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Abstract: In this paper, for the phenomenon of self-excited oscillation caused by nonlinear factors in a 

large aircraft wheel brake control system, the nonlinear dynamic behavior of the pressure servo 

valve-controlled cylinder system (PSVCS) is studied，and the influence law of the key parameters on 

the nonlinear self-excitation behavior is obtained. On this basis, the stability of the PSVCS is analyzed 

both in time domain and frequency domain, and it is proved in principle that the PSVCS is a stable 

self-closed loop control system. Firstly, the nonlinear dynamics model of the PSVCS is established in 

this paper. Secondly, using the method of phase plane analysis, the nonlinear dynamic behavior of the 

PSVCS and the influence law of key parameters on the system are studied. Thirdly, the nonlinear 

system of the PSVCS is transformed into a segmented local linear system, and the stability of the 

prestage and the power stage are analyzed and studied respectively. Finally, through a performance test 

platform, which is used to simulate the load of PSVCS, the theoretical analysis results of this paper are 

verified experimentally under a variety of working conditions. The final experimental results show that 

both the nonlinear dynamic model established in this paper and the influence law of the key parameters 

obtained by the phase plane analysis on the nonlinear self-excited oscillation behavior are correct, and 

the relevant conclusions can provide a reference for the design of the braking system control system. 

Keywords: Large aircraft; Pressure servo valve-controlled cylinder system (PSVCS); 

Nonlinear self-excited oscillations; Stability ; Dynamics 

1. Introduction 

Large aircraft is the crown of modern industry and an important embodiment of a 

country's comprehensive national strength, and it is an important guarantee for 

national security and an important pillar for national economic development [1,2]. In 

the flight control system of large aircraft, wheel brake control system is one of the 

subsystems with independent functions, which plays the role of bearing the weight 

and load of aircraft and providing braking function in take-off and landing [3,4]. In 

April 2021, during the process of collection major scientific issues and engineering 

technical problems launched by China Association for Science and Technology, the 

Chinese Society of Aeronautics listed "How to break through the technical problems 

of high reliability of aviation brake pressure servo valve in extreme environment" as 

one of them. So the relevant research on aviation pressure servo valve has become a 
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hot topic. 

Nonlinear self-excited oscillation is a common phenomenon in hydraulic system, 

and in most cases it will bring significant negative effects to the system, such as 

vibration noise, fatigue damage and so on. So many scholars in this field have devoted 

a great deal of energy to carry out the following related research work. 

Aiming at the problem of self-excited oscillation during the operation of 

hydraulic check valve, Grinis et al. determined that the inducement of self-excited 

oscillation of hydraulic check valve was the fluid-solid coupling between the spool 

and the fluid during the rotation of the ball valve [5]. Han et al. analyzed the 

self-excited oscillation behavior of the impeller blade of a ship's water-jet propulsion 

shaft under the action of fluid-induced thrust load [6]. Wei et al. used Hopf bifurcating 

theorem and center manifold theorem to analyze multiple limit-cycle self-excited 

vibration of the vehicle caused by front wheel shimmy[7]. Li et al. analyzed the Hopf 

bifurcation phenomenon of aircraft hydraulic rudder surface actuator system under 

external load[8]. Motallebia et al. carried out dynamic stability analysis and modeling 

research of hydraulic lathe against self-excited vibration during cutting process[9]. 

In terms of nonlinear system stability analysis, common methods include root 

locus method, Lyapunov's stability theory [10], descriptive function method [11], Popov 

superstability [12], phase plane method [13], etc. Ronilson et al. used the root locus 

method and the descriptive function method to analyze the stability of cubic 

polynomial nonlinear Chua circuits [14]. Islam et al. applied the Lyapunov stability 

theory to the nonlinear controller of ship heading and analyzed the global asymptotic 

stability of the system [15]. Using Lyapunov stability theory and Lipschitz condition in 

chaotic systems, Zare et al. proposed a robust adaptive control strategy to synchronize 

a class of uncertain chaotic systems with unknown time delays [16].  

At the same time, the research on the stability of servo control system mainly 

focuses on the high frequency oscillation problem of electro-hydraulic servo valve, 

namely the noise problem. Zhang et al. thought that the performance of the 

electro-hydraulic servo valve is greatly affected by the flow field characteristics of the 

pilot stage, and studied the unsteady cavitation in flapper-nozzle pilot valve 

numerically and experimentally [17]. Glaun et al. thoroughly analyzed the excitation 

effect of the fluid inside the servo valve on the valve, and realized the vibration and 

noise reduction of the servo valve [18]. Liu et al. proposed an adaptive power stage 

control (APLC) algorithm in frequency domain to solve the problem of parameter 

variation in EHST system application in power stage control [19]. Wang et al. 

evaluated the mass of theoretical and experimental vibration waveforms under 

different supply pressures and vibration frequencies based on the total harmonic 

distortion (THD) theory [20]. Liu et al. proposed a new high frequency 

electro-hydraulic vibration method independently controlled by two valves, which 

realized the independent adjustment and control of the frequency, magnitude and 

offset of the vibration waveform under the condition of high frequency vibration [21]. 

Through mathematical modeling and experimental research, the self-excited 

oscillation phenomenon in a large number of hydraulic systems is analyzed, and some 

effective vibration suppression measures are proposed. However, for the self-excited 



 

oscillation mechanism of the brake pressure servo valve-actuator system, there is a 

lack of relevant research work. 

Brake pressure servo valve-actuator system is a typical force closed loop 

hydraulic control system and there are many nonlinear factors in this system. If the 

nonlinear factors include essential nonlinear links (that cannot be linearized), it is 

highly likely to cause the nonlinear self-excited oscillation behavior of the system. 

The first contribution of this paper is finding out the influence law of key parameters 

on the nonlinear self-excited oscillation behavior.  

In addition, the PSVCS is also a servo control system with pressure closed loop. 

Although its vibration is the self-excited oscillation of the nonlinear system, the 

stability of the system will also have a certain influence on the vibration behavior. 

Therefore, the analysis of the stability of the PSVCS is the second contribution of this 

paper. 

Based on the above situation, the structures of the paper are organized as 

follows: 

In Section 2, the nonlinear dynamics model of PSVCS is derived. In Section 3, 

the nonlinear self-excited oscillation behavior of the PSVCS is analyzed firstly. Then 

the effect of oil return volume on the nonlinear self-excited oscillation of the PSVCS 

is studied by using the method of phase plane analysis. In Section 4, the PSVCS is 

decomposed locally, and the stability of the prestage and the power stage are analyzed 

respectively. In Section 5, the correctness of the PSVCS dynamic model established in 

this paper and the influence law of the proposed oil return volume on the nonlinear 

self-excited oscillation of the PSVCS is verified experimentally by using the load 

simulation performance test platform under different working conditions. 

