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Abstract: Aerospace fluid connector is an important part of servo control system of aerospace 

equipment. High-quality fluid connectors are a prerequisite for the successful launch of space 

equipment. Static pressure test is an important part of fluid connector quality testing. Aim at static 

pressure test of Aerospace fluid connector, this article designs and introduces the pressure control 

circuit of static pressure test and the pressure control method of the circuit, research and design 

variable universe fuzzy PID controller, finally, the application of variable domain fuzzy PID 

controller in pressure control of static pressure test is simulated and compared with the traditional 

PID controller and fuzzy PID controller at last. The simulation results show that the steady state 

error of the variable domain fuzzy PID controller is small, the control pressure rises steadily, and 

the anti-interference ability is strong, the advantages of variable universe fuzzy PID control are 

verified, which verifies the advantage of the variable domain fuzzy PID control and can meet the 

static pressure test requirements of the aerospace fluid connector. 

Keywords: Fluid connector; Static pressure test platform; hydraulic circuit; pressure control; 

variable universe fuzzy PID control.   

__________________________________________________________________________________________ 

 

1. INTRODUCTION 

At present, the military industry, special materials, energy industry and other industries use a large 

number of fluid connectors, hydraulic quick change joints.  These quick change joints need to undergo 

a certain static pressure test before being put into use [1].  The purpose of static pressure test is to test 

the sealing property of workpiece under certain pressure.  The criterion for passing the static pressure 

test is that the leakage amount of the test medium is less than a few drops after a certain pressure test 

process [2].  After static pressure test qualified workpiece or product can be applied to production and 

life.  Once these components that fail the pressure test are put into use, most of them will bring serious 

consequences [3].   

The key of static pressure test is to control the pressure.  Fluid connectors and hydraulic quick change 

connectors have strict requirements on the pressure in static pressure test. Failure to meet the test 

process will cause damage or even more serious loss of the workpiece [4].  In terms of pressure control 

methods, PID control and fuzzy control are commonly used in pressure test platform at present. Most 
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control algorithms studied today are based on this algorithm.  Existing paper studies include 

parameter self-tuning fuzzy PID control, integral separation PID control, fuzzy PID control, genetic 

algorithm-based PID control, etc. [5-10]. These studies have obtained the advantages and disadvantages 

of each control method through comparison and simulation.  But these control algorithms from their 

simulation results can not be fully applicable to the static pressure test system, and in the PLC control 

system to achieve the difficulty and cost is large.  The control structure of PID and fuzzy PID 

controller is easy to build, and corresponding modules can be used in PLC programming software. 

Although the dynamic response of the controller is fast, the control effect of these two controllers on 

some systems may be overshoot, and generally cannot achieve good control effect [11].  For the ultra-

high pressure static pressure test system, due to the rapid pressure relief and testing process 

requirements, overshoot is not allowed in the process of pressurization, and the variable theory 

domain fuzzy control algorithm has an obvious effect in suppressing overshoot [12].  So this paper 

studies the variable theory domain fuzzy PID controller used in static pressure test platform pressure 

control, and static pressure test process simulation test, to verify the variable theory domain fuzzy 

PID control in static pressure test pressure control effect.   

 

2. PRESSURE CONTROL CIRCUIT FOR STATIC PRESSURE TEST   

This static pressure test is mainly to meet the static pressure test of fluid connector, hydraulic quick 

change joint and other workpiece.  Figure 1 is designed for the hydrostatic test of hydraulic test loop, 

one as the cut-off valve, 2 for high precision filter, 3 for low pressure pneumatic valve, 4 for the 

pneumatic diaphragm pump, 5, 6 for pneumatic plunger pump, 16 as the cut-off valve, 7, 10, 16, 17 

for high-pressure gas control valve, 8, 9 for high pressure one-way valve, 11 for precision pressure 

gauge, 12 for the pressure gauge switch,  13 is the sensor, 14 is the high pressure filter, 15 is the 

manual pressure relief valve, the test station is used to place the workpiece under test and auxiliary 

tooling.   
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Fig.1  Hydrostatic pressure test hydraulic circuit 
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The whole static pressure test hydraulic circuit is mainly composed of medium liquid tank, booster 

pump, filter, each valve, test station, sensor and high pressure pipeline.  The working process of the 

system is as follows: the booster pump works, no. 1 valve is opened, No. 15 valve is closed, no. 4 

pump works, and the liquid medium in the medium liquid tank is sent into the station through no. 10 

valve, and then comes back to the tank from no. 17 valve. This process is an exhaust process;  

