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Abstract: In contrast to the traditional pneumatic braking system, the electronic-controlled pneu-
matic braking system of commercial vehicles is a new system and can remedy the defects of the
conventional braking system, such as long response time and low control accuracy. Additionally,
it can adapt to the needs and development of autonomous driving. As the key pressure regulating
component in electronic-controlled pneumatic braking system of commercial vehicles, automatic
pressure regulating valves can quickly and accurately control the braking pressure in real time
through an electronic control method. By aiming at improving driving comfort on the premise of
ensuring braking security, this paper took the automatic pressure regulating valve as the research
object and studied the pressure change rate during the braking process. First, the characteristics of
the automatic pressure regulating valve and the concept of the pressure change rate were elaborated.
Then, with the volume change of automatic pressure regulating valve in consideration, the math-
ematical model based on gas dynamics and the association model between pressure change rate
and vehicle dynamic model was established in MATLAB/Simulink and analyzed. Next, through
the experimental test of a sample product, the mathematical models have been verified. Finally, the
key structure parameters affecting the pressure change rate of the automatic pressure regulating
valve and the influence law have been identified; therefore, appropriate design advice and theoretical
support have been provided to improve driving comfort.

Keywords: automatic pressure regulating valve; pressure change rate; driving comfort; electronic-
controlled pneumatic braking system

1. Introduction

Compared with the traditional pneumatic braking system of commercial vehicles, the
electronic control pneumatic braking system gains improvement from electronic-control
method; hence, it can rapidly and accurately regulate the pressure in real time. As the
key pressure regulating component of the electronic-controlled pneumatic braking system
of commercial vehicles, the automatic pressure regulating valve ensures security and
improves driving comfort with reliable pressure regulating characteristics.

WABCO and KNORR are among the earliest companies to research electronic-controlled
pressure regulating valves and have developed the proportional relay valve and axle
modulator for pneumatic EBS (Electronic braking system). Researchers have performed
extensive research on pneumatic braking systems and the characteristics of electronic-
controlled pressure regulating valves. Yi Lu et al. established the full-parameter models
of the key components in a bus pneumatic braking system and analyzed the main factor
affecting the dynamic response characteristics of the system [1]. Zhengtie Han et al. studied
the hysteresis characteristics of the relay valve in the electronic-controlled pneumatic
braking system of commercial vehicles and analyzed the influence of key parameters on
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hysteresis characteristics [2–4]. M. You et al. built the mathematical model of a WABCO
proportional relay valve, studied the influence of key parameters on dynamic characteristics
and then designed the controller [5].

Ride comfort is used to describe the comfort level of the driver in the vibration
environment of the vehicle. For the study of vehicle longitudinal ride comfort, many
scholars take jerk, namely the derivative of acceleration, as the evaluation index of driving
comfort. N Mutoh et al. proposed the "discomfort index" to describe the driving comfort
based on braking deceleration speed and jerk [6].

In the braking process of commercial vehicles, the fluctuation of supply pressure and
the delay in transmission system result in pressure deviation and time deviation between
actual and expected pressure response; therefore, the pressure change rate is proposed
to evaluate the deviations. In order to realize real-time pressure regulation rapidly and
accurately, the pressure change rate needs to be taken into consideration. There have been
few research on the pressure change rate and the driving comfort, which mainly focus
on the hydraulic braking system of passenger vehicles. Jian Hu et al. revealed that sonic
conductance and supply pressure have great influence on the braking pressure change
rate of commercial vehicles [7]. Zhiyuan Li et al. conducted a theoretical analysis on the
dynamic pressure regulation characteristics of ABS (Anti-block system) wheel cylinder
pressure and built a pressure change rate model [8]. Xiuyuan Xing et al., based on a
new type of electro-hydraulic brake system of electric vehicles, built a model of hydraulic
brake system and corresponding control strategy with the co-simulation platform and
the impact factors of brake pressure change rate were analyzed theoretically [9]. Xing
Wang et al. characterized the pressure change rate in a wheel cylinder using the change
of steady pressure and studied the key factor that affects the pressure change rate [10,11].
Xingli Li established an association model between the braking pressure change rate and
the jerk of commercial vehicles based on vehicle dynamic model, tire model and brake
model and analyzed the relation between pressure change rate and driving comfort; he
then defined a range of pressure change rate to ensure driving comfort [12]. Ning Pan
et al. proposed the braking intention classification method that considered comfort and
the corresponding braking force control method of each class and analyzed the influence
of braking intention classification and identification method on the number of actions of
hydraulic control valve and braking distance to improve brake comfort and security [13].
K.S Sunil et al. analyzed the jerk of the vehicle to examine its effect on security and comfort
to the passengers [14]. F Feng et al. investigated the characteristics of vehicle longitudinal
jerk and vehicle longitudinal acceleration by using vehicle sensor data from the naturalistic
driving study [15].