2. Dynamic modeling of PSVCS 

2.1 System introduction 

The hydraulic schematic diagram of the PSVCS is shown in Fig. 1. The whole 

system is mainly composed of four parts, namely: the hydraulic oil source, the 

pressure servo valve, the servo hydraulic cylinder, the oil return channel composed of 

the oil return pipe and the oil return relief valve. The oil return relief valve is used to 

adjust the back pressure of the system. 

 
Fig. 1. The hydraulic schematic diagram of the PSVCS 



 

The pressure servo valve in Fig. 1 is a jet pipe type three-stage pressure servo 

valve, which controls the output pressure through pressure feedback. The structure 

schematic diagram of the pressure servo valve is shown in Fig. 2. 
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Fig. 2. The structure schematic diagram of the pressure servo valve 

In Fig. 2, part of the high-pressure oil entering through port P reaches the jet pipe 

through the oil path on the right side of the valve, forming a high-speed jet at the jet 

nozzle. Port B is connected with the servo hydraulic cylinder and the feedback cavity 

of working pressure on the left side of the main valve spool simultaneously. Port H is 

connected with the oil return channel, which is connected with the pressure cavity of 

oil return on the left side of the main spool. The specific working principle is as 

follows: 

When there is no current signal, the armature component doesn’t turn. Because 

the jet pipe of valve is facing the left receiving hole of the receiver at the initial 

position, the jet flow of the jet pipe flows into port H at this time. The pressure on 

both sides of the feedback valve spool is the oil return pressure, and the feedback 

valve spool is stable in the middle position under the action of the spring force on 

both sides. The main valve spool is pushed to the right under the action of the left 

return spring, and the port B is connected with the port H, the servo valve doesn’t 
output working pressure. 

When there is a current signal, the armature component begins to turn, and drives 

the jet pipe deflect to the right, which prompts the jet flow through the right hole of 

the receiver into the control cavity. Then pressure is built up in the cavity, and it push 

the feedback valve spool and main valve spool to move to the left. At this point, port 

B is connected with port P, but disconnected from port H, high pressure oil flows into 

the rodless cavity of the servo hydraulic cylinder through port B, forming working 

pressure. Meanwhile, the working pressure will be fed back to the pressure feedback 

cavity through the inner flow channel of the valve body, forming a negative feedback 

of working pressure. At this time, the main valve spool will form a dynamic force 

balance under the joint action of the reset spring force, working pressure, oil return 

pressure and right cavity pressure. 



 

2.2 Mathematical modeling 

2.2.1 Dynamics model of pressure servo valve 

The spring tube-feedback rod of pressure servo valve will generate feedback 

force on the feedback valve spool, so the force balance equation is shown as follows: 
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             (1) 

Where, dT  is the electromagnetic torque ( N m )；  is the flip angle of armature 

or jet pipe (rad); mK  is the magnetic torque spring stiffness ( N m/rad )； i  is the 

control current (A)； tK  is the electromagnetic torque coefficient ( N m/A )； aJ  is the 

rotational inertia of armature component (
2kg m )； aK  is the stiffness of spring tube 

( N m/rad )； aB  is the damping coefficient of armature component ( N m/rad/s )； fgK  

is the stiffness of feedback rod (N/m)；r  is the distance from the center of rotation of 

the feedback rod to the nozzle (m)，  sinr r   ； cx  is the initial offset of the second 

stage valve spool (m); b  is the distance between the nozzle and the connection point 

of the feedback rod and the valve spool (m). 

The relative position relationship between the jet nozzle and the receiving holes 

and the equivalent coincidence area are shown in Fig. 3 and Fig. 4. 

  
Fig. 3. The areas of receiving holes       Fig.1. The jet nozzle and the receiving holes 

According to the geometric relationship in Fig. 3, the areas of the left and right 

receiving holes (namely LA  and RA ) are as follows: 
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(3) 

Where, jx  is the displacement of jet nozzle; R  is the radius of receiving hole; 

sR  is the radius of jet nozzle; L  is the distance between the edge of the receiving 

hole and the center line. The remaining parameters are shown in Fig. 4. 

As shown in Fig. 3, there is an angle   between the axis of the receiving hole 

and the vertical direction. Therefore, the actual receiving area is as follows: 
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Part of the high-speed jet formed at the jet nozzle enters the right receiving hole 

to form the buildup pressure, acting on the feedback valve spool and the power valve 

spool. Its structure is shown in Fig. 5. 

 
Fig. 5. The structure diagram of jet nozzle-receiver 

The Bernoulli equation between cross-sections 1 and cross-sections 2 is as 

follows: 

 2 2 2
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Where, br  is the distance between the jet nozzle and the receiver (m)； h  is the 

height of water head of the cross-sections 2 (m); l  is the length of jet nozzle (m). 

According to Equation (5), the flow velocity through cross-section 2 can be 

obtained as follows: 
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(6) 

Part of the jet flow through cross-section 2 enters the control cavity in Fig. 1 

through the right receiving hole to form the buildup pressure cp , and the following 

equation can be obtained: 
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Where,   is the inlet loss coefficient. 

According to Equations (6) and (7), an equation can be obtained as follows. 
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According to the flow conservation law, the pressure in the transition zone is as 

follows: 
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Where, tA  is the total oil return area of the receiver； hC  is the throttle 

coefficient. 

Substituting Equation (9) into Equation (8), the buildup pressure can be obtained 

as follows: 
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(10) 

The feedback valve spool forms dynamic balance under the action of pressure 

difference at both ends of the valve spool, feedback torque of the feedback rod and 

stiffness of feedback spring. The equation can be expressed as follows: 

     2c h c fg c c c c c c cp p A K r x K x M x B x     && & (11) 

Where, cp  is the buildup pressure (Pa)； hp  is the return oil pressure (Pa)； cM  is 

the mass of feedback spool (kg)； cK  is the stiffness of the feedback spring (N/m)； cB  

is the viscous damping of the feedback stage spool ( N m/rad/s ). 

Under the action of control pressure, working pressure, oil return pressure, spring 

force and flow force, the main valve spool of power stage is in a state of dynamic 

balance. The equation can be expressed as follows: 

 0c v b b h h s t v v v v v vp A p A p A F F M x B x Kx Kx       && &  (12) 

Where, bp  is the brake pressure (Pa)； vA  is the area of action of the control 

pressure (m2)； bA  is the area of action of the brake pressure (m2)； hA  is the feedback 

area of oil return pressure (m2)； sF  is the steady flow force (N)； tF  is the transient 

flow force (N)； vM  is the mass of power stage valve spool (kg)； vx  is the 

displacement of  power stage valve spool (m)； vB  is the viscous damping of power 

stage valve spool ( N m/rad/s )；K  is the spring stiffness of power stage valve spool 

(N/m)； 0vx  is the initial compression of a power stage spring (m). 

