportional-integral-
derivative (PID) control [13-15], linear quadratic regulator control (LQR) [16,17], robust
control [18,19], fuzzy control [20-23], adaptive control [24,25], sliding mode control [26-28],
etc. Theoretically, the control methods applied to these equilibrium systems can also be
applied to piston manometers. The authors in [29] introduced the relaxation factor into
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model predictive control (MPC), on which it was combined with hybrid PID control theory
for applied control to improve the control performance of smart car path tracking across
the board. The authors in [30] proposed a Udwadia—Kalaba theory-based adaptive robust
control (UKBARC), applied to a permanent-magnet linear synchronous motor, which can
both transform the control task with the desired trajectory as the desired constraint and deal
effectively with system uncertainty. The authors in [31] proposed a sliding mode control
method incorporating an adaptive strategy to achieve altitude tracking of a quadrotor under
strong external disturbances, but the method requires high accuracy of the model and a
relatively complex controller structure. The authors in [32] proposed an improved fuzzy
logic controller based on Lyapunov’s criterion for the real-time oscillation and stability
control of a coupled two-arm inverted pendulum, which improved the transient and steady-
state response speed of the system to a certain extent, but the amount of operations in this
controller is large and more difficult to implement in practical engineering. The authors
in [33] combined the quantum particle swarm algorithm (QPSO) with the LQR control
method. It used the former to search for the optimal values of the Q matrix as well as the
weighting coefficients in the controller, improving the overall control performance of the
balancing vehicle, but the time for the algorithm to perform the optimal search still needs
to be improved.

Active disturbance rejection control (ADRC) is an “observation + compensation”
nonlinear control method proposed by Professor Jingqging Han et al. [34] to preserve the
advantages of PID and overcome its shortcomings. However, the internal parameters are
too many, and the rectification process is tedious. Gao [35] then introduced the concepts of
linearization and bandwidth based on the advantages of active disturbance suppression
techniques and proposed linear active disturbance rejection control (LADRC) for the first
time, making the controller parameters more intuitive and simpler to rectify. In addition, to
further improve the control performance of LADRC, many researchers have made further
improvements. An improved third-order LADRC controller was proposed by the authors
in [36], introducing the total disturbance differential signal in the LESO and applying a
series of first-order inertial links, which improves the system’s ability to suppress high-
frequency noise. The authors in [37] combined robust sliding mode control (SMC) theory
with LADRC control to overcome the bandwidth limitation of LADRC itself and improve
the control accuracy for the system. The authors in [38] proposed an improved linear active
disturbance suppression control (MLADC) method to compensate the system model into a
linear state observer (LESO) to improve its observation accuracy, reduce its state error and
enhance the robustness of the system.

However, it is easy to see that most improvements have a common limitation, namely
that the controller parameters can only be adjusted manually by trial and error, which is
complex and time-consuming, and the fixed parameters also lead to a less robust system,
which cannot be applied to specific practical engineering problems. As a nonlinear system,
absolute pressure piston manometers cannot be modeled with absolute accuracy. Moreover,
when implementing control, uncertainties within the system and external disturbances are
inevitable, which can reduce the efficiency of the system [39], and the stability performance
of the system needs to be improved. Fuzzy control is considered to be a control scheme to
improve the robustness and adaptability of the system and has been widely used in industry.
It can dynamically adjust the parameters of the controller according to the output of the
system, thus enabling the controller to track the input signal faster. Therefore, to improve
the anti-disturbance capability of the controlled system and make it achieve equilibrium
quickly and stably, this paper proposes a FLADRC-based equilibrium control strategy for
the adiabatic piston manometer, which introduces the idea of fuzzy control for adaptive
parameter adjustment based on LADRC. The feasibility and effectiveness of the control
scheme are verified by simulations in MATLAB.

The other sections of the article are organized as follows: In Section 2, the theoretical
modeling of the adiabatic piston manometer is presented. In Section 3, the specific design
and stability analysis of the FLADRC controller is carried out for the controlled system
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model. In Section 4, the simulation results of the four control schemes, FLADRC, LADRC,
PID, and Kp, are compared and analyzed to verify the performance advantages of the
proposed control scheme. Finally, the summary of the research work in this paper is
discussed in Section 5.

2. Theoretical Modeling of an Absolute Pressure Piston Manometer
2.1. The Working Principle of the Absolute Pressure Piston Manometer

The mechanical structure of the absolute pressure piston manometer as a nonlinear
time-varying system is shown in Figure 1. Before the system starts to work, the correspond-
ing weights are automatically configured according to the measured pressure. The pure gas
in the cylinder, which is the working medium for pressurizing the system, is first added
quickly to the originally vacuumed piston cylinder through the inlet valve until the weights
and the piston is jacked up. Immediately afterward, the piston is subjected to constant
changes in height due to the pressure in the piston cylinder and other uncertainties. The
gas flow from the inlet and outlet valves is then adjusted in turn according to the actual
situation so that the piston is finally stabilized at the preset height. At this point, the weights
and piston are then mechanically balanced as a whole, thus completing the measurement
and calibration of the pressure.