In these studies, the research on pressure change rate mainly focused on hydraulic
braking systems. Furthermore, the research on pneumatic pressure control valves mostly
concentrated on the pressure response and time response. However, the pressure response
and time response should be considered comprehensively for autonomous driving. There
are few studies conducted with the aim of researching the pressure change rate of pneu-
matic braking valve in the design and test process. Among the research works of the
pneumatic regulating valves, most studies did not consider its implementation at each
level of autonomous driving.

This paper takes the key pressure regulating component in electronic-controlled pneu-
matic braking system of commercial vehicles, which is the automatic pressure regulating
valve, as the research object. First, the operation principle of the automatic pressure reg-
ulating valve and the concept of the pressure change rate are elaborated. Then, with the
volume change of automatic pressure regulating valve in consideration, based on gas
dynamics and the association model between pressure change rate and vehicle dynamic
model, the mathematical models of the automatic pressure regulating valve and the re-
sponse characteristics of outlet pressure change rate are established in MATLAB/Simulink
and analyzed. Next, through the experimental test of a sample product, the mathematical
models are then verified. Finally, the key structure parameters affecting the pressure change
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rate of the automatic pressure regulating valve and the influence pattern are identified,
which includes the controlled cavity volume, the opening diameter of the check valve, the
diameter of exhaust port, spring stiffness, the ratio of upper and lower surface areas of
piston and the mass of the valve core; therefore, appropriate design advice and theoretical
support is provided to improve driving comfort.

2. Automatic Pressure Regulating Valve in Electronic-Controlled Pneumatic Braking
System of Commercial Vehicles and the Pressure Change Rate

The automatic pressure regulating valve functions as the key pressure regulating
component of the electronic-controlled pneumatic braking system of commercial vehicles.
The response time is the critical parameter to ensure braking security and driving comfort.

Research manuscripts reporting large datasets that are deposited in a publicly available
database should specify where the data have been deposited and provide the relevant
accession numbers. If the accession numbers have not yet been obtained at the time of
submission, please state that they will be provided during review. They must be provided
prior to publication.

2.1. Automatic Pressure Regulating Valve in Electronic-Controlled Pneumatic Braking System of
Commercial Vehicles and the Response Characteristics

Compared with the regular pressure regulator in traditional pneumatic braking sys-
tems, the automatic pressure regulating valve benefits from electronic-controlled methods
and thus can react to the instructions of the system during the dynamic driving process and
improve driving comfort while ensuring security, which is in line with the development of
automated driving in commercial vehicles. Figure 1 depicts the operation principle of the
automatic pressure regulating valve, which consists of high-speed solenoid valves, a relay
valve, a pressure sensor and a check valve.

Figure 1. Principle drawing of an automatic pressure regulating valve. (a) inlet port; (b) high-speed inlet port; (c) inlet port
(pedal valve); (d) high-speed exhaust port; (e) outlet port; (f) pressure sensor interface; (g) exhaust port; (i) pressure relief
hole; (j) controlled cavity inlet port.
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The automatic pressure regulating valve meets the requirement of each level of auto-
mated driving classified by the SAE (Society of Automotive Engineers) from the Taxonomy
and Definitions for Terms Related to Driving Automation Systems for On-Road Motor
Vehicles. Based on the classification, the automatic pressure regulating valve functions in
the following ways:

1. The check valve enables the driver to regulate the braking pressure in manual-
controlled braking mode (in line with Level 0–2 automated driving);

2. Compared to the traditional relay valve, the high-speed solenoid valves in automatic
pressure regulating valve functions in non-manual-controlled baking mode (in line
with level 3–5);

3. The check valve and the high-speed solenoid valve can function separately; thus, the
automatic pressure regulating valve can switch between manual controlled braking
mode and electronic-controlled braking mode (in line with level 1–5).