The steady and transient flow force of the main valve spool are as follows: 

 2 coss v d v f vF C C W p x K x   
 

(13) 
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Where, vC  is the coefficient of flow velocity; dC  is the flow coefficient of servo 

valve; W  is the area gradient of the valve spool;   is the efflux angle (rad); p  is 

the pressure difference of the valve port (Pa); fK  is the steady-state flow force 

stiffness (N/m)； fB  is the transient-state flow force stiffness (N/m/s)； L  is the 

damping length (m). 

2.2.2 Mathematical model of load characteristics of PSVCS 

The oil flows into the rodless cavity of the actuator through the valve spool of 

power stage with 0vx  . The oil flows into the oil return cavity through the valve 

spool of power stage with 0vx  . Therefore, the load flow of power stage of 

pressure servo valve is as follows: 

 1 ( ) 1 ( )2
( )

2 2

v v
L d v s h v b

sign x sign x
Q C Wx p p sign x p


      

 
 (15) 

According to the flow continuity equation, an equation can be obtained as 

follows: 
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Where, gA  is the effective area of the brake actuator piston (m2)； y  is the 

displacement of the piston rod of the brake actuator (m)； gbV  is the brake cavity 

composed of the rodless cavity of the brake actuator and the hydraulic pipe (m3)； bC  

is the leakage coefficient of brake actuator ( 3m /s/Pa )；   is the volumetric modulus 

of elasticity of oil. 

2.2.3 Mathematical model of oil return channel 

The oil return channel connected in series with direct-acting relief valve of the 

PSVCS is used to generate back pressure. Its material object and structure are shown 

in Fig. 6 and Fig. 7 respectively. 

    
Fig. 6. Material object of direct-acting relief valve Fig. 7. Schematic diagram of relief valve 

The flow continuity equation of the valve spool of the oil return relief valve is as 

follows: 

 

  2
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Where,  jA x  is the open area of relief valve port (m2)； djC  is the flow coefficient 

of the relief valve; aQ  is the flow of the relief valve (m3/s)； hV  is the volume of the 

oil return cavity (m3). 

The valve spool structure of the direct-acting relief valve is a taper valve, and the 

specific structure is shown in Fig. 8. 
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Fig. 8. Relative position of the spool and sleeve of the relief valve 

The flow area of the valve spool of relief valve is as follows: 
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Where, D  is the valve port diameter of relief valve (m)；  is the cone angle of 

valve spool ( o ). 

Under the action of pressure difference, the flow through the damping hole is as 

follows: 
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Where,   is the diameter of relief valve damping hole (m)；   is the dynamic 

viscosity of oil (m2/s)； l  is the length of relief valve damping hole (m). 

The flow continuity equation of the control cavity is as follows: 

  cj c j j

cj

p Q A x
V


 & &  (20) 

Where, cjp is the pressure of the control cavity of the relief valve (Pa)； cjV  is the 

volume of the control cavity of the relief valve (m3)； cQ  is the flow of the control 

cavity of the relief valve (m3/s)； jA  is the area of action of the pressure (m2). 

The relief valve spool is in dynamic balance under the action of oil return 

pressure, spring force, spool damping force and spool inertia force. The equation can 

be expressed as follows: 

 0cj j j j j j j j j j s j hp A M x B x K x K x k x p    && &  (21) 

Where, sk  is the steady-state flow force coefficient of relief valve spool 

(N/m/Pa)； jM  is the mass of the moving parts of the relief valve (kg)； jB  is the 

damping coefficient of relief valve ( N m/rad/s )； jK  is the pressure regulating spring 

stiffness of relief valve (N/m)； 0jx  is the initial compression of the pressure regulating 

spring of relief valve (m). 

Simplifying the system dynamics model, the transfer block diagram of the system 

from current input to brake pressure output can be obtained, as shown in Fig. 9. 
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Fig. 9. The transfer block diagram of PSVCS 

3 Study on the influencing factors of nonlinear dynamics 

behavior of PSVCS 

3.1 The dimensionless treatment of the dynamics model of the PSVCS 

The dynamic behavior of the PSVCS is analyzed from the perspective of 

nonlinear self-excited oscillation. It is concluded that the motion of the power stage 



 

valve spool of the brake pressure servo valve should be a steady periodic motion with 

constant magnitude and constant frequency, and the phase trajectory is an isolated 

closed curve in the phase plane. In order to verify this inference, this section will draw 

the phase trajectory of the power stage valve spool of the brake pressure servo valve 

in the phase plane with 
vx  as the horizontal axis and 

vx& as the vertical axis. 

However, due to the displacement of valve spool is generally very small, usually 0.5 

mm~1 mm, and the shake speed of valve spool in the self-excited oscillation of high 

frequency is very fast. As a result, when 
vx  and 

vx& are drawn on the same plane, the 

range of curves drawn is too large or too small due to their dimensional differences, 

which is not conducive to the analysis of system characteristics. Meanwhile, from the 

perspective of the dynamic model itself, it describes the essential characteristics of the 

system, and the objective laws described by the model are not affected by dimension. 

Therefore, this section will conduct dimensionless treatment on the dynamics model 

of the PSVCS, and eliminate the adverse effects of dimension and order of magnitude 

in the process of in-depth discussion on the system dynamics behavior. 

The dynamics model established is treated by dimensionless treatment as 

follows: 
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Where, reft  is the reciprocal of the natural frequency of the power stage valve 

spool (s/rad)； refx  is the displacement of power stage valve spool under standard 

atmospheric pressure (m)； 0P  is standard atmospheric pressure (Pa). 

It should be noted that each dimensionless state variable is a function of 

dimensionless time t&. 

Substituting Equations (22) and (23) into the dynamic model, the dimensionless 

state space model of the brake servo valve can be obtained as follows. 
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3.2 Phase plane analysis of PSVS 

When the brake pressure servo valve is working normally, the displacement of 

the valve spool of the power stage of the valve is the variation near zero position. 

Therefore, 
5 0y   can be considered as the equilibrium point of the system. The phase 

plane of the system is drawn for the displacement of the dimensionless power stage 

valve spool 
5y , the speed of the dimensionless power stage spool 

6y  and the 

dimensionless brake pressure 
12y , as shown in Fig. 10. The red curve is the phase 

plane of the constant magnitude oscillation of the dimensionless brake pressure, and 

the blue curve in Fig. 10-b is the projection of the phase trajectory in the plane 

5 6y y . 

