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Valve-controlled damping adjustable damper has the characteristics of simple structure
and adjustable damping, and it has always been a hot research topic. This paper
establishes a mathematical model of damping characteristics of the valve-controlled
damping adjustable damper and designs the experiment of the damping
characteristics of the compression stroke and the recovery stroke. Through simulation
and experiment, the accuracy of the mathematical model is verified, and the damping
contribution rate of different key parameters under different excitation speeds is analyzed.
The results show that the mathematical model of the damping characteristics can well
describe the working state of the damper. The damping contribution rate of key
parameters under different excitation speeds is obtained. The damping contribution of
the constant through-hole diameter decreases gradually after the valve is opened for the
first time. With the increase of the excitation speed, the valve plate equivalent thickness and
the valve plate maximum limit clearance of the check valve gradually play a major role in the
damping contribution rate. The research results can screen out the key parameters,
improve the development efficiency of the damper, and provide guidance for the damper
design and optimization.

Keywords: damping contribution rate, key parameter, valve-controlled, damping characteristics, damper

INTRODUCTION

As a key component of a semi-active suspension system, the valve-controlled damper is always a
research hotspot (Wang, 2016; Yang et al., 2019; Cao, 2020). The damper belongs to the damping
multi-state switching damper. Different damping oil circuits are designed by using multiple
superimposed valve groups, the oil circuit is switched by an electromagnetic start-stop valve to
realize damping adjustment, the adjustable damping damper controlled by the valve has great
stability and good promotion perspective. Researchers at home and abroad have studied damper for
more than one hundred years and achieved a series of results (Lindler et al., 2000; Liu et al., 2019).

Maemor et al. (2003) proposed an optimization method for the semi-active damper and
optimized the area of the compensation hole of the damper with the minimum vertical
acceleration as the optimization objective. The results show that the optimized damper can
better cope with the change of aircraft mass than the original damper. Causemann (2003)
developed a continuously variable damper. The external pilot relief valve can continuously
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FIGURE 1 | Structure of the valve-controlled damping adjustable

damper. Note: 1. Mounting Base; 2. Nitrogen cavity; 3. Floating Piston; 4. Oil
storage cavity; 5. Bottom Valve; 6. Compression Cavity; 7. Piston Valve; 8.
Recovery Cavity; 9. Inner Cylinder; 10. Outer Cylinder; 11. Guide; 12.

End Cap; 13. Damping Control Valve.

adjust the damping force of the damper in real-time by collecting
road spectrum and body posture information. Farjoud et al.
(2012) established a nonlinear model of the damper, studied
the influence of the parameters of the superposition valve on the
damping characteristics, and verified the correctness of the
mathematical model through experiments. Luczko and Ferdek
(2019) designed a damping adjustable hydraulic damper with an
additional inner cylinder. The purpose of changing the damping
characteristics according to the road conditions is realized by
selecting the appropriate structural parameters.

Zhou and Ren (2009) studied the optimal damping matching
of automobile suspension and optimized the thickness of the
throttle valve plate of the damper by using the design method of
optimal curve fitting. Chen et al. (2013) designed a valve-
controlled multi-state switching damper and analyzed the
relationship between the damping force of the damper and the
stroke and frequency. The experimental results show that the
mathematical model has high accuracy. Xuan (2016) designed a
four gear valve-controlled adjustable damper, deduced the
mathematical model of damping force in the working process,
and developed a prototype of the damper. The experimental
results show that the valve-controlled adjustable damper can
meet the application requirements. Ding et al. (2018) designed
an ADS (Adjuster Damping Control) damper, established
mathematical models of damping characteristics in different
gears, and the influence of geometric parameters of ADS valve
damping characteristics are studied. Xie et al. (2018) used Matlab
to deduce the analytic expressions of deflection deformation of
the single valve plate and the superimposed valve plate and
analyzed the influence of geometric parameters of annular
valve plate on the deflection of the valve plate. The research
has a certain guiding significance for parametric modeling and
the optimal design of the damper. Wang et al. (2018) took the
maximum adjustment range of MRF (Magnetorheological Fluid)
damper as the goal and optimized the effective length of working
cylinder, piston rod diameter, and piston diameter by using the
Matlab optimization toolbox. The results show that the method is
accurate and reliable. Ma (2018) established an RSM (Response
Surface Methodology) model of multi-point force damper,
selected ten design variables, optimized the design with the
indicator characteristics under multiple speed conditions
proposed by the cooperative enterprise, which guided the
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similar engineering. Zhang et al. (2019) established a fluid-
structure coupling model of the damper with ADINA,
analyzed the influence of different elastic modulus and
viscosity on the damping stiffness. Huang et al. (2020)
established a simulation model of electro-hydraulic pneumatic
coupling damper by AMESim, studied the indicator
characteristics and velocity characteristics under different
current and external excitation conditions, in addition,
explored the influence of different structural parameters of the
damper damping characteristics.