2.2. Sample Product of Automatic Pressure Regulating Valve in Electronic-Controlled Pneumatic
Braking System for Commercial Vehicles

Based on the operation principle of the automatic pressure regulating valve, the struc-
ture design, the tolerance design and the materials selection have been conducted [16,17]
and the sample product is shown in Figure 2.

Figure 2. Sample product of an automatic pressure regulating valve.

2.3. Pressure Change Rate of Automatic Pressure Regulating Valve

In the braking process of electronic-controlled pneumatic braking system of com-
mercial vehicles, braking pressure deviation and time deviation may result in failure of
braking; therefore, the braking pressure and the braking time must meet expectations and
the pressure deviation and the time deviation must be considered together, which are eval-
uated with pressure change rate. Figure 3 shows the schematic diagram of pressure-time
relationship. The deviation in time for actual pressure and expected pressure to reach the
same value is time deviation and the deviation in actual pressure and expected pressure
simultaneously is pressure deviation.
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Figure 3. Schematic diagram of pressure-time relationship.

Pressure change rate is the change of braking pressure per unit time. It can be defined
with the following equation:

κ =
∆p
∆t

=
dp
dt

(1)

where κ is pressure change rate (Pa/s), ∆p is pressure deviation (Pa), ∆t is time deviation
(s), p is braking pressure (Pa) and t is braking time (s).

Junzhi Zhang et al. conducted research to evaluate different levels of driving comfort
with jerk in different ranges [18,19]. The jerk criteria for driving comfort in the automotive
industry is shown in Table 1.

Table 1. Jerk criteria for driving comfort in automotive industry.

Jerk (m/s3) <5.0 5.0~10.0 >10.0

Level of driving comfort Good Acceptable Bad

Jerk is the criterion based on vehicle dynamics and cannot be directly controlled by the
automatic pressure regulating valve in the electronic-controlled pressure pneumatic system
of commercial vehicles during braking process. By associating jerk and the characteristics
of automatic pressure regulating valve [20], the relation between jerk and pressure change
rate of automatic pressure regulating valve can be described in follow equation:

dpc

dt
= 5.288 × 105 × da

dt
(2)

where pc is the braking pressure in brake chamber (Pa) and a is the acceleration of vehi-
cle (m/s2).

The pressure change rate criteria for driving comfort shown in Table 2 is calculated
with the Equation (2) and the values in Table 1.

Table 2. Pressure change rate criteria for driving comfort.

Pressure change rate (MPa/s) <2.6 2.6~5.2 >5.2

Level of driving comfort Good Acceptable Bad

Considering the security during the braking process, a lower threshold is set to time
deviation and pressure deviation. The lower threshold of pressure change rate is then
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proposed through a division calculation. Based on the jerk criteria for driving comfort, the
upper threshold of pressure change rate is defined. As shown in Figure 4, the pressure
change rate must remain between upper and lower threshold to guarantee driving comfort
on the premise of ensuring braking security.

Figure 4. Pressure change rate range of an automatic pressure regulating valve.

3. Theoretical Analysis and Simulation Model of Pressure Change Rate of Automatic
Pressure Regulating Valve in Electronic-Controlled Pneumatic Braking System of
Commercial Vehicles
3.1. Mathematical Model of Automatic Pressure Regulating Valve in Electronic-Controlled
Pneumatic Braking System of Commercial Vehicles
3.1.1. Mathematical Model of High-Speed Solenoid Valve

The model of a high-speed solenoid valve includes an electronic subsystem, a magnetic
subsystem, a mechanical subsystem and a pneumatic subsystem. The frequency response
characteristics and the pressure-flow characteristics are determined by these four tightly
coupled subsystems. The movement of the spool in the solenoid valve is determined by
electromagnetic force, flow force and spring force. The dynamic equation of the spool of
high-speed solenoid valve is as follows:

m
d2x1

dt2 = Fs − kx1(x0 + x1)− sgn(
dx1

dt
) · c(

dx1

dt
)− (Pu − Pd)πr1

2 (3)

where Fs is electromagnetic force (N), m is mass of spool, kx1 is stiffness of spring (N/m), c is
coefficient of viscous damping (N·m−1·s−1), Pu is upstream pressure (Pa), Pd is downstream
pressure (Pa), r1 is the effective radius of flow area (m), x1 is displacement of the spool (m)
and x0 is the initial shape variable of the spring (m).

3.1.2. The Mathematical Model of Relay Valve

In the pressurization process of the automatic pressure regulating valve, the piston
and the valve core stays in contact and hence can be considered as a whole. The dynamic
equation can be described as follows.