 

a) Phase plane of the power stage valve spool 

 

b) Phase plane of the power stage valve 

spool-brake pressure 

Fig. 10. The phase planes of brake pressure under step signal 

It can be seen that under the 40 mA step current signal, the PSVCS has a stable 

limit-cycle, which indicates that the movement of the system at the equilibrium point 

is a stable self-excited oscillation. Fig. 10-a shows that the stability limit-cycle formed 

by the movement of the power stage valve spool is not symmetric with respect to the 

zero line of displacement and the zero line of velocity. The area of the stability 

limit-cycle on the right side of the displacement zero line is less than that on the left 

side, indicating that the negative displacement of the power stage spool is greater than 

the positive displacement. The area of the stable limit-cycle above the zero line of 

speed is slightly larger than that below, indicating that the positive speed of the power 

stage valve spool is slightly greater than the negative speed. Therefore, during the 

movement process of the power stage valve spool, the time in the state of negative 

displacement is significantly longer than that in the state of positive displacement, 

resulting in the decrease of brake pressure and the rise of return oil pressure obviously, 

which leads to the positive feedback effect of return oil and forms the limit-cycle. In 

addition, the 3D phase trajectory in Fig.10-b shows that the initial segment of brake 

pressure isn’t 0 MPa (the blue projection line does not coincide with the black phase 

trajectory). This is because the brake cavity in the initial segment is connected with 

the oil return cavity. Therefore, the brake pressure set at this stage is the same as the 

preset oil return pressure in the simulation, namely 0.6 MPa, and the corresponding 

dimensionless quantity is 6. Meanwhile, it can be seen that the brake pressure 

fluctuates up and down in a certain range with the different motion states of the power 

stage spool. 



 

3.3 Influence of oil return cavity volume on nonlinear self-excited oscillation of 

PSVCS 

Since the volume of oil return cavity hV
 
directly affects the pressure building 

process of oil return, this part will analyze the influence law of the phase trajectory of 

hV  on the power stage valve spool of the brake pressure servo valve and the relief 

valve spool of oil return. Under the condition that hV  is increased by 5% and 10%, 

the simulation analysis is carried out on the MATLAB /Simulink platform, and the 

simulation time is 795.6t & . The phase trajectory of the power stage valve spool of 

the brake pressure servo valve and the phase trajectory of the relief valve spool of oil 

return are obtained and shown in Fig. 11. The stability limit-cycle in the figure is the 

phase trajectory in 795.6t &  (the same below). 

a) Phase plane of the power stage valve spool 

with hV  increased by 5% 

b) Phase plane of the relief valve spool with hV  

increased by 5% 

c) Phase plane of the power stage valve spool 

with hV  increased by 10% 

 

d) Phase plane of the relief valve spool with hV  

increased by 10% 

Fig. 11. The phase path with hV  increased 

As can be seen from Fig. 11, with the volume of oil return cavity 
hV  increased, 

both the power stage valve spool and the relief valve spool need to go through a 

longer magnitude oscillation stage before a stable limit-cycle can finally be formed. 

The time domain curve of the dimensionless brake pressure is shown in Fig. 12 with 

hV  
increased by 5% and 10%. 



 

 

a) hV  increased by 5% 
 

b) hV  increased by 10% 

Fig. 12. The dimensionless brake pressure with hV  increased 

As shown in Fig. 12, with the volume of oil return cavity hV  increased, the time 

for the brake pressure to form stable constant magnitude oscillation is gradually 

lengthened, and the peak value of the oscillation is gradually decreased. In the above 

process, since the volume of the brake cavity gbV  doesn’t change. Therefore, it can be 

speculated that the attenuation of oscillation magnitude and the extension of the 

formation time of stable oscillation are not caused by the dissipation of vibration 

energy of the brake pressure bp , but by the attenuation of the return oil pressure hp .  

The analysis results of phase trajectory are shown in Fig. 13 with the volume of 

oil return cavity decreased.  

 

a) Phase plane of the power stage valve spool 

with hV  decreased by 5% 

 

b) Phase plane of the relief valve spool with 

hV  decreased by 5%  

 
c) Phase plane of the power stage valve spool 

with hV  decreased by 10% 

 

d) Phase plane of the relief valve spool with 

hV  decreased by 10% 

Fig. 13. The phase trajectory with hV  decreased 



 

As can be seen from Fig. 13, with the volume of oil return cavity hV  decreased, 

both power stage valve spool and relief valve spool can rapidly form limit-cycles. 

Through comparative analysis, it can be seen that the negative displacement of the 

power stage valve spool increases before the formation of the stable limit-cycle with 

hV  decreased, which indicates that the brake pressure will produce a greater decline. 

The above phenomenon can be clearly seen from the time domain curve in Fig. 

14, 

the time required for the dimensionless brake pressure to form stable constant 

magnitude oscillation decreases gradually with 
hV  

decreased, but the oscillation peak 

value eventually formed shows a gradual upward trend, which is consistent with the 

results of phase plane analysis. 

 

a) hV  decreased by 5% 
 

b) hV  decreased by 10% 

Fig. 14. The dimensionless brake pressure with hV  decreased 

In order to further explain the effect of the volume of the brake cavity 
hV  on the 

self-excited oscillation frequency of the system, the data of the brake pressure is 

analyzed by fast Fourier transform (FFT) when 
hV  changes. The sampling frequency 

is 60 Hz and the frequency range is 0~100 Hz, the obtained brake pressure FFT 

spectrum is shown in Fig. 15. 

 

a) hV  increased by 10% 

 

b) hV  increased by 5% 



 

 

c) hV  no changes 

 

d) hV  decreased by 5% 

  

e) hV  decreased by 10% 

Fig. 15. Brake pressure FFT spectrum with hV  changed 

As can be seen from Fig. 15, with the volume of oil return cavity hV  decreased, 

the main frequency of brake pressure oscillation only slightly increases, but the 

oscillation magnitude corresponding to the main frequency significantly increases. 

Combined with the above analysis, it can be concluded that the volume of oil return 

cavity hV
 
has an inversely proportional relationship with the magnitude of 

self-excited vibration of the PSVCS. That means increasing hV  can decrease the 

magnitude of vibration. However, the volume of oil return cavity hV  has little effect 

on the dominant frequency of self-excited vibration. The above phenomena can be 

explained as follows: 

When the valve spool of the power stage moves to a negative direction, the brake 

cavity will discharge a certain flow to the return oil cavity under the action of pressure 

difference. At this point, the larger hV  has a greater fluid impedance effect，it can 

better absorb the oil flow shock, decrease the oscillation magnitude of return oil 

pressure, make the change of return oil pressure hp  more gentle, decrease the 

oscillation frequency of return oil pressure, the effect of positive feedback of return 

oil, and the vibration magnitude of brake pressure. 

4 Stability study on PSVC 

4.1 Stability analysis of the prestage 

In this paper, the prestage of the brake pressure servo valve consists of two parts: 



 

the jet amplifier and the feedback stage. Its structure is shown in Fig. 16, and its 

working principle is similar to the two-stage electro-hydraulic servo valve with force 

feedback. Therefore, the stability of the prestage can be analyzed by referring to the 

stability analysis method of the two-stage electro-hydraulic servo valve. However, it 

is necessary to consider two special structures in the prestage of the brake pressure 

servo valve, namely: the initial state of the jet nozzle is not in the middle position of 

the two receiving holes but to the left receiving hole, and there is a spring with high 

stiffness at both ends of the feedback spool to establish the force balance relationship 

of the feedback spool. 