Disconnect no. 17 valve after a period of exhaust;  Then according to the pressure demand to start no. 

5 or 6 pump, at this time, no. 16 and 17 valves are closed, through this step can complete the pressure, 

pressure holding test.   

 

3. PRESSURE CONTROL METHOD 

In the static pressure test pressure control system, the on and off of each solenoid valve is controlled 

by PLC, and the air source pressure of the pneumatic liquid booster pump is controlled by the electric 

proportional valve, so as to control the output pressure of the pneumatic liquid booster pump.  A static 

pressure test tests that the pressure in the chamber is created by squeezing the liquid.  The two ends 

of the piston rod inside the pneumatic liquid booster pump will reach the stable pressure state when 

the force is balanced [13].  In this state, the ratio of the pressure at both ends of the piston rod is the 

inverse ratio of the area of the piston rod.  Suppose the air source pressure is 𝑃0, the output pressure 

of the pneumatic liquid booster pump is 𝑃1, and the pressurization ratio is 𝐾0. The relationship is as 

follows:   

𝑃1 = 𝑃0 × 𝐾0                                                                         (1) 

The system measures the pressure of the pipeline through the pressure sensor in the pipeline, and the 

pressure feedback is used as the basis to adjust the opening size of the electric proportional valve, 

thus forming a closed-loop control.  The closed-loop control flow of the system is shown in Figure 2.   
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Fig.2  Control flow graph 

 

4. VARIABLE THEORY DOMAIN FUZZY PID CONTROL 

4.1 Variable theory domain fuzzy PID control principle 

Professor Li Hongxing proposed that the essence of fuzzy controller based on variable theory domain 

is an adaptive fuzzy controller [14].  The variable theory domain fuzzy PID controller adds the theory 

domain adjustment mechanism [15] on the basis of the original fuzzy controller, that is, on the premise 

of invariable fuzzy rules and membership function, the theory domain shrinks or expands with the 

change of error [16], as shown in FIG. 4.  In the process of domain compression, it is equivalent to 

increasing the number of rules in a certain area. Therefore, the whole algorithm is relatively simple 

and has better control effect [17].   
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Fig.3  Variable domain fuzzy PID controller configuration diagram 

Let 𝑃0,𝐼0,𝐷0 be the setting parameters of traditional PID controller.  The test pressure error E and the 

rate of change of the test pressure error EC are the input of the variable theory domain fuzzy controller. 

After fuzzy reasoning and anti-fuzzization, three parameters ∆KP, ∆KI, ∆KD are obtained. Then these 

three parameters are summed with the parameters of the original PID controller, and the final PID 

controller parameters are:   
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In the above formula, 𝐾𝑃 , 𝐾𝐼  and 𝐾𝐷  are the final control parameters of fuzzy PID controller in 

variable theory domain.   
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Fig.4   Domain compression and expansion 

4.2 Fuzzification 

The fuzzy reasoning algorithm is Mamdani algorithm, the fuzzy resolution method is Centroid 

method and the fuzzy rules are shown in Table 1.  The membership function of fuzzy PID controller 

in variable theory domain is obtained by fuzzification.  Different shapes of membership function will 

have certain influence on the control effect.  The fuzzy subset with sharper shape of membership 

function has higher sensitivity and resolution.  Otherwise, the sensitivity and resolution are lower [18].  
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In order to obtain higher control sensitivity and resolution, the membership function selected here is 

shown in Figure 5. 
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Fig.5  Membership function curve 