(m1 + m2)
d2x
dt2 = Pc A1 − PA2 − (kx2 + F0)− sgn(

dx
dt

) · (c1 + c2)
dx
dt

− sgn(
dx
dt

) · Ff + (m1 + m2)g(x ≥ 0) (4)
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In the process of decompression, the piston and the valve core detach and hence
should be modeled separately. The dynamic equation of the piston is as follows:

m1
d2x
dt2 = Pc A1 − PA2 − sgn(

dx
dt

) · c1
dx
dt

− sgn(
dx
dt

) · Ff + m1g(x < 0) (5)

where x is displacement of the piston (m), m1 is mass of the piston (kg), m2 is mass of the
valve core (kg), A1 is the upper surface area of the piston (m2), A2 is the lower surface
area of the piston (m2), kx2 is stiffness of the spring (N/m), F0 is preload of spring (m),
c1 is coefficient of viscous damping of piston (N·m−1·s−1), c2 is the coefficient of viscous
damping of valve core (N·m−1·s−1) and Ff is friction force (N).

3.1.3. Mathematical Model of Pressure-Flow Characteristics of Automatic Pressure
Regulating Valve

The flow characteristics of pneumatic components evaluates the air flow capacity
and affects the dynamic characteristics of pneumatic system directly. In the operation of
automatic pressure regulating valve, the movement of the valve core changes the flow area
and thus the valve opening can be considered as a variable orifice of which the air flow
capacity can be evaluated with effective flow area. The relation between pressure and mass
flow rate is as follows:

qm =



SePu ·
√

k
Rθu

(
2

k+1

) k+1
2(k−1) 0 < Pd

Pu
< b

SePu ·
√[

( Pd
Pu
)

2
k − ( Pd

Pu
)

k+1
k

]
2k

Rθu(k−1) b < Pd
Pu

< bh

ηPu

(
1 − Pd

Pu

)
·
√

θ0
θu

bh ≤ Pd
Pu

(6)

where qm is mass flow rate of air (kg/s), Se is the effective flow area (m2), k is adiabatic
exponent of air, R is the gas constant of ideal gas, (287 J·kg−1·K−1), θ0 is the temperature
of standard state, (273.15 K), θu is the temperature of upstream gas (K), b is the critical
pressure ratio, Pu is upstream pressure (Pa) and Pd is downstream pressure (Pa).

The pressurization and the decompression process of the automatic pressure regulat-
ing valve can be considered as the inflation and the deflation process of a variable-volume
chamber. These processes happen in an extremely short amount of time and therefore can
be regarded as adiabatic processes. Therefore, the relation between pressure and mass flow
rate is as follows:

dp
dt

=
R
V

kθsqin −
Rθ

V
kqout − (k − 1)

P
V

dV
dt

− P
V

dV
dt

(7)

where V is the volume of the chamber (m3), qin is inlet mass flow rate (kg/s), qout is outlet
mass flow rate (kg/s) and θs is the temperature of gas that flow through the orifice (K).

3.2. Simulation Model of Automatic Pressure Regulating Valve in Electronic-Controlled
Pneumatic Braking System of Commercial Vehicles

In the automatic pressure regulating valve in electronic-controlled pneumatic braking
system of commercial vehicles, the pressure of the controlled cavity is regulated with
high-speed solenoid valves and a check valve and thus the outlet pressure is regulated.
Considering this dynamic system as a whole, the input of the system is the voltage signal
for the high-speed solenoid valves, the output is the outlet pressure and the outlet pressure
change rate. The coupling of subsystems in the simulation model of the automatic pressure
regulating valve of electronic-controlled pneumatic braking system for commercial vehicles
is depicted in Figure 5.
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Figure 5. Coupling of subsystems in the simulation model for the automatic pressure regulating valve.

Based on the coupled relation between each subsystem, the simulation model of the
automatic pressure regulating valve shown in Figure 6 is established.

Figure 6. Simulation model of an automatic pressure regulating valve in electronic-controlled pneumatic braking system of
commercial vehicle.
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3.3. Experimental Validation of Simulation Model of Pressure Change Rate of Automatic Pressure
Regulating Valve in the Electronic-Controlled Pneumatic Braking System of Commercial Vehicle

To verify the mathematical model of automatic pressure regulating valve, an experi-
ment is performed with the sample product.