 

Fig. 16. The prestage structure of brake pressure servo valve 

In the second section of this paper, the prestage dynamic model of the brake 

pressure servo valve has been established. Considering that the displacement of the 

valve spool is very small, the open-loop gain of the feedback loop constituted by its 

movement is very small compared with the open-loop gain of the force feedback loop 

constituted by the feedback stage, and its influence can be ignored. At the same time, 

in the normal working state, 
c hp p? , so the influence of oil return pressure feedback 

channel can also be ignored. After the above simplification, the prestage transfer 

block diagram of the brake pressure servo valve can be obtained, as shown in Fig. 17. 

i



 

 

Fig. 17. The transfer block diagram of the brake pressure servo valve’s prestage  

In this paper, the Bode diagram is used to judge the stability of the system, but it 

should be noted that the concept of stability margin in the Bode criterion is for the 

minimum phase system. Because in the theory, only in the minimum phase system, 

can the gain and phase margin uniformly determine the stability of the system. 

Although the stability of non-minimum phase system can be analyzed by Bode 

diagram, the concept of stability margin does not exist for non-minimum phase 

system. Therefore, it is necessary to judge whether the system is a minimum phase 

system. 

According to the system block diagram in Fig. 17, the open-loop Nyquist curve 

of prestage is solved, and the result is shown in Fig. 18. 



 

 

Fig. 18. The open-loop Nyquist curve of prestage 

As can be seen from the Fig. 18, the prestage Nyquist curve doesn’t surround the 

point (-1，j0), therefore, the prestage system doesn’t have positive poles and is a 

minimum phase system. The stability and stability margin of the system can be judged 

according to the open-loop Bode diagram shown in Fig. 20. 

 

Fig. 20. The open-loop Bode diagram of the prestage of the brake pressure servo valve 

Fig. 20 shows the Bode diagram phase-frequency curve of the PSVCS starts 

below the 0°line and the number of positive traversing times is 0. Moreover, in the 

frequency range of positive magnitude frequency characteristics of the open-loop 

logarithm, the phase-frequency curve doesn’t traverse the -180°line. Therefore, the 

difference between the positive and negative traversing times of the -180°line of the 

phase-frequency curve is 0. In the case that there is no positive open-loop pole in the 

system, the stability condition of the closed-loop system is satisfied, namely: 

 
+= / 2=0n n P 

  (28) 

Where, n+ is the number of times that the open-loop phase-frequency curve is 

positive traversing the -180°line; n- is the number of times that the open-loop 

phase-frequency curve is negative traversing the -180°line; P+ is the number of 

open-loop positive poles. 

It can be seen that the prestage of the brake pressure servo valve is stable and has 

a large magnitude margin (12.1 dB>6 dB) and phase angle margin(84.3 deg>30 deg), 

and it can keep stable under certain external disturbances. 



 

4.2 Stability analysis of the power stage 

According to the dynamics model of PSVCS, the transfer block diagram of the 

power stage from the buildup pressure to the brake pressure is obtained in Fig. 21. 

 

Fig. 21. The transfer block diagram of the power stage of PSVCS 

It can be seen that the power stage of the PSVCS is a high-order system, and 

there are complex feedback loops, including nonlinear links. Therefore, the system 

stability can not be directly judged by the method of linear system frequency 

characteristic analysis. In the process of switching between the two sides of the power 

stage spool of the brake pressure servo valve at zero position, the flow direction 

switching is the key factor that causes the vibration of PSVCS. Therefore, the positive 

and negative displacements of the power stage valve spool should be analyzed as two 

independent working conditions respectively. 

It is noted that there are square root operations in the flow calculation of the 

power stage valve spool, but they are not the essential nonlinear links that affect the 

system characteristics. Therefore, it can be simplified by the method of small 

deviation linearization, namely: 

 L qv v cv LQ k x k p    (29) 
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After the above simplification, it is necessary to establish the system control 

block diagram respectively according to the positive/negative state of the power stage 

valve spool displacement. 

The oil from the oil source flows into the brake cavity through the valve opening 

of the power stage valve spool with 0vx ≥ . The oil return pressure 
hp  

can be 

considered to be a constant value of 0.6 MPa. At this time, the transfer block diagram 

of the system is shown in Fig. 22. 

--- -

+
-

 

Fig. 22. The transfer block diagram of the PSVCS c bp p  with 0vx ≥  



 

The oil from the brake cavity flows into the oil return channel through the valve 

opening of the power stage valve spool with 0vx ＜ . At this time, the transfer block 

diagram of the system is shown in Fig. 23. 

---
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---

+

+

-

+

-

 

Fig. 23. The transfer block diagram of the PSVCS c bp p  with 0vx ＜  

4.2.1 Determination of linearization parameters in transfer block diagram 

In the transfer block diagram of the PSVCS, linear flow gain coefficient 
qvk  and 

flow-pressure gradient 
cvk  are used to calculate the load flow of the power stage 

valve spool of brake pressure servo valve. These two parameters are obtained by 

calculating the partial derivative of the load flow of the power stage of the brake 

pressure servo valve with respect to the spool displacement and the load pressure 

difference, namely: 

 L L
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It can be seen that the above linearization parameters are the functions related to 

the load pressure difference and displacement of the power stage valve spool, and the 

load pressure difference will change with the switch of displacement direction. 

Therefore, first of all, it is necessary to clarify the possible value range of the load 

pressure difference Lp
 
when the displacement of the power stage valve spool 

changes. 

Limited by the structure of the pressure servo valve, the displacement range of 

the power stage spool is 0.5 mm 1.5 mmvx ≤ ≤ .
 

When the range of valve spool displacement is 0 mm 1 5 mmvx≤ ≤ . , the load 

pressure difference =L s bp p p . While the oil supply pressure =15 MPasp , the 

maximum of brake pressure max 9.8 MPabp  . So the minimum of brake 

pressure min 0.6 MPabp  , the range of load pressure difference is 

5.2 MPa 14.4 MPaLp≤ ≤ . 

When the range of valve spool displacement is 0.5 mm 0 mmvx ≤ ＜ , the load 

pressure difference =L b hp p p . While the oil return pressure =0.6 MPahp , the brake 

pressure =9.8 MPabp , so the load pressure difference is 0 MPa 9.2 MPaLp≤ ≤ . 

It is necessary to pay attention to the value of the displacement of the power 



 

stage valve spool vx . Although the mechanical limit of the power stage valve spool 

is 0.5 mm 1.5 mmvx ≤ ≤ , when the pressure servo valve is in normal operation, its 

valve spool is moving around the near zero position, and take its value as 

0 45 mm 0.45 mmvx . ≤ ≤ . 

After determining the value range of power stage valve spool displacement vx  

and load pressure difference Lp , the linearization coefficient of power stage valve 

spool can be solved according to Equations (31) and (32). At the same time, in the 

process of establishing the transfer function of the PSVCS, the steady-state flow force 

stiffness fK  is also introduced as follows: 

 2 cosf v d LK C C W p 
 

  (33) 

In the above range of load pressure difference, the fK  will also change 

accordingly. 