Weights Temperature Sensor

Weight plate

Two-position two-way Inlet valve

Height sensor

Atmosphere

Piston rod
Gas cylinders

Piston cylinder
Motion Controllers

Pressure gauge under test
Two-position two-way outlet valve

1

Figure 1. Schematic diagram of the structure of an absolute pressure piston manometer.

Based on the above working principle, it can be seen that the most important part of
the system is the piston, followed by the electromagnetic switching valve. Therefore, to
build a theoretical model for an absolute pressure piston manometer, it is necessary to start
with these two parts and carry out the corresponding characteristic analysis.

2.2. Kinetic Analysis of the Weight Combination Section

Throughout the actual working of the system, the weight, the weight plate, and the
check piston can be seen as a whole, collectively referred to as the weight combination
part. In the force analysis of this whole, the weight combination is subjected to its own
gravity G, the pressure Fy resulting from the change in mass of the gas in the piston cylinder
(Fi and F, depending on the inlet and outlet processes), the resistance Fy of the gas pre-
venting the change in the height of the piston, the pressure F, lost by the gas leakage and
the elastic force F, resulting from the compression of the gas in the cylinder. Take vertical
upwards as the positive direction.

As can be seen from Figure 2, the weight combination part is subjected to different
magnitudes and directions of partial forces in the two different working processes of rising
and falling, which have to be analyzed separately, thus listing the kinetic equilibrium
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equations of the weight combination part in in the two states of motion according to
Newton's second law, as in Equation (1).

Fi—G—F;— F+F = myh O
~Fo— G+ Ff — Fj+ F. = —myh

where m;, is the total mass of the combined portion of weights and / is the real-time height
at which the piston rises. The process by which the gas is compressed and thus expands
is similar to that of a spring, and the process by which the gas in the gap in the side of
the piston prevents the piston from rising is similar to that of a damping system, so the
resistance Fy can be calculated using Equation (2) and the elastic force F; can be calculated
using Equation (3).

Fr = ch )

F, = kx 3)

where c is the dynamic viscosity of the gas medium, k is the coefficient of elasticity after
the compression and expansion of the gas in the cylinder is equivalent to a spring system,
and x is the actual compression of the gas in the cylinder. Taking the process of gas intake
as an example, the process of calculating the elasticity coefficient after equivalence is as
follows: the instantaneous moment when the intake valve has been fed once is analyzed
and calculated, at which time the gas volume is compressed and reduced by AV, and
the pressure is increased by AP. According to the basic principles of elasticity, there is
Equation (4).

AP = —E(AV/V) 4)

where V) is the cylinder volume corresponding to the primary gas intake and is a fixed
value that can be calculated from the flow rate of the intake valve, and E is the modulus of
elasticity of the gas media. At this point, according to the calculation Equation of the elastic
force generated by the compression of the gas (5), the calculation Equation of the piston
cylinder volume (6), and Equation (3), the calculation formula of the elasticity coefficient
(7) can be deduced.

F=—-AP-A=E(AV/VH)A (5)
AV =x-A (6)
k= (EA%)/Vy @)
Weight Weight
I |||combination| |F, F'; |||combination| |Fy
section section

G| Fi|F.| |k G| Fo| F2| |k

(@) (b)

Figure 2. Analysis of the forces on the combined weight section under different working conditions.
(a) Piston rise; (b) Piston drop.



Actuators 2023, 12, 275

50f 20

The relationship between the gas compression and the actual rise of the piston is
x = hy — h, where h;, is the ideal height of the piston rise after n gas inlets without taking
into account the gas compression, which needs to be determined according to the actual
mass of the intake gas.

In summary, the elastic force F, in Equation (1) can be expressed by Equation (8).

F. = (EA*)(hy — h)/Vp (8)

The pressure F, in Equation (1) is the driving force for the entire combined part of the
piston and can be calculated using the actual gas state Equation (9) as well as the pressure
Equation (10) in the closed vessel together.

PV, = ZnRT )

F, = P-A = (ZnRTA)/V, (10)

where R is the molar constant of the gas media, T is the thermodynamic temperature, Z
is the compression coefficient of the gas media, P is the real-time pressure in the piston
cylinder, n is the number of moles of gas in the cylinder, and the formula is n = m;/M.
Taking the inlet process as an example, m; is the mass of gas entering the piston cylinder
through the inlet valve, and M is the molar mass of the gas media. V; is the volume in the
cylinder after the piston has risen to an expected height and is a fixed value.