As shown in Figure 7, the inlet port and the high-speed inlet port of automatic pressure
regulating valve is connected to the air tank. The peddle valve is replaced with an on-off
valve to simplify the circuit and the outlet port is connected to the brake chamber. A control
signal and pressure data acquisition system based on dSPACE HIL platform is applied to
the test bench:

Figure 7. Hardware in the loop test bench for an automatic pressure regulating valve.

1. With the expected pressure set to 0.5 MPa, the pressure response and the pressure
change rate response during pressurization and decompression processes are depicted
in Figure 8;

Figure 8. Pressurization and decompression response of an automatic pressure regulating valve: (a) pressure response; (b)
pressure change rate response.
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2. To analyze the transition between braking stages, the expected pressure is set to
increase to 0.3 MPa, 0.5 MPa and 0.7 MPa. The pressure and the pressure change rate
responses are depicted in Figure 9;

Figure 9. Step-pressurization response of an automatic pressure regulating valve: (a) pressure response; (b) pressure change
rate response.

There are certain errors between the simulation result and the experiment result.
During the pressurization process in the experiment, the pressure response overshoots and
after reaching a stable pressure, it oscillates at a certain amplitude owing to the dynamic
pressure regulation process of the high-speed solenoid valves. As for the tendency in the
process, simulation response and experimental response consist at key values and showed
a good agreement.

4. Analysis on the Influence of Relevant Parameters of Pressure Change Rate of an
Automatic Pressure Regulating Valve in Electronic-Controlled Pneumatic Braking
System of Commercial Vehicles
4.1. Selection of Key Structure Parameters Affecting the Pressure Change Rate of Automatic
Pressure Change Rate

The structure of an automatic pressure regulating valve is characterized in multiple
parameters. In order to avoid omission, all parameters are enumerated in the preliminary
analysis. The range of each structural parameters is listed in Table 3.

Since the number of parameters is large, a response surface method (RSM) is applied to
perform an orthogonal experimental design and therefore the relevance between structural
parameters and pressure change rate can be evaluated using a small number of experiments.
Based on the range listed in Table 3, the design of experiments is shown in Table 4.
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Table 3. Range of Structural Parameters.

Parameter Symbol Range Unit

Initial air gap x 1–3 mm
Diameter of flow channel d1 2–4 mm

Opening diameter of check valve d2 0–4 mm
Diameter of exhaust port d3 0.8–1.6 mm
Controlled cavity volume V 0.06–0.14 dm3

Ratio of upper and lower surface
areas of piston f 0.1–0.5 /

Effective flow area of inlet port S 25–65 mm2

Spring preload F0 60–100 N
Spring stiffness k 2000–4000 N/m

Mass of valve core m 0.1–0.2 kg

Table 4. Design of experiments based on RSM.

Run Initial
Air Gap

Diameter
of Flow
Channel

Opening
Diameter of
Check Valve

Diameter
of Exhaust

Port

Controlled
Cavity

Volume

Ratio of Upper
and Lower

Surface Areas
of Piston

Effective
Flow Area of

Inlet Port

Spring
Preload

Spring
Stiffness

Mass of
Valve Core

1 2 2 4 1.6 0.06 0.1 45 100 4000 0.15
2 2 4 2 0.8 0.06 0.3 25 60 3000 0.15
3 2 4 4 1.6 0.14 0.3 25 80 4000 0.2
4 2 2 4 1.2 0.06 0.5 65 80 2000 0.2
5 2 2 2 1.2 0.14 0.5 25 60 2000 0.2
6 2 2 2 0.8 0.1 0.5 25 100 4000 0.1
7 2 3 2 1.2 0.1 0.3 45 80 3000 0.15
8 2 2 0 1.2 0.06 0.5 25 60 3000 0.15
9 2 2 0 1.6 0.14 0.5 25 100 3000 0.1

10 2 3 2 1.2 0.1 0.3 45 80 3000 0.15
11 2 4 0 1.6 0.1 0.1 65 80 4000 0.2
12 2 3 2 0.8 0.06 0.5 65 100 2000 0.1
13 2 2 4 0.8 0.06 0.3 65 60 4000 0.2
14 2 3 0 0.8 0.14 0.5 65 80 3000 0.2
15 2 3 0 1.2 0.06 0.1 65 80 4000 0.1
16 2 4 4 1.2 0.1 0.3 25 100 3000 0.15
17 2 4 0 0.8 0.14 0.1 45 60 4000 0.1

. . .