Because the power stage valve spool only oscillates slightly near zero position 

when the displacement of the power stage valve spool 
vx  is in normal operation. 

Therefore, when the value of 
vx  is near zero position, the value step of spool 

displacement and load pressure difference should be as small as possible. So the value 

array of power stage valve spool displacement vx  and load pressure
 
difference Lp

 
is shown in Table 1. 

Table 1 The value array of vx
 
and Lp  

 

a) xv≥0 

 

b) xv＜0 

4.2.2 Stability analysis of PSVCS 

Bode diagram analysis as a kind of linear system theory, logarithmic magnitude 

frequency characteristic analysis method does not apply to most of the nonlinear 

system analysis. In this paper, although the PSVCS is a typical nonlinear system, its 

input signal and the system initial state is relatively fixed, and the role of the nonlinear 

link is clear. Therefore, the concept of "cluster" is introduced in this paper to draw the 

Bode diagram bundle when the structural parameters change within the movement 

range of the power stage valve spool, and to analyze the stability of the system and 

the influence of the parameters on the stability and stability margin. 



 

(1) Stability analysis of power stage with 0vx ＞  

According to the system block diagram in Fig. 22, the open-loop frequency 

characteristic curves of the power stage valve spool under different positive 

displacement are solved with 0vx ＞ , and the results are shown in Fig. 24. 

 

a) =0.45 mmvx  

 

b) =0.2 mmvx  

 

c) =0.05 mmvx  

Fig. 24. The open-loop Bode curve cluster of the power stage valve spool with 0vx ＞  

In order to judge whether the PSVCS is the minimum phase system with 0vx ＞ , 

the load pressure difference Lp  is respectively 5 MPa, 7 MPa, 9 MPa, 11 MPa, 13 

MPa and 15 MPa, and the open-loop Nyquist curve bundle is drawn by MATLAB. 

Due to the limitation of paper length, only the curves for the following two different 

cases are shown in Fig. 25: 

(1) The valve spool displacement of the power stage is =0.05 mmvx , and the load 

pressure difference 
Lp  is different; 

(2) The load pressure difference is =7 MPaLp , and the displacement of the 

power stage spool is different. 



 

 

a) =0.05 mmvx  

 

b) =7 MPaLp  

Fig. 25. The open-loop Nyquist curve cluster under different operating conditions with 0vx ＞  

According to the open-loop Nyquist curve of the power stage, it can be seen that 

under all working conditions of 0vx ＞ , the open-loop Nyquist curve of the power 

stage is surrounded by (-1, j0), the power stage system has an open-loop positive pole 

and is a non-minimum phase system. So the following conclusion can be drawn: 

In the case of 0vx ＞ , the power stage system is a non-minimum phase system 

and the system open loop is not stable. The phase frequency curve cluster in the Bode 

diagram of the power stage system starts from the -180°line, as positive traversing 

1/2 times. In the frequency range where the open loop logarithmic magnitude 

frequency characteristic is positive, the open-loop logarithmic phase frequency curve 

has no other phenomenon of traversing the -180°line. Therefore, the difference 

between the positive and negative traversing times of the -180°line of the phase 

frequency curve is 1/2. The stability condition of closed-loop system is satisfied when 

there is only one open-loop positive pole. In this case of 0vx ＞ , the system is 

closed-loop stable. 

When the displacement of the power stage valve spool is at the far end of zero 

position ( 0.2 mm 0.45 mmvx≤ ≤ ), the phase angle of the PSVCS has an obvious lag, 

which will disappear when the load pressure difference increases. When =0.45 mmvx  

and =0.2 mmvx , 5 MPaLp＞  and the large phase angle lag disappears (Fig. 24-a, Fig. 

24-b). This phenomenon is caused by two reasons: the non-minimum phase system 

itself has a large phase angle lag, in the case of small pressure difference, the valve 

port flow of the power stage valve spool is small, under the capacitive effect of the 

brake cavity, the pressure response is very slow. 

(2) Stability analysis of power stage with 0vx ＜  

When the power stage valve spool is in a negative displacement state, according 

to the system block diagram in Fig. 23, the open-loop frequency characteristic curves 

of the power stage system under different negative displacements are obtained as 

shown in Fig. 26, and then determine whether the power stage system is the minimum 

phase system in the case of 0vx ＜ . Under different load pressure differences Lp , the 

open-loop transfer function of the power stage system doesn’t have positive poles 

under all working conditions of 0vx ＜ (the determination method is the same as that in 

Fig. 25, due to the limitation of space, Nyquist curve cluster is not shown). Therefore, 

it can be judged that, in the case of 0vx ＜ , the power stage system is the minimum 

phase system and the system is open-loop stable. 



 

 

a) = 0.45 mmvx -  

 

b) = 0.2 mmvx -  

 

d) = 0.05 mmvx -  

Fig. 26. Open-loop Bode diagram with different negative displacement of power valve spool 

Under the negative displacement of the spool at different power levels, the real 

part of the open-loop negative pole point coordinate nearest to the virtual axis of the 

system is shown in Table 2.  
Table 2 The real part of open loop negative pole with different negative power spool displacement 

 
v

x mm  -0.45 -0.2 -0.15 -0.1 -0.05 

The real part of 

negative pole 
-4.96e-10 -5.22e-10 -5.22e-10 -5.33e-10 -5.38e-10 

It can be seen that the maximum open-loop negative point is close to the virtual 

axis. When the parameter is disturbed, the open-loop negative point is prone to turn 

positive, leading to open-loop instability or open-loop critical stability. So there is a 

potential instability in the system. 

According to Fig. 36, the Bode diagram of the power stage system starts from the 

0°line, as positive traversing 0 times. In the frequency range where the open loop 

logarithmic magnitude frequency characteristic is positive, the open-loop logarithmic 

phase frequency curve has no other phenomenon of traversing the -180°line. 

Therefore, the difference between the positive and negative traversing times of the 

-180°line of the phase frequency curve is 0. The stability condition of closed-loop 

system is satisfied when the system doesn’t have an open-loop positive pole. 

Therefore, in this case of 0vx ＜ , the system is closed-loop stable. 

Since the power stage system is the minimum phase system in the case of 0vx ＜ , 

and its stability margin can be determined by the open-loop Bode diagram. Taking 



 

6 MPaLp  , the open-loop Bode diagram with different negative displacement of 

power valve spool can be obtained as shown in Fig. 27. 

 

Fig. 27 Open-loop Bode diagram with different negative power valve spool displacement 

( 6 MPaLp  ) 

It can be seen that, with the decrease of vx , the magnitude of the low frequency 

band in the open-loop Bode diagram of the system keeps increasing, indicating that 

the closer to the zero position, the better the effect of instruction tracking, and the 

smaller the steady-state error. At the same time, the stability margin of the system also 

decreases slightly with the decrease of the displacement of the power stage valve 

spool vx , which indicates that the stability of the power stage valve spool is poor 

when it works near zero position. 