2.3. Flow Analysis of Switching Valves

Solenoid switching valves, as actuators in the controlled system, can be divided accord-
ing to their actual function into inlet and outlet valves, the most important characteristic of
which is the real-time gas flow through the valve body. The switching valve can be seen
as a throttle plate with a regularly varying orifice diameter, each switch corresponding to
a maximum opening and a zero opening. The equation for the gas mass flow rate of the
solenoid switch valve is obtained as follows [40].

miy = CgA1+/20P1p (11)

Moyt = CdAlx/ZApzp (12)

where m;, is the gas inlet mass of the single switch of the inlet valve body, m,,; is the outlet
mass of the single switch of the gas outlet valve body, C; is the flow coefficient, A; is the
flow area of the valve opening, AP; is the pressure difference between the left and right of
the inlet valve body, AP; is the pressure difference between the left and right of the inlet
valve body, and p is the density of the gas medium in the gas cylinder.

Remark 1. The nonlinear factors in the controlled system are linearized, assuming that the control
command u and the actual mass flow rate in and out of the valve are equal, i.e., the actuator can
fully satisfy the control force command. However, in practical engineering, due to the limitations of
the physical mechanism, the frequency of the number of times the solenoid valve can be switched on
and off is limited, and therefore the inlet and outlet flow rates per unit of time are also bounded, so
they are converted into an inequality form constraint, which is reflected in Equation (13).
{ my < my = 15my, Gasin (13)

myy < my = 15myy; Gas out

2.4. Analytical Correction of Other Uncertainties

In the process of theoretical modeling, the internal uncertainties of the controlled
system should be considered to be comprehensively as possible to obtain a higher accuracy
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of the system modeling. Compensating these factors into the controller can also, to some
extent, improve the control performance of the system [41].

2.4.1. Analytical Correction of Piston Effective Area

During the operation of the manometer, as the temperature, as well as the pressure,
continues to rise, the piston will produce a certain elastic deformation, and its effective
working area will then change. Assuming that the influence of external factors is not taken
into account, the effective area of the piston can be calculated by Equation (14).

A = 1 + 7ré (14)

where r is the piston rod radius, and ¢ is the clearance between the piston rod and the
piston cylinder.

However, in the actual operation of the manometer, the effective area of the piston is
affected by the temperature and pressure when the effective area of the piston is calculated
by Equation (15):

Ay = A1+ (ac + ) (0 —20)](1+ AP) (15)

where g4, is the thermal deformation coefficient of the piston cylinder, 4, is the thermal
deformation coefficient of the piston, 0 is the temperature of the piston system during
actual operation, A is the elastic deformation coefficient of the piston at the bottom of the
piston, and P is the working pressure at the bottom of the piston rod.

2.4.2. Analytical Correction of Gas Leakage Volumes

During the operation of the system, there is a gap between the checking piston and
the cylinder. As the system pressure rises, some of the gas media will leak through the
gap, resulting in pressure loss within the piston cylinder and affecting the rise height of
the piston. According to engineering thermodynamics, knowledge can be known between
the piston rod and the piston cylinder, in which the concentric annular gap flow can be
approximated as a flat slit flow [42]; at this time, the formation of differential pressure flow
leakage formula for Equation (16):

ds3 AP,

Q=5

(16)
where Q) is the real-time gas leakage, d is the diameter of the checking piston, AP, the
pressure difference between the two ends of the piston gap leakage surface, L is the length
of the flow path, and ¢ the width of the annular gap.

The value of the pressure loss due to gas leakage can be calculated according to
Poiseuille’s law, as shown in Equation (17).

_ 8uLQy
mrrd

F, (17)

2.5. Establishment of the Differential Equilibrium Equations of the System

Combined with the characterization of the two core components of the system and
the analytical correction of some of the uncertainties inherent in the actual operation of
the system, this leads to a specific mathematical theoretical model of the adiabatic piston
manometer, i.e., the differential equilibrium equations of the system. Taking the kinetic
equilibrium Equation (1) as the main body, Equations (2), (8), (10), (12), (13), (15) and (17)
are substituted into it to supplement it, and finally, the overall differential equilibrium
Equation (18) of the system is obtained.

M — @ = g — ch = LR+ (EA) (G — )/ Vo = migh

mrd pAo

b— 7"12‘]511‘{5‘40 — mypg + ch — 8%9 + (EAg?) (h — ;”T}g)/vo = —mwfz

(18)
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where my; is the real-time inlet mass flow rate of the inlet valve, and my; is the real-time
inlet mass flow rate of the outlet valve, both of which are input signals to the system
and the output signal is the real-time rise height h of the piston, the others are fixed
system parameters.

According to the actual working principle of the system, it can be determined that
the real-time height of the piston needs to be compared with the set value when realizing
the system control, and based on the result, the switching of the working state equation
is selected. Equation (18) from top to bottom is the differential balance equation for the
inlet and outlet states of the system, respectively. Each switch is made based on the
previous working state, so we add the outgoing gas factor a and incoming gas factor b
to Equation (18). a is the effect of the total outgoing air volume on the driving pressure
before the system is switched to the inlet state, and b is the effect of the total air intake on
the driving pressure before the system switches to the outgoing air state, both of which are
constants when in the differential equations of their respective states.

To make the differential equilibrium equation of the system more intuitive and concise
and to facilitate the design of the corresponding controller, the author rearranges and
simplifies Equation (18) to obtain Equation (19).