The data in the design of experiments were imported into the simulation model
for calculation and the corresponding pressure and pressure change rate were obtained.
By using data analysis, the gray correlation between structural parameters and pressure
change rate was obtained and is shown in Table 5.

Table 5. Gray correlation between structural parameters and pressure change rate.

Parameter Symbol Grey Correlation Degree

Initial air gap x 0.7814
Diameter of flow channel d1 0.7663

Opening diameter of check valve d2 0.8297
Diameter of exhaust port d3 0.8179
Controlled cavity volume V 0.8447

Ratio of upper and lower surface areas
of piston f 0.8326

Effective flow area of inlet port S 0.7982
Spring preload F0 0.7367
Spring stiffness k 0.8192

Mass of valve core m 0.8043

In the gray correlation analysis, the parameter with higher gray correlation degree
is regarded as the one that contributes to the result at a greater extent. There is a positive
correlation between the contribution of the parameter and the grey correlation degree.
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Since there are many parameters in this model, parameters with a gray correlation
degree higher than 0.8 are considered as the key parameters of pressure change rate of the
automatic pressure regulating valve. The key parameters include controlled cavity volume
V, opening diameter of check valve d2, diameter of exhaust port d3, spring stiffness K, the
ratio of upper and lower surface areas of piston f and the mass of valve core m.

4.2. Analysis on Influence of Key Structural Parameters on Pressure Change Rate of Automatic
Pressure Regulating Valve

By changing the value of parameters in a series of simulations in which the supply
pressure and the expected pressure are set to 0.7 MPa and 0.5 MPa, the influence pattern
and optimization direction of each parameter can be determined.

Figure 10 illustrated the influence pattern of controlled cavity on pressure change rate.
In these simulations, the spring stiffness K is 3000 N/m, the diameter of the exhaust port
d3 is 0.8 mm, the ratio of the upper and lower surface areas of piston f is 0.3, the mass
of the valve core m is 0.1 kg, the opening diameter of the check valve is 0 to simulate the
electronic-controlled situation and the controlled cavity volume increases from 0.06 dm3 to
0.14 dm3 gradually.

Figure 10. Influence of controlled cavity volume on pressure change rate: (a) pressure response; (b) pressure change
rate response.

By looking at Figure 10, it can be observed that the controlled cavity volume has
a significant influence on the pressure change rate. A smaller controlled cavity volume
contributes to shorter response time, but it significantly causes the pressure change rate
to rise. Thus, it is reasonable to increase the controlled cavity volume to improve driving
comfort on the premise of ensuring security during braking of moderate intensity.

Figure 11 illustrates the influence pattern of the opening diameter of the check valve
on pressure change rate. In these simulations the spring stiffness K is 3000 N/m, the
controlled cavity volume V is 0.1 dm3, the diameter of exhaust port d3 is 0.8 mm, the ratio
of the upper and lower surface areas of piston f is 0.3, the mass of valve core m is 0.1 kg
and the opening diameter of the check valve increases from 0 mm to 4 mm gradually to
simulate the transition from electronic-controlled braking mode to coupled braking mode
at different degrees.
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Figure 11. Influence of the opening diameter of the check valve on pressure change rate: (a) pressure response; (b) pressure
change rate response.

From Figure 11, it can be noticed that as the opening increases, the pressure change
rate rises significantly. Compared with electronic-controlled braking, coupled-braking
accelerates pressure response but increased the outlet pressure change rate at a greater
extent and, thus, suits emergency braking.

Figure 12 illustrates the influence pattern of the diameter of exhaust port on pressure
change rate. In these simulations, the spring stiffness K is 3000 N/m, the controlled cavity
volume V is 0.1 dm3, the opening diameter of the check valve is 0, the ratio of the upper
and lower surface areas of piston f is 0.3, the mass of valve core m is 0.1 kg and the diameter
of exhaust port d3 increases from 0.8 mm to 1.6 mm.

Figure 12. Influence of the diameter of exhaust port on pressure change rate: (a) pressure response; (b) pressure change
rate response.
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From Figure 12, it can be observed that as the diameter of exhaust port increases, the
pressurization time increases and the pressure change rate decreases, which may induce an
inadequate braking force.