At present, many mathematicians have carried out a lot of
research on the influence of different structural parameters on
the damping characteristics of the damper, and have achieved
some results, but most of these researches focus on qualitative
analysis and the influence weight of each parameter is not
given. To improve the performance of the damper, researchers
use different optimization methods to optimize the design of
the single tube, double tube, and magnetorheological fluid
dampers (Fu, 2016). However, there are few studies on the
optimization design of the valve-controlled adjustable damper.
At present, the development of the damper still has to carry out
the cycle “design, experimentation, evaluation, improvement”.
Designers spend a lot of time and energy on repetitive work. At
the same time, most adjustment of parameters still depends on
experience, which has the disadvantages of low development
efficiency and long cycle. With the wide application of the
valve-controlled adjustable damper, the demand for the
optimal design of this type of damper is more and more
intense.

This paper establishes the mathematical model of damping
characteristics of the valve-controlled damping adjustable
damper and designs the experiment of damping characteristics
of the compression stroke and the recovery stroke. Through
simulation and experiment, the accuracy of the mathematical
model is verified, and the damping contribution rate of key
parameters of the valve-controlled damping adjustable damper

FIGURE 2 | Structure of the damping control valve. Note: 1.
Electromagnet; 2. Flapper valve spool; 3. Flapper valve body; 4. Transparent
Cover; 5. Check valve; 6. Locate ring; 7. Inner cylinder; 8. Outer cylinder; 9.
Reset spring; 10. Check Valve “d”; 11. Check Valve “c”; 12. Check Valve

“b”; 13. Check Valve “a”.
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FIGURE 3 | Structure of the check valve.

under different excitation speeds is analyzed. The research results
can screen out the key parameters, improve the development
efficiency of the damper, and provide guidance for the damper
design and optimization.

STRUCTURE AND WORKING PRINCIPLE
OF VALVE-CONTROLLED ADJUSTABLE
DAMPER

Structure of Valve-Controlled Adjustable

Damper

Compared with the structure of the double tube damper, the
valve-controlled damping adjustable damper adds a damping
control valve on the outside, and the rest of the overall structure is
similar to that of the double tube damper, Figures 1-3 show the
structural diagram of the damping control valve and check valve,
respectively.

Damper Adopts a Double Tube Structure
The valve-controlled adjustable damper consists of two parts:
the main damper and the damping control valve. The main
damper adopts the double tube structure, which is used as the
oil channel to guide the oil in the recovery cavity and the
compression cavity to the damping control valve. The piston
valve of the damper reciprocates in the inner cylinder. The
upper end of the inner cylinder realizes the movement guide
and seal functions of the piston rod. The lower part of the
inner cylinder has a bottom valve, and the lower part of the
outer cylinder also has a floating piston. The floating piston
can move in the lower part of the outer cylinder, and the
mounting base is installed in the lower part of the
outer cylinder, which is mainly used to connect with the
outside.

Piston Valve of Damper Divides Inner
Cylinder Into Two Parts: Recovery Cavity
and Compression Cavity

The floating piston divides the bottom part of the outer
cylinder into an oil storage cavity and nitrogen cavity. The
bottom valve serves as the oil channel between the
compression cavity and the oil storage cavity. The upper

[\
W
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FIGURE 4 | Working principle of valve-controlled damping adjustable
damper. Note: 1. Oil storage cavity; 2. Compensate valve; 3. Damping control
valve; 4. Flow valve; 5. Inner cylinder; 6. Outer cylinder; 7. Piston rod; 8.
Recovery cavity; 9. Recovery valve; 10. Compression cavity; 11.
Compression valve; 12. Float piston; 13. Nitrogen cavity.
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FIGURE 5 | Working principle of damping control valve. Note: A: Oil pass
“A”; B: Oil pass “B”.

part of the inner cylinder has an oil hole, which can lead
the oil in the recovery cavity into the clearance between the
inner and outer cylinders. There are also two oil holes near the
bottom valve of the outer cylinder. One oil hole penetrates the
inner cylinder and is connected with the compression cavity,
and the other oil hole is connected with the recovery cavity
through the gap between the inner and outer cylinders. The
damping control valve installed on the outer cylinder connects
two oil holes, through the adjustment of the damping control
valve, different damping forces are produced.