Combined with the above analysis, it can be concluded that the power stage 

system is a stable closed-loop control system. However, there are obvious potential 

unstable factors in the system. When there is parameter disturbance, the system may 

become instability, which will further worsen the oscillation of the output pressure 

under the action of the nonlinear link. 

Combined with the above analysis, the PSVCS is a stable self-closed loop 

control system, and has a certain stability margin. At the same time, the closed-loop 

stability of the system also shows once again that the vibration of the PSVCS is not 

the divergent vibration and critical constant magnitude oscillation behavior caused by 

the instability of the linear system, but the self-excited oscillation phenomenon caused 

by the action of the essential nonlinear link. 

5 Experimental verification 

5.1 Experimental scheme 

In order to verify the accuracy of the dynamics model of the PSVCS and the 

analysis results of the nonlinear dynamics behavior of the PSVCS, an experimental 

platform for load simulation performance testing of the PSVCS (referred to as the 

experimental platform) is built in this paper. The hydraulic principle of the 

experimental platform is shown in Fig. 28. 
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1-Stop valve  2-Quantitative pump  3-Motor  4-Relief valve  5-High pressure filter  6-Check valve  

7-Energy accumulator  8-Controller  9-Servo valve amplifier  10-Pressure servo valve  11-Pressure sensor  

12-Servo hydraulic cylinder  13-Force sensor  14-Electro-hydraulic servo valve  15-Reversing valve   

16-Oil return relief valve  17-Forced-air cooler 

Fig. 28. The hydraulic principle of the experimental platform 

Pressure sensor 11.1 is used to measure the working pressure output by the 

pressure servo valve. The hydraulic cylinder 12.2 on the right, together with the force 

sensor 13, the servo valve 14, the controller 8.2 and the amplifier 9.2, jointly 

constitute the electro-hydraulic load simulator, which performs impedance control in 

the experiment and is used to simulate the elastic load (load stiffness and load 

damping) received by the aircraft when braking. The two-position three-way reversing 

valve 15.1 and 15.2 are respectively used to control the pressure servo valve and the 

oil circuit of the load simulation unit. Accumulator 7 is used to stabilize the pressure 

pulsation of hydraulic oil source. Oil return relief valve 16, pressure sensor 11.2 and 

controller 8.3 constitute the oil return back pressure unit, which is used to set the oil 

return back pressure of the system. The relief valve 4 and the pressure gauge 18 are 

used to adjust the outlet pressure of the hydraulic pump. High pressure fine filter 5 is 

for cleaning oil. Motor 3 drives quantitative pump 2 for system oil supply. Forced-air 

cooler 17 is used to cool oil. 

The basic parameters and the material objects of the experimental platform, such 

as hydraulic pipeline and load simulation, are shown in Table 3 and Fig. 29 

respectively. 

Table 3. Basic parameters of the experimental platform 

Oil supply 

pressure  
System flow 

Brake pipe 

(m) 

Oil return pipe 

(m) 

Oil return 

pressure 
Load stiffness 

Load 

damping 

15 MPa 6.25e-4 m3/s ϕ0.006×1.50 ϕ0.006×1.01 0.6 MPa 1000000 N/m 50 N·s/m 
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a) Load simulation unit 

 

b) Brake pressure servo valve set 

Fig. 29 The material objects of the experimental platform 

5.2 Experimental results 

5.2.1 Step response experiment of PSVCS 

Under the conditions of oil supply pressure 15 MPasp  and oil return 

pressure 0.6 MPahp  , the step current signal of 40 mA is given, and the brake 

pressure curve measured experimentally is shown in Fig. 30. 

 

Fig. 30. Experimental results of brake pressure under step signal 

According to Fig. 30, the following conclusions can be drawn: 

    (1) The step response of brake pressure bp  can be divided into three stages: 

initial stage, ascending stage and stable oscillation stage. Among them, the simulation 

results of the initial stage and the ascending stage are different from the experiment. 

There is a high similarity between the simulation results and the experimental results 

in the magnitude and frequency of the stable oscillation. 

(2) In the initial stage of zero current, the brake pressure is still a fixed value of 

0.6 MPa in the initial stage, while the experimental results show an oscillating 

waveform, and the average oscillation value is significantly higher than 0.6 MPa. The 

reasons are speculated as follows: in the initial state without input current signal, the 

displacement of the main valve spool is = 0.5 mmvx  , and the port B and port H of 

brake pressure servo valve are linked. There is a fixed back pressure of 0.6 MPa in the 



 

oil return channel. Therefore, the initial brake pressure (namely the return oil back 

pressure) is 0.6 MPa. However, in the experiment, the return oil pressure value of 0.6 

MPa is the minimum pressure regulating value of DBD type direct acting relief valve 

selected, and the pressure stabilizing performance of DBD type direct acting relief 

valve is poor near this value range. Due to the existence of oil supply pressure, even if 

the torque motor current signal is zero, there is jet flow in the jet nozzle. However, 

due to the influence of the brake pressure servo valve structure, all jet flow of the jet 

nozzle will flow into the oil return channel eventually, and this part of the flow into 

the oil return cavity will cause the rise of oil return pressure. At the same time, 

because the oil source of the system is the axial piston pump, its flow pulsation will 

lead to the flow fluctuation of the jet nozzle, resulting in small fluctuation of the oil 

return pressure bp , namely, the brake pressure in the initial stage. 

(3) The simulation results of the stable oscillation stage are relatively similar to 

the experimental results, both of which are constant magnitude oscillations with a 

frequency of about 20 Hz and an magnitude of about 0.4 MPa. 

Under the condition of frequency range of 0~100 Hz and sampling frequency of 

60 Hz, FFT analysis is conducted on the data of stable oscillation stage, and the FFT 

spectrum of stable oscillation stage of brake pressure is obtained, as shown in Fig. 31. 

It can be seen from Fig. 31 that the frequencies of the stable oscillation of brake 

pressure obtained from the simulation analysis and the experimental test are almost 

completely same, and the magnitude of the oscillation at the main frequency (25 Hz) 

is only slightly different. However, the oscillation magnitude of the higher-order 

component obtained from the simulation analysis is obviously higher than the 

experimental results, because the simulation model is an ideal model, and the 

impedance control parameters in the experimental system are difficult to be added 

accurately. Therefore, the high-order oscillation components eliminated by impedance 

in the experimental system are still obviously reflected in the simulation analysis. 

Among them, the most obvious is the response at the third order frequency, which has 

almost no magnitude in the experiment, indicating that the response of this order is 

almost completely eliminated by the impedance in the system. At the same time, it can 

be seen that the oscillation magnitude of the main frequency is much greater than that 

of the higher-order component, therefore, the vibration energy of the main frequency 

component has an absolute advantage in the proportion of the total vibration energy, 

which is reflected in the time domain, namely, the pressure fluctuation with a 

frequency of about 25 Hz. 