Klmlt = th + K3h + K4I’l + K51
Kymy; = Koh + Ksh + Kgh + Ksp

ZRTA, , EA
K=Sm' +m
Ky = my
K3 =C (19)
EAg?
Ky = Vé’
Ks1 =a+myg + 78};5? ‘
8ul
Ksp = b — myg — P;.“AQt

As can be seen from Equation (19), the equilibrium equations for both the inlet and outlet
conditions are very similar, with the same constant coefficients for all terms except for the
constant term. In the design and simulation of the controller, the constant term only affects
the initial point of the system and does not affect the control performance of the system or
the simulation results, so the constant term can be ignored. To make the controller structure
more simple and clear, combined with Remark 1, the two separate actuator outputs can be
regarded as a positive and negative control quantity, with a positive value representing the
inlet valve working alone and a negative value representing the outlet valve working alone,
so that the final differential equilibrium equation of the system becomes Equation (20).

Kimy = th + K3h + Kgh (20)
my < myp < My

3. Design of the Controller

As the absolute pressure piston manometer is subject to many internal uncertainties
during actual operation, the LADRC controller can effectively estimate the internal and
external disturbances of the system in real time while compensating accordingly. The
LADRC was therefore chosen for balanced control of the system, but given the fixed pa-
rameters, the controller lacked adaptability, poor control performance, and weak resistance
to interference. Therefore, this section introduces the idea of fuzzy control to improve
the traditional LADRC method and proposes a fuzzy linear self-anti-disturbance-based
absolute pressure piston manometer controller. The details are as follows. Numbered lists
can be added as follows:
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3.1. Design of the LADRC
3.1.1. Structure of the LADRC

LADRC, as a modern control method, enables the system to maintain good dynamics
and a steady state under disturbances such as noise, load disturbances, and changes in
the mathematical model and process parameters. In this subsection, the corresponding
LADRC controller is designed based on the theoretical model of the system developed, as
shown in Figure 3. The components include a linear differential tracker (LTD), a linearly
expansive state observer (LESO), and a linear error feedback control rate (LESF), with the
specific design of each part as follows.

\

o

Figure 3. Schematic diagram of the second-order LADRC structure.

3.1.2. Design of the LTD

The LTD arranges the transition process for the input height signal and selects the
appropriate parameters, which can make the output fast and overshoot-free, eliminating the
contradiction between the amount of overshoot and the speed of control and also preventing
sudden changes in the input signal, obtaining the differential signal and improving the
robustness of the control system. The LTD design for the piston’s ideal height is as follows:

}:11 =hy 1)
I’ZZ = —21’2(1’11 — hf) — 2rh2

where: iy is the given value input value, 1 is the softened height given value, and h; is
the differential signal of i1, which are used later in the design of the state error feedback
controller. r is the tracking speed factor.

3.1.3. Design of the LESO

LESO is the central part of the self-anti-disturbance control, which is capable of both
tracking and estimating the height of the piston rise in the manometer and its differential
signal in finite time when the system has an input signal, and estimating the total distur-
bance to the system in real time [43]. It can also be seen from Equation (20) that the adiabatic
piston manometer is a second-order single-input, single-output system and, according to
the operating principle of the LADRC, the system equation can be expressed as:

{mﬂ—ﬂmmMmo+%wﬂ (22)
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where u(t) is the input variable; y(t) is the output variable; by is the system gain;
f (h(t), h(t), t) is the generalized perturbation of the system, abbreviated as f() for neatness,
expanding f() to a new state variable. The resulting state variables have been chosen

as follows.
X1 () = y(t) = h
() =y(t)=h (23)
x3(t) = f()

The system equations can then be expressed in the form of an equation of state
as follows:

X1 = X2 . :
Xp = x3 + bu :>{ x:Ax+gu+Cf (24)
. - = X
iy = f /
. 01 0 . .
Of whichx =[xy x x3]',A=1]0 0 1|,B=[0 b 0]',C=1[0 1 0],
0 0 O

D=1 0 0]
As a result, the corresponding LESO is designed as:

z =Az+Bu+pBy—19)
= Az+ Bu+ B(y — Dz) z21=2+B1(y —21)
= Zy = Zg+,32(y—Z1) + bou (25)

]? =Dz 23:‘33(]/*Z1)

T. . . .
where z; = [zl Zn 23} is the matrix of observer output estimates, z; tracks the estimated

height of the piston rise in the actual manometer, z, tracks the estimated speed of the

piston rise, and z; is the estimate of the total perturbation f(); and B; = [B1 B2 B3] Tis

the observer gain matrix. The bandwidth method was proposed to rectify the observer
gain parameters [35], let the bandwidth of the observer be w( and try to configure all the
eigenvalues of the observer as —wy, i.e.,

Ao(s) =|SI— (A —BD) ]: $ + P1s® + Pos + B3 = (s + wp)’ (26)

At this point, the above equation satisfies the Hurwitz condition, and f;, B,, and B3
all become functions with respect to wy, i.e.,

{ B1 = 3wy
B2 = 3w} (27)

B3 = wj

Remark 2. Observability judgments are made according to Equation (24). Let N = (D, DA)T, since
rank(N) = 3, from which it follows that the expansion system is fully observable.