Working Principle of Valve-Controlled
Adjustable Damper

Figure 4 shows the working principle of the valve-controlled
adjustable damper, and its working process can be divided into
two parts: compression and recovery. The bottom valve consists
of a compression valve and a compensation valve, the piston valve
consists of a recovery valve and a flow valve. The oil flows between
the damping control valve, the compression cavity, the recovery
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cavity, and the oil storage cavity through the piston valve and the
bottom valve.

Oil Flow Path in Compression Stroke

During the compression stroke, the piston moves towards the
bottom valve and the oil pressure in the compression cavity
increases. There are three ways for the oil to flow from the
compression cavity to the recovery cavity: the first one flows
through the damping control valve; The second one flows
through the flow valve; The third one flows through the
compression valve. The oil in the oil storage cavity increases
and the floating piston moves downward. The recovery stroke is
similar to the compression stroke.

Regulating Step
Figure 5 shows the working principle of the damping control
valve. The step regulation of damping is mainly through the

« _» o«

damping control valve. “Y,” and “Y,” are solenoid valves. “a”, “b”,
“c” and “d” are check valves. When the solenoid valve is powered
on, the oil circuit is opened. The solenoid valve loses power and
the oil circuit is closed. During the compression stroke, the oil
flows in through port “A” and out through port “B”, and the
recovery stroke is the opposite.

Compression stroke: after the oil enters through port “A”, if
both solenoid valve “Y;” and solenoid valve “Y,” are powered on,
the oil can pass through check valve “a” and check valve “d”, and
exit through port “B”; If the solenoid valve “Y;” is energized and
the solenoid valve “Y,” is de-energized, the oil flows through the
check valve “a” and out of the oil outlet “B”; If the solenoid valve
“Y,” is de-energized and the solenoid valve “Y,” is energized, the

oil flows through the check valve “d” and out of the oil outlet “B”.

ESTABLISHMENT OF MATHEMATICAL
MODEL OF VALVE-CONTROLLED
ADJUSTABLE DAMPER

Model Simplification and Hypothesis

Many factors affect the damping characteristics of the damper,
such as the structural parameters of each valve system, the friction
between the piston and the inner cylinder of the damper, the oil
viscosity, the working temperature, and so on. Among them, the
structural parameters of each valve system have a great influence
on the damping characteristics, such as the constant through-hole
diameter, the thickness of the valve plate, the limit clearance of
the valve plate, and so on. To avoid the mathematical model being
too complex and inconvenient for the subsequent simulation
analysis and optimal design, it is necessary to simplify and assume
the working process of the damper in the mathematical modeling.
The simplification and assumption are as follows.

(a) The internal leakage of the damping control valve and the
external leakage of the damper are ignored.

(b) It is assumed that the temperature of the damper is constant
and the viscosity of the damper oil is constant.

(c) Itis assumed that the damper oil is not compressible and the
bubble phenomenon is not considered.

Research on Damper Key Parameters

(d) The oil pressure of the recovery cavity and compression
cavity is equal to the air pressure of the nitrogen cavity
everywhere.

(e) Itisassumed that there is no elastic deformation of the parts
of the damper, such as the working cylinder and piston rod,
except the annular valve plate.

The Damping Force

The working principle of the damper compression stroke and
recovery stroke is similar. This paper analyzes the
compression stroke of the valve-controlled damping
adjustable damper.

When the valve-controlled adjustable damper is on the
compression stroke, the piston rod moves downward, the
pressure of the compression cavity increases and the pressure
of the recovery cavity decreases. Under the action of the piston,
the oil in the damper flows from the compression cavity to the
recovery cavity through the damping control valve. The pressure
of the recovery cavity, compression cavity, and nitrogen cavity are
Py, P,, and P, respectively.

The piston separates the oil from the nitrogen gas. The
pressure of the compression cavity and nitrogen cavity are
equal. During the compression stroke, as the piston moves
down, the pressure in the nitrogen cavity will also increase.
According to the gas isothermal state equation:

Ps(Vo - Aax,) = Po(Vo — Aaxy) = PV (1)

Where PO is the initial pressure of the nitrogen cavity (Pa); VO is
the initial volume of the nitrogen cavity (m3); xq is the nitrogen
cavity piston displacement (m); r is the temperature index
(r=14).