 



 

Fig. 31. The FFT spectrum of brake pressure of constant magnitude oscillation stage  

The comparison of vibration peak value and main frequency in the stable 

oscillation stage of brake pressure is shown in Table 4. It can be seen that the system 

dynamics model can accurately reproduce the constant magnitude oscillation of brake 

pressure under the step signal. 
Table 4. Comparison of brake pressure fluctuation in constant magnitude oscillation stage 

 Peak-peak value (MPa) Main frequency (Hz) 

Experiment 0.319 24.9584 

Simulation 0.347 24.9764 

Error 8.8% 0.072% 

5.2.2 Experimental study on the effect of oil return cavity on brake 

pressure servo valve 

By adjusting the length of the oil return hydraulic hose on the experimental 

platform, the volume of the oil return cavity 
hV  can be approximately adjusted to 1.1 

times and 0.9 times of the original volume, namely, the parameter changes are 10% 

and -10% (too long pipe will make the experimental results greatly affected by the 

fluid-structure coupling phenomenon), the oil return hydraulic hose used is shown in 

Fig. 32. 

550 mm oil return hoses 

600 mm oil return hoses 

500 mm oil return hoses 

The volume of the oil return cavity  
increases by 10%

The volume of the oil return cavity  
decreases by 10%

 

Fig. 32. The hydraulic hoses with different length 

Under the conditions of oil supply pressure 15 MPasp   and oil return pressure 

0.6 MPahp  , the brake pressure servo valve is input 40 mA step current signal. The 

output pressure curves of the brake pressure servo valve under different oil return 

cavities are measured respectively. 

The experimental scheme is shown in Table 5. 

Table 5. The experimental scheme 

Serial 

number 

Length of the oil 

return hose（mm） 
Changes of hV   

Oil supply 

pressure sp  

Oil return 

pressure hp  

Step current 

signal 

1 550 No change 

15 MPa 
0.6 MPahp 

 
40 mA 2 600 Increase 10% 

3 500 Decrease 10% 



 

The output pressure curve of the brake pressure servo valve is shown in Fig. 33. 

 

Fig. 33. Braking pressure curves corresponding to hydraulic return hose of different lengths 

It can be seen from Fig.33 that the brake pressure obtained from the experiment 

has obvious constant magnitude oscillation phenomenon with the oil return hoses of 

different lengths, but the oscillation peak value is significantly smaller than that 

obtained from the simulation analysis. This is because the model obtained in Section 2 

of this paper is used in the dimensionless analysis. The model linearizes the flow rate 

of the jet nozzle, and the oil return pressure hp  has little effect on the buildup 

pressure cp , which is equivalent to weakening the inhibition effect of the feedback 

stage on the oil return positive feedback. Therefore, the magnitude of brake pressure 

oscillation obtained by the simplified model is larger than that obtained by the 

original model. 

Meanwhile, it can be seen from Fig. 33 that the peak value of brake pressure 

oscillation decreases with the return pipe length increased. For further comparative 

analysis, peak values of the stable oscillation segments of each curve in Fig. 33 are 

averaged, and the obtained results are shown in Table 6. 

Table 6 The peak value of brake pressure oscillation corresponding to oil return hoses  

Length of oil return hose (mm) 500 550 600 

Peak-peak value (MPa) 0.331 0.326 0.319 

Taking the oil return hose length of 550 mm as the standard, the change 

percentage of brake pressure oscillation peak values can be obtained with the oil 

return cavity increased by 10% and decreased by 10%, namely: 

 
10%e

0.319 0.326
% 2.15%

0.326
Experiment


     (34) 

 
-10%

0.331 0.326
% 1.53%

0.326
Experiment 

    (35) 

In the simulation analysis, the change percentage of brake pressure oscillation 

peak valve is as follows with the oil return capacity cavity increased by 10% or 

decreased by 10%. 

 
10%

13.27 13.45
% 1.3%

13.45
Simulation


     (36) 



 

 
-10%

13.69 13.45
% 1.78%

13.45
Simulation 

    (37) 

It can be seen that the simulation analysis has a good accuracy in predicting the 

influence trend of the change of oil return cavity on the change of brake pressure. 

At the same time, the experimental data of brake pressure when the length of the 

return hose changes are processed by FFT. When the sampling frequency is 60 Hz and 

the frequency range is 0~100 Hz, the obtained FFT spectrum of brake pressure is 

shown in Fig. 34. 

 

Fig. 34. The experimental FFT spectrum of brake pressure with different hydraulic hoses 

As can be seen from Fig. 34, when the oil return hoses of different lengths are 

used, the main frequency of brake pressure fluctuation doesn’t change, and only the 

response peak value corresponding to the main frequency has a slight change. This is 

somewhat different from the conclusion obtained in above analysis that "the increase 

of oil return cavity will cause a slight increase in the main frequency of brake pressure 

oscillation". This is because the oil return hydraulic hoses of different lengths are 

replaced in the experiment to approximate the change of oil return chamber volume. 

However, in practice, the oil return cavity volume includes not only the pipeline but 

also the valve content cavity of the oil return relief valve and the brake pressure servo 

valve. As a result, the change of oil return cavity volume in the experiment is less than 

that in the simulation analysis, resulting in a slight difference between the 

experimental results and the simulation analysis. 

6 Conclusion 

In this paper, based on the nonlinear mathematical model of PSVCS, a 

two-dimensional phase plane of the power stage valve spool of the brake pressure 

servo valve is drawn by phase plane analysis, which is composed of displacement and 

velocity, the influence law of the volume of the oil return cavity on the nonlinear 

dynamic behavior of the PSVCS is analyzed. On this basis, the stability of the 

prestage and the power stage of the PSVCS is analyzed respectively. Finally, the 

stability margin of the whole braking system is obtained, and the following 

conclusions are obtained through theoretical analysis and experimental verification. 

1) Under the signal of 40 mA step current, the PSVCS has a stable limit-cycle. 

The movement of the system at the equilibrium point is a stable self-excited 

oscillation. With the different motion states of the valve spool at the power stage, the 

brake pressure fluctuates up and down within a certain range. 

2) With the increase or decrease of the control parameter (the volume of the oil 



 

return cavity 
hV ), the peak value of the constant magnitude oscillation formed by the 

brake pressure decreases or increases obviously. The volume of the oil return cavity 

hV  
is inversely proportional to the magnitude of the self-excited vibration of the brake 

pressure, which means the increasing of 
hV  

can decrease the magnitude of vibration. 

However, the volume of oil return cavity 
hV
 
has little effect on the main frequency of 

self-excited vibration. 

3) The prestage of the brake pressure servo valve is stable and has a large gain 

margin (12.1 dB>6 dB) and phase margin (84.3 deg>30 deg), which can remain stable 

under certain external disturbances, and the power stage is a stable closed-loop 

control system. However, the power stage has obvious potential instability factors. 

When the parameter is disturbed, the system may become unstable, which further 

aggravates the system output pressure and leads to the self-excited oscillation under 

the action of nonlinear link. 
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