3.1.4. Design of the LESF

The LESF takes the error between the TD’s output and the estimated system state by
linearly combining them to form the initial control quantity and then adding compensation
for the total disturbance estimated by the LESO to obtain the final control quantity as in
Equation (28).

er =h1 —zj
ex =hy—zp
ug = kier +kaeo
u = (ug—z3)/bo

(28)
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where: ¢; is the error between the LESO’s estimate of the piston rise height, and the preset
height input value, e is the error between the LESO’s estimate of the piston rise speed and
the differential signal of the input value; k; and k; are the feedback control parameters; u is
the state error feedback control quantity. For the consideration of the dynamic performance
of the LESF link, the same choice of the pole configuration method is used to rectify the two
feedback control parameters so that the closed-loop transfer function has a pole of —w,

and is solved as. )
k1 = W
{ k2 = ch (29)

where w; is the controller bandwidth, for most common engineering objects, w. and wy
have a multiplicative relationship, i.e., wy = (3~5)w, [44], in this paper wq = 4w, is taken.

3.2. Design of the FLADRC
3.2.1. Structure of the FLADRC

The application of LADRC to the control of an equilibrium system does reduce the
pressure on the adjustment of the control parameters, but the fixed parameters do affect the
stability and adaptability of the system to internal and external disturbances. In this paper,
fuzzy control is introduced to adjust the parameters Aw, and Abj in the LADRC online
and in real time so that the two parameters meet the requirements of the errors e; and
ep at different times, thus improving the system’s immunity to disturbances and stability
performance. The specific control structure of the fuzzy LADRC is shown in Figure 4.

/’ ey R \\
Fuzzy

Rule Fuzzy control
FLADRC

Fuzzy

Fuzzification —» —» Defuzzification

__---~
]
|

]
I
I
]
I
1
I

1 ¢ L _,Jbo )

hl e
h¢ ’® e U, u v
—»{LTD 5 LESF 1/b, > Plant |—»

- ' y

Figure 4. Schematic diagram of the FLADRC structure.

3.2.2. Design of the Fuzzy Controller

The overall process of fuzzy control can be divided into four modules, namely fuzzy
quantization processing, which converts precise inputs into fuzzy linguistic values; estab-
lishing fuzzy control rules, which establishes specific fuzzy control rules based on expert
experience and the actual equilibrium requirements of a specific system; fuzzy inference,
which inferred the output values of fuzzy control based on the input—output relationships
embedded in the fuzzy inputs and rule base; and defuzzification processing The output
values are defuzzified to obtain the actual parameters. The detailed design is as follows.

The fuzzy input linguistic variables selected in this paper are the error e; between h;
and z; and its corresponding rate of change of deviation e, and the theoretical domains of
both are selected to be [-2 x 1073,2 x 107 3] and [-1 x 1073,1 x 1073], respectively. The
outputs of the fuzzy controller are chosen to be Aw. and Aby, where the theoretical domains
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of the two are assumed to be Rangel and Range2, respectively, the specific values of which
are shown in the subsection on Experimental Parameter Settings later on. Seven subsets
of the fuzzy language are defined on the respective theoretical domains of the inputs
and outputs: {negative big (NB), negative medium (PM), negative small (NS), zero (ZO),
positive small (PS), positive medium (NM), positive big (PB)}. Gaussian-type affiliation
functions with smooth transitions are chosen for the inputs and high-sensitivity triangular
affiliation functions for the outputs.

The traditional Mamdani inference method [45] was used for fuzzy reasoning. Based
on the controllable performance of the adiabatic piston manometer and the parameter
adjustment method of the LADRC, a table of fuzzy rules for Aw,, Aby was developed as in
in Tables 1 and 2.

Table 1. Fuzzy rules for Awe.

€2
e
! NB NM NS Z0 PS PM PB
NB PB PB PM PM PS PS ZO
NM PB PB PM PM PS ZO ZO
NS PM PM PM PS ZO NS NM
ZO PM PS PS ZO NS NM NM
PS PS PS Z0O NS NS NM NM
PM Z0O ZO NS NM NM NM NB
PB Z0 NS NS NM NM NB NB
Table 2. Fuzzy rules for Aby.
(]

€1
NB NM NS Z0 PS PM PB
NB NS NS ZO ZO PS Z0O NB
NM PS PS PS PS PS Z0 PS
NS PB PB PM PS PS ZO NS
ZO PB PM PM PS ZO Z0O NS
PS PB PM PS PS NS Z0 NS
PM PM PS PS PS NS ZO NS
PB NS ZO ZO ZO NS Z0O NB

Based on the above control rules, the final control parameter equation for LADRC is
derived using the center of gravity method for defuzzification as follows.
/
w, = we + Aw,
{ b6 = by + Aby (30)

where w, and by are the initial control parameters of the LADRC obtained by genetic
algorithm search.