Figure 13 illustrates the influence pattern of spring stiffness on the pressure change
rate. In these simulations the controlled cavity volume V is 0.1 dm3, the diameter of exhaust
port d3 is 0.8 mm, the ratio of the upper and lower surface areas of piston f is 0.3, the
mass of valve core m is 0.1 kg, the opening diameter of the check valve is 0 and the spring
stiffness increases from 2000 to 4000 N/m.

Figure 13. Influence of spring stiffness on pressure change rate: (a) pressure response; (b) pressure change rate response.

From Figure 13, it can be observed that as the spring stiffness increases, the open-
ing of the automatic pressure regulating valve decreases and the pressure change rate
decreases. Meanwhile, the ratio between the controlled cavity pressure and the outlet
pressure is affected.

Figures 14 and 15 illustrates the influence pattern of the ratio of upper and lower
surface areas of the piston and the mass of the valve core on pressure change rate. In these
simulations, the spring stiffness K is 3000 N/m, the controlled cavity volume V is 0.1 dm3,
the diameter of the exhaust port d3 is 0.8 mm, the opening diameter of check valve is 0, the
ratio of the upper and lower surface areas of piston f increases from 0.1 to 0.5 in Figure 14,
the mass of valve core m is 0.1 kg and the opening diameter of the check valve increases
from 0.1 kg to 0.2 kg in Figure 15.

From Figures 14 and 15, it can be observed that the surface area of the piston is
the key parameter affecting the balance of the valve core’s movement. As the mass of
the valve core and the ratio of the upper and lower surface areas increase, the stable
outlet pressure decreases. Meanwhile, as these two parameters increases, the opening of
automatic pressure regulating valve increases and the outlet pressure change rate increases
at a certain extent.
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Figure 14. Influence of the ratio of upper and lower surface areas of piston on pressure change rate: (a) pressure response;
(b) pressure change rate response.

Figure 15. Influence of the mass of the valve core on pressure change rate: (a) pressure response; (b) pressure change
rate response.

5. Discussion

This paper takes the key pressure regulating component, the automatic pressure
regulating valve in electronic-controlled pneumatic braking system of commercial ve-
hicles, as the research object and studies the influence of key structural parameters on
pressure change rate and then investigates the optimization method to improve security
and driving comfort.

The key affecting parameters and their influence patterns on pressure change rate of
automatic pressure regulating valve are identified. Increasing the controlled cavity volume,
the spring stiffness and the diameter of the exhaust port can effectively decrease pressure
change rate. Decreasing the mass of the valve core and the ratio of the upper and lower
surface areas can also decrease the pressure change rate.
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The optimization direction of each structural parameter of an automatic pressure
regulating valve is identified to improve driving comfort. Although increasing the diameter
of the exhaust port can decrease the pressure change rate, an over-sized exhaust port may
cause inadequate pressure and thus is not the appropriate solution to improve driving
comfort. The spring stiffness and the ratio of the upper and lower surface areas of the
piston not only affects the pressure change rate but also affects the ratio of controlled cavity
pressure and the outlet pressure; therefore, comprehensive consideration should be kept in
mind. Since the mass of valve core is small, it has a slight influence. In the design process
of an automatic pressure regulating valve, the mass of the valve core can be decreased
in the first place, then the ratio of the upper and lower surface areas of the piston can be
diminished to improve driving comfort during braking.

6. Conclusions

This paper elaborates the feasibility of using the automatic pressure regulating valve
as the key pressure regulating component in the electronic-controlled pneumatic braking
system of commercial vehicles. The mathematical model is established and verified through
experiments. Based on the verified model, the key parameters affecting the pressure change
rate of an automatic pressure regulating valve are identified, then the influence law is
analyzed. Finally, appropriate designing advice and theoretical support have been provided
to improve driving comfort.

The design advice is concluded as follows: By increasing the controlled cavity volume,
the spring stiffness and the diameter of exhaust port or decreasing the mass of the valve
core and the ratio of the upper and lower surface areas can decrease the pressure change
rate and improve driving comfort during braking. In the design process of an automatic
pressure regulating valve, this advice should be given comprehensive consideration.

We will continue to analyze the structural parameters mentioned above that have not
been analyzed as of yet and the influence of multiple factors together the pressure change
rate will be analyzed. Moreover, in order to promote the development of autonomous
driving, it is necessary to continue to manufacture and test the new samples of automatic
pressure regulating valves to provide the theoretical basis for the optimization of its
manufacturing and design.
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