The theory domain of pressure error E and pressure error change rate EC of fuzzy PID controller in 

variable theory domain is [-3,3], and fuzzy subsets are defined as 7, {NB, NM, NS, ZO, PS, PM, 

PB}[19]. The theory domain of the above fuzzy subsets is [-6,6].  According to the actual situation of 

the pressure test, the actual situation of the test pressure error E is ±50MPa, so the basic theory domain 

of the design is [-50,50].  After step signal test of the pressure test platform, the change rate of test 

pressure error (EC) is [-3,3] in the basic theory domain, and the unit is MBPS.  The theory domain of 

test pressure error E and change rate of test pressure error EC are [-2.5,2.5].  The domain of ∆𝐾𝑃 and 

∆𝐾𝐼  is [-6,6], and the domain of ∆𝐾𝐷 is [-0.6,0.6].  Thus, the quantization factor 𝐾𝑒=3/50=0.06 of 

pressure deviation E and the quantization factor 𝐾𝑒𝑐=3/2.5=1.2 of change rate of pressure deviation 

EC can be calculated.  Proportional factors 𝐾𝑝1=6/6=1, K𝑖1=6/6=1, K𝑑1=0.6/6=0.1.   

4.3 Fuzzy Rule 

Making fuzzy rules is also an important part of variable theory domain fuzzy PID control.  The 

formulation of fuzzy rules is based on historical experience or practice to adjust the experiment.  The 

fuzzy rules between pressure parameter error E, change rate of pressure parameter error EC and fuzzy 

controller output ∆𝐾𝑃, ∆𝐾𝐼, ∆𝐾𝐷 are shown in Table 1.   

4.4 Elastic Factor 

The key to variable domain is to select an appropriate expansion factor so as to achieve reasonable 

expansion of domain. In order to achieve good control effect, an appropriate expansion factor is the 

prerequisite [20].  Initial field [-E,E] by scaling factor alpha (x) transformation for [-α(x)E, α(x)E], the 

α(x) is a continuous function of error variable x, α values in the range of (1,1).  The definition of the 

expansion factor α(x) has been explained in literature [21], and the conditions that the expansion factor 

needs to meet are as follows:   

antithetical parallelism：∀x ∈ X, α(x) = α(−x)； 

Protect nature of zero：α(0) = 0； 

Monotonicity: strictly monotonicity on [0,E]； 

Coordination：∀x ∈ X, x ≤ α(x)E； 

The normality：α(±E) = 1； 

At present, the scaling factor based on the function form is most commonly used, such as:   
2

1( ) 1 exp( ),(0 1, 0)x kx k                                                             (3) 
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In the existing research results show that the parameters in the expansion factor have a certain 

influence on the control precision and the domain compression process, the larger the coefficient is, 
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the higher the control precision will be, but the control rate will decrease at the same time; The smaller 

the coefficient is, the lower the control accuracy is, and the control rate will be improved with better 

real-time performance [22].  Considering that the pressure test system of aerospace fluid connector 

requires high control precision of pressure parameters, it requires better dynamic performance in 

pressure control.  In terms of the selection of expansion factor, the simulation comparison of control 

effect at λ=0.01 and λ=0.95 is compared, as shown in FIG. 6.  After simulation comparison, the 

control effect is better than λ=0.01 when λ=0.95 is selected, and the control effect is better than λ=0.95.  

Therefore, in this system, the expansion factor is taken as 
22( ) ( ) 1 0.95 xe ec e     , and on the premise 

that the number and type of original fuzzy rules remain unchanged, the fuzzy PID controller in 

variable theory domain is written into the S function module for simulation test.  
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     Fig.6  Comparison of expansion factor control effect 

 

Table 1  Fuzzy control rules 
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NB PB\NB\PS PB\NB\NS PM\NM\NB PM\NM\NB PS\NS\NB ZO\ZO\NM ZO\ZO\PS 