3.3. Stability Analysis

As shown in Figure 2, the linear self-anti-disturbance control algorithm is a closed loop
and has stability issues. Therefore, this section has been chosen to analyze and demonstrate
the stability of LADRC. According to the control rate Equation (28), the closed-loop system
consisting of the controlled object (22) is as follows:

;.l:f—Z3+k1(h—Z1)+k2(l;l—Zz) (31)

Leth = hy, h= hy, h= hy, and combine with the equation e; = h; — y;. The following
equation can be obtained.
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{ élZﬁl—ylzhz—yz (32)
ep =hy —y, =h3 —y = —kieg —koes — kie1 —kpep — €3

where ¢; = y; — z; (i = 1, 2, 3) is the estimation error of LESO. Writing Equation (30) in the
form of a state matrix gives Equation (33).

e = Ae+ Age (33)
0 1 0 0 O
where A, = {kl kz] ,Ae = {kl —k 1].

Theorem 1. Assuming that the estimation error of LESO, tlim llell, = O, there exist controller
—00

parameters k; > 0, ky > 0, such that the tracking error of the closed-loop system (33) tends to 0.

Proof of Theorem 1. Solving for Equation (33) yields
t
e(t) = efe(0) —i—/ et A edt (34)
0

Knowing the matrix Ae, one can choose suitable parameters so that it has two different
eigenvalues A; and Ay, and diagonalize the matrix, then one obtains

Ae = pdiag{—A\y, —A2}p ! (35)
For any ¢ > 0, we obtain
lelly < Npllallp™ e~ (36)

where p is determined by the eigenvalue of A., and when the eigenvalue has been de-
termined, ||p||,|[p~!||, is a constant here, denoted by C. When t — oo, e=" — 0, then
le“]}, — 0.

Since the estimation error of LESO tlingo lle]l, = O, then ||¢||, there is an upper bound,

denoted by U, and for any positive number a > 0, there exists a time f,, when t > t,, ||¢||, < a.
Using Equation (36), then there is

Hfot eAe(t’T)AgsdTHZ = Hfotd e"‘f(t*T)AgatJlTH2 + Hff; e“‘f(t’lr)Ag.salTH2

_ _ Ap(t=ty)
< CJ|Ac]l U fy eMTdre Mt 4 Cl| Al e Mta 37)
t _
< CllAel| U fy* eMTdTe ™" + C|| Aello 1
< Dle_Alt + Dya

where D; = C||A¢|[,U fot"’ eMTdt, Dy = %;HZ, the first term on the right-hand side of
Equation (37), has a limit of 0 when t — co. The second term, due to the arbitrariness
of a, gives

t
/ eAe(t=7) A edt
0

lim
t—o0

=0 (38)
2

: Apt
From Jim [e*]

= 0 and Equation (38), it can be shown that tlim lle(£)]|, = 0. There-
— 00

fore, it is proved that LADRC can make the tracking error of the closed-loop system con-
verge to zero. Following the proof procedure of Theorem 1, it is easy to conclude the follow-
ing. Assuming that there exists a bounded f() that satisfies the inequality |f()| < D,D > 0,
since there are controller parameters k1 > 0, and k, > 0, and ¢; = y; — z;, then Equation (33)
is bounded. This also means that for a bounded input £, the output of the system is also
bounded, and the system satisfies BIBO stability. [
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4. Simulation Results and Analysis

To verify the effectiveness and feasibility of the FLADRC control strategy proposed in
this paper for absolute pressure piston manometers, it was decided to carry out simulation
experiments using the Simulink module of MATLAB. Based on the theoretical model, four
controllers, Kp, PID, LADRC, and FLADRC, are designed, and their corresponding control
performance is compared.

4.1. Experimental Parameter Settings

As the working range of the controlled object selected in this paper is 0-6 MPa, which is
a continuous range of values, to further demonstrate the Universal adaptability of FLADRC
applied to the absolute pressure piston manometers, three working pressure points in
the range are selected for the corresponding simulation analysis, which are low pressure
(0.1 MPa), medium pressure (3 MPa) and high pressure (6 MPa). The main parameters
of the absolute pressure piston manometer are shown in Tables 3 and 4. The specific
parameters of the controller are shown in Table 5, where the optimal parameters for Kp
and PID are determined using the Ziegler—Nichols engineering correction method, and the
initial optimal parameters for LADRC are determined using a genetic algorithm.

Table 3. System fixed parameters.