In the compression stroke, the damping force is mainly caused
by the pressure difference between the two ends of the piston and
the friction between the piston and the working cavity:

F. = A4P;, - (Ag— A,)Py + Fysgn(v) 2)

Where F, is the compression stroke damping force of the valve-
controlled adjustable damper (N); A, is the working cylinder area
(m?); 4, is the piston rod area (m?); P, is the oil pressure of the
recovery cavity (Pa); P, is the oil pressure of the compression
cavity (Pa); Fyis the friction between the piston and the working
cylinder during compression stroke (N); v is the piston movement
speed (m/s); sng(v) is step function of v.

133 % 10°°VaAnA,(H, +5,) p

pd
L+ 1000z, Vk

Fy (3)

Where Fyis the friction force between the piston and the working
cylinder during the compression stroke (N); H, is the contact
width between the piston and the working cylinder (m); P, is the
radial pressure on piston (Pa); p is the hydraulic oil density (kg/
m>); 8 is the oil film thickness (m); vy is the initial valve opening
speed (m/s); u, is the dynamic viscosity of the oil (N-s/m?); Ay, is
the contact area between the piston and the working cylinder
(m?); sp is the displacement of the piston after the valve is
opened (m).
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FIGURE 6 | QOil circuit diagram of the compression stroke. Note: (A)
Before opening the valve for the first time; (B) After opening the valve for the
first time.

Analysis of Valve Opening State of
Valve-Controlled Adjustable Damper

For the valve-controlled damper, the mechanical model of the
piston valve system or the damper control valve system can
simplify the mechanical model of the annular thin plate. The
throttling gap of the ring valve divides three stages: before the first
opening, after the first opening, and after the second opening. The
size of the throttling gap, that is, the deflection of the valve plate is
determined by the oil hydraulic pressure difference between the
two ends of the valve system. The deflection of the valve plate is
zero before the first opening, and the size of the throttling gap
after the first opening is determined by the oil hydraulic pressure
difference between the two ends of the valve system, the
deflection of the annular valve plate is fixed after the second
opening, which is equal to the maximum deflection after the first
opening. Therefore, it is necessary to model the two states before
and after opening the valve, respectively. The oil circuit diagram
of the two cases is shown in Figure 6.

Before Opening Valve for the First Time
Figure 6A shows a schematic diagram of the oil circuit before
opening the valve for the first time. When the vibration speed is
small, the oil pressure is less than the valve plate pre-tightening
force (Ma et al., 2013), that is, before the initial opening of the
valve, the oil in the damper flows through the constant through-
hole of the damping control valve and the piston gap.

The constant through-hole is a small hole with a thick wall:

2AP
Qu = CtNtAt p = (4)
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Where AP, is the pressure difference between the compression
cavity and the recovery cavity (MPa); C; is the flow coefficient of
the constant through-hole; N, is the number of the constant
through-hole; A; is the flow area of the constant through-hole
(m?); p is the oil density (kg/m3).

The piston gap is an eccentric annular gap, and the flow
through the piston gap can be expressed as:

APy 7dd’ (1 +1.5¢%)
- 12u,l

Qi ©)
Where AP, is the pressure difference between the compression
cavity and the recovery cavity (MPa); d is the inner diameter of
the working cylinder (m); ¢ is the oil film thickness (m); e is the
eccentricity; [ is the gap length (m).

The constant through-hole is connected in parallel to the
piston gap, and the total flow is:

QI =Qu+Qu=(Ag—A)va (6)

Where v, is the piston movement speed of the compression
stroke (m/s).

The pressure difference between the compression cavity and
the recovery cavity can be obtained by Eq. 6. The final
compression stroke is as follows:

PVt
PVt
(Vo - Arx)lA

Fo =44

(Ad_Ar)[ —AP21]+

(7)
1.33 x 10’6x/4nAb(H, + sp)pn

pé
Vi
1000y,

sgn(ver)

After Opening Valve for the First Time
Figure 6B shows the schematic diagram of the oil circuit after
opening the valve for the first time. When the vibration speed
increases, the oil pressure is greater than the valve plate pre-
tightening force, that is, after the initial opening of the valve, the
oil in the damper flows through the constant through-hole,
throttle gap, and the piston gap, the throttle gap includes valve
hole of check valve “a” and annular gap.