NM PB\NB\PS PB\NB\NS PM\NM\NB PS\NS\NM PS\NS\NM ZO\ZO\NS NS\ZO\ZO 

NS PM\NB\ZO PM\NM\NS PM\NS\NM PS\NS\NM ZO\ZO\NS NS\PS\NS NS\PS\ZO 

ZO PM\NM\ZO PM\NM\NS PS\NS\NS ZO\ZO\NS NS\PS\NS NM\PM\NS NM\PM\ZO 

PS PS\NM\ZO PS\NS\ZO ZO\ZO\ZO NS\PS\ZO NS\PS\ZO NM\PM\ZO NM\PB\ZO 

PM PS\ZO\PB ZO\ZO\NS NS\PS\PS NM\PS\PS NM\PM\PS NM\PB\PS NB\PB\PB 

PB ZO\ZO\PB ZO\ZO\PM NM\PS\PM NM\PM\PM NM\PM\PS NB\PB\PS NB\PB\PB 

 

5. PRESSURE CONTROL SIMULATION 

The transfer function of the static pressure test circuit is [23]: 

2

2
( )

3 1
G s

s s


                                                                          (5)
 

In order to compare the pressure control effects and verify the control function of fuzzy PID controller 

in variable theory domain in the static pressure test circuit, the simulation models of PID controller, 

fuzzy PID controller and fuzzy PID controller in variable theory domain were built, and several static 

pressure test processes were simulated.  The control effects of the three control algorithms were 

compared under the same target pressure of 15MPa and the same initial PID parameters, i.e. 

𝑃0=19.5, 𝐼0 =1.6, D0=3.75.   

In order to ensure the test effect of static pressure test and meet the national standard of static pressure 

test, the pressure stabilizing effect of the system must be guaranteed.   
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Therefore, the simulation of pressure leakage in the system is carried out to verify the pressure 

stabilizing effect of the fuzzy PID controller in the variable theory domain in the face of static pressure 

test, as shown in Figure 8.   

Most static pressure tests are carried out on the workpiece in small batches.  In order to conduct an 

efficient and safe test, it is necessary to keep the pressure of the test chamber at a low level in the 

early stage of boost, and then boost it after there is no leakage, so as to avoid the loss caused by 

continuing the high pressure test after leakage under low pressure, as shown in Figure 10. 
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           Fig.7  Step signal response                 Fig.8  Pressure leakage perturbation simulation 
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Fig.9  Simulation of square wave pressure variation    Fig.10  Simulation of target pressure variation 

As can be seen from Figure 7, the simulation results of PID controller have overshoot, the overshoot 

is 4.6%, and the steady-state error is about 1.3%.  The pressure control of fuzzy PID controller is 

more accurate than that of PID controller, but it fluctuates from 2s to 3s and reaches a stable state 

about 4.5s.  It can be seen from FIG. 8 that the pressure of the fuzzy PID control curve rises unsteadily 

in a few seconds after the pressure is disturbed, and the pressure is higher than the target pressure 

after reaching the steady state.  There is no overshoot in the simulation results of fuzzy PID controller 

in variable theory domain, and it reaches the preliminary stable state after 2s. After pressure 

disturbance, it can quickly and smoothly return to the stable state, and the final steady-state error is 

0.25%.  According to the simulation comparison results in FIG. 9 and 10, overshoot appears in the 

simulation results of BOTH PID controller and fuzzy PID controller, and the fuzzy PID controller 

with variable theory domain has the best effect on the target pressure change and anti-interference 

test in the static pressure test.   
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6. CONCLUSION 

On the basis of static pressure test circuit, combined with variable theory domain fuzzy PID control 

theory, the designed static pressure test pressure control algorithm was simulated, and the simulation 

results were compared:  The variable theory domain fuzzy PID control method has high control 

precision in this system. In the face of static pressure test pressure leakage can timely fill the pressure, 

the pressure rise is stable, no sudden change of pressure, meet the static pressure test strictly control 

pressure does not exceed the maximum test pressure and other technological processes.  The fuzzy 

PID control algorithm with variable theory domain has better control effect on pressure disturbance 

in static pressure test, and has certain reference and practical value for practical engineering 

application.   
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