Parameters Value Parameters Value
Cy 0.9 ac 45 x 1075 °C1
0 1.25 kg/m? e 45 x 1075 °C™!
A 7.1 x 1077 MPa~! 0 21°C
) 6 x 1077 m T 294 k
R 296.8 J/(kg-K) n 1.741 x 1072 N-s-m 2
z 0.292 Ay 7.85 x 1079 m?
Vo 37 %1077 md A 5 x 1075 m?
Table 4. System variable parameters.
Value
Parameters
0.1 MPa 3 MPa 6 MPa
m 294 x 1077 kg 3.53 x 10~ 10 kg 1.12 x 1077 kg
1y 2.23 x 10~% kg 1.93 x 1077 kg 2.73 x 10~ kg
My 0.5kg 16 kg 32kg
Table 5. Controller parameters.
Value
Controllers
0.1 MPa 3 MPa 6 MPa
Kp 55 65 90
PID Kp =26,K;=055,Kig4=75 Kip =30, Ky;=0.5,Kiqg =7 Kip =40, K13 =0.9,Kyq =8
LADRC r=4, w. =46, by =0.22 r=4, w.=77,by=0.37 r=4, w. =65,by=0.25
FLADRC Rangel = [—4, 4] Rangel =[-7,7] Rangel = [—6, 6]

Range2 = [—0.022, 0.022]

Range2 = [—0.037, 0.037] Range2 = [—0.025, 0.025]

4.2. Experimental Analysis of Stability Performance

Considering that in the actual working process of an absolute pressure piston manome-
ter, the piston has to rise as quickly as possible and be stabilized in the desired position,
the desired value of the piston height of the system is taken as the input signal for the
simulation, which is uniformly set to a 2 mm step signal, the output signal is the real-time
piston height of the piston, the simulation time is set to 35 s, and the error band is taken
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to be 2% of the desired height. To facilitate visual analysis, the stable convergence time
ts, the integral IAE of the absolute value of the actual error, and the maximum overshoot
rate 6% are chosen as performance indicators in this paper. The real-time height profile of
the piston is shown in Figure 5, and the experimental results of the selected performance
metrics are shown in Figure 6 and Table 6.

As shown in Figure 5 the FLADRC-controlled pistons all rise at a rate less than Kp,
PID, and LADRC, but it is clear from Table 6 that the FLADRC-controlled pistons have
the shortest stabilization time, the LADRC has the second shortest stabilization time and
the Kp and PID have a longer stabilization time. As can be seen from Figure 6a, the IAE
of the FLADRC is not very different from the LADRC overall, with the smallest IAE for
the FLADRC at the 0.1 MPa and 3 MPa operating points. At the 6 MPa pressure operating
point, the IAE of FLADRC is slightly greater than that of LADRC, but in Figure 6b, it can
be seen that FLADRC is the best at suppressing overshoot, with a maximum overshoot of
zero at the 0.1 MPa operating point and far less at the 3 MPa and 6 MPa pressure operating
points than the other three control strategies. It can be concluded that the FLADRC control
strategy proposed in this paper has the best stability performance in the equilibrium control
of absolute pressure piston manometers.

3
3521 T T T T T
R Kp
AN - - —PID
3t Py \ LADRC
/ \ —— FLADRC
4 N Disired height| |

Height(m)

15 20 25 30 35

Time(s)
(a)
-3 -3
350 . . . . : 3210 . . . : :
----- Kp ——-=Kp
- — —=PID - — —=PID
LADRC ] X LADRC
—— FLADRC —— FLADRC
Disired height | | Disired height
_;’ = =
_ N, —_ L
g == g
= =
=) =]
5 | g
== ==
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time(s) Time(s)
(b) ()

Figure 5. Real-time piston height curves at three different pressure operating points. (a) 0.1 MPa;
(b) 3 MPa; (c) 6 MPa.
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Figure 6. Comparison of the two performance indicators. (a) IAE; (b) 0%.
Table 6. Stable convergence time f(s).
Conditions Kp PID LADRC FLADRC
0.1 MPa 23.36 19.58 14.87 12.37
3 MPa 18.72 14.76 11.84 8.54
6 MPa 20.98 15.79 12.04 8.67

4.3. Experimental Analysis of Interference Immunity Performance

Absolute pressure piston manometers can be subject to many external disturbances
during actual operation, such as temperature and humidity, atmospheric pressure, and
electromagnetic fluctuations in the environment. Therefore, in the system interference
immunity experiments, the system parameters, as well as the controller parameters, are
kept constant, and the actual disturbance is assumed to be a time-varying white noise
signal, which is added to the input flow of the system model, and its amplitude is set
according to the gas incoming and outgoing flow limits at the specific pressure operating
point. The corresponding simulation results are shown in Figure 7. The stability time
tsm) and the integral IAE, of the absolute value of the steady-state error are taken as
the steady-state performance indicators so that they are compared with the experimental
results in the previous section, and the corresponding rates of change % and 6% of the two
are derived, which are the system interference immunity performance indicators chosen in
this paper. The specific results for t4;) and IAE,) are shown in Table 7 and Figure 8, and
the corresponding rates of change are calculated in Tables 8 and 9.

It can be seen from Figure 7 that all control strategies stabilize within a certain time
after the addition of time-varying disturbances. From Table 7 and Figure 8, it can be easily
seen that the stabilization time and IAE(n) of all the control strategies increase to a greater
or lesser extent due to the disturbance, but FLADRC still has the shortest stabilization time
and the smallest IAE(n). This proves that the steady-state performance of FLADRC is still
the best, even when disturbances are added.

Table 7. Stable convergence time £ (8)-

Conditions Kp PID LADRC FLADRC
0.1 MPa 27.62 2248 17.09 13.26
3 MPa 21.67 16.28 14.85 9.87

6 MPa 25.33 22.03 13.07 10.41
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Table 8. Rate of change of ts ((%).

Conditions Kp PID LADRC FLADRC
0.1 MPa 18.23% 18.95% 14.92% 7.19%
3 MPa 15.76% 12.06% 11.74% 10.77%
6 MPa 21.97% 13.29% 8.33% 6.22%
Table 9. The rate of change of IAE (6%).
Conditions Kp PID LADRC FLADRC
0.1 MPa 19.21% 10.44% 3.35% 1.51%
3 MPa 15.34% 9.16% 7.63% 2.68%
6 MPa 16.47% 9.79% 4.44% 1.24%
4
aspe ; ; .
g “ R Kp
Pl 5 -~ - PID
Ar i *, LADRC
£ b= % ——FLADRC
251 o AN LY — Disired height]| |
E 2 ,-"' e S e
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Time(s)
(a)
a5 x10° . . . . 5 %107
r'/'\“ - Kp - 'Kp
F N - -~ PID - -~ PID
3 (" LADRC LADRC 8
f-0% FLADRC FLADRC
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= i e = 1
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Figure 7. Real-time piston height curves after disturbance at three different pressure operating points.

(a) 0.1 MPa; (b) 3 MPa; (c) 6 MPa.
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Figure 8. Comparison chart for performance indicator IAE ).

The immunity performance index of each control strategy was obtained by calculation.
As shown in Table 8, the rate of change of the steady-state time ( is the smallest for FLADRC
at all three different pressure operating points, followed by LADRC, while the steady-state
times for PID and Kp are relatively more variable. As shown in Table 9, it is also evident
that the FLADRC has the smallest rate of change of IAE, 9, followed by the LADRC, PID,
and Kp, from largest to smallest. In summary, the steady-state performance of the FLADRC
is least affected by time-varying disturbances, which means that the FLADRC has the
relatively best interference immunity performance.

Remark 3. The immunity performance indicators { and 6 are calculated as follows:

¢= (ts(n) - ts)/ts
{ o= (IAE(n) —IAE)/IAE (39)

4.4. Experimental Analysis of Engineering Energy Consumption

In the actual operation of the system, the inlet and outlet valves are the two actuators,
respectively, and the corresponding instantaneous gas mass flow rate is the control quantity
of the system. These two control quantities have been abstracted into a positive and
negative input signal in Section 2 of the article, with a positive value representing the inlet
valve working alone and vice versa for the outlet valve working alone. The control quantity
input curves for the system in the steady-state performance experiments are shown in
Figure 9.

As shown in Figure 9 at different pressure operating points, the FLADRC used in
this paper has the smallest oscillation of the control quantity signal compared to the other
three control strategies, which means that the switching frequency of the switching valve is
lower. The number of switches between the two actuators, the inlet and outlet valves, is
less. This reduces the energy consumption of the actuator operation, reduces the wear of
the valve stems in the switching valves, increases the overall actuator life, and reduces the
possibility of mechanical errors after long periods of system operation.
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Figure 9. Control volume input curves at three different pressure operating points. (a) 0.1 MPa;
(b) 3 MPa; (c) 6 MPa.

5. Conclusions

This paper takes into account the fact that absolute pressure piston manometers are
subject to many internal uncertainties and non-linearities during actual operation and
that the control performance of the system equilibrium needs to be improved urgently.
Therefore, this paper proposes a FLADRC-based equilibrium control method for absolute
pressure piston gauges. The control method combines the advantages of LADRC and
fuzzy control to effectively estimate and compensate for real-time internal and external
disturbances in the system and to achieve adaptive online adjustment of the control pa-
rameters. In the contemporary field of control, very little research has been carried out
on the controlled systems mentioned in this paper, so a linearized theoretical model of
the absolute pressure piston manometer was first developed. Furthermore, the FLADRC
controller was designed according to the model, and the initialization parameters were
determined by a search for merit. In addition, the stability of the control system was also
analyzed. Finally, the simulation is verified in MATLAB’s Simulink environment, and its
experimental results are compared and analyzed with Kp, PID, and LADRC. The results
show that the FLADRC control strategy proposed in this paper has the advantages of short
stability time, small overshoot, strong anti-interference capability, and low input energy
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consumption, verifying that it has important engineering application value for absolute
pressure piston manometers.

In future work, it is intended to further commercialize the absolute pressure piston
manometer by designing an automatic matching system for the pressure operating point
and the corresponding control parameters. An attempt is also made to apply the FLADRC
strategy to a piston manometer with a liquid as the working medium and to carry out the
corresponding performance verification.
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