When the annular disc is open and the opening is f,, the
throttle gap can be regarded as an annular plane gap, and the flow
rate is expressed as:

3= (8)

Where f, is the maximum deflection of the annular disc of the
check valve “a” (m); APs is the pressure difference at both ends of
the check valve “a” (MPa); r,, is the inner circle radius of the
annular disc of the check valve “a” (m); r, is the outer circle
radius of the annular disc of the check valve “a” (m).

Similar to Eq. 6, the throttle gap of the check valve “a” is

connected in series with the hole of the check valve “a”, so the flow
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of the two is equal. The constant through-hole, throttling gap, and
piston gap are parallel. The total flow after the opening of the
valve can be obtained by adding the three flow rates. According to
the above two groups of relationships, the total flow after the first
opening of the valve is:

Q= Q1 + Q3 +Qxy
= (Ad - AT)VCZ (9)
Qn =Qx

Where v, is the velocity of the piston movement after the initial
valve opening of the compression stroke (m/s); Qy; is the flow of
the through-hole (L/min); Q,, is the flow of the through-hole of
check valve “a” (L/min); Q3 is the flow of the through the
annular gap (L/min); Q,4 is the flow of the through piston gap
(L/min).

The flow calculation of “Q,;” and “Q,,” is similar to that of
“Qq1” and “Q,” before opening the valve for the first time. The
pressure difference between the compression cavity and the
recovery cavity can be obtained by Eq. 9. Finally, the damping
force of the compressed stroke after opening the valve is:

P V1,4
Fo=(Aa—A) W-F APy,
P VL4
—Adﬁ (10)

0~ ArX

APy 7d8’ (1 + 1.5¢%)

’ 12u,1 sgn(vee)
t

COMPARATIVE ANALYSIS ON
SIMULATION EXPERIMENT OF
VALVE-CONTROLLED ADJUSTABLE
DAMPER

Simulation Analysis of Damping

Characteristics

The simulation analysis of damping characteristics of the valve-
controlled adjustable damper can reduce the prototype
experiment, evaluate the performance of the damper and
improve the development efficiency.

Simulation Experiment and Key Parameters Design
Based on the mathematical model of the valve-controlled
adjustable damper, the damping characteristic model of the
valve-controlled adjustable damper is built by using Matlab
software, and the damping characteristic is simulated and
analyzed. Figure 7 shows the simulation flow chart of the
adjustable damper.

The structural parameters and oil parameters of the
damping control valve are internal parameters, and the
external excitation is the external parameter. Combined
with the mathematical model of damping characteristics, the
damping characteristics of the compression stroke before and
after opening the valve and the recovery stroke before and after
opening the valve are solved, respectively, and the damping
characteristic curve of the whole damper is drawn finally.
According to the test requirements of damping
characteristics of the damper, the external excitation signal
is set as a sinusoidal signal with an amplitude of 50 mm.

The vibration speed of the damper are 0.05, 0.13, 0.26 0.39
and 0.52 m/s, the corresponding excitation frequencies are set
at 0.16, 0.42, 0.83, 1.24 and 1.66 Hz, respectively. To improve
the simulation efficiency, we choose the second gear of
the damping valve as the simulated target, and Table 1
shows the main structural parameters of the damper under
this target.

As shown in Figure 8, the indicated power characteristic curve
of the valve-controlled adjustable damper can obtain by
substituting the set parameters into the simulation program.

Indicator Characteristics

As shown in Figure 8, when the excitation speed is 0.05, 0.13,
0.26, 0.39, and 0.52 m/s, the maximum compression damping
force is 431N, 909N, 1268N, 1690N, and 2047N,
respectively, and the maximum recovery damping force is
780N, 1638 N, 2348 N, 3099 N, and 3935 N, respectively.
With the increase of the excitation speed, the damping
force also increases and the maximum damping force
appears in the stroke center of the damper. During the
compression stroke, when the displacement is —20-20 mm,
the damping force is basically unchanged. The damping force
change rate gradually decreases from the maximum stroke to
the stroke center, the curve is smooth, and the damping force
is not distorted.
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TABLE 1 | Key structural parameters of the valve-controlled damping adjustable damper.

Parameters

Inner diameter of the working cylinder (dy)
Diameter of the piston rod (d,)

Value Unit

o
3
3

Number of the constant through-hole (n) 4 -
Diameter of the constant through-hole (dy) 4 mm
Number of the check valve “a@” (n,) 4 -
Vale hole diameter of the check valve “a” (dyy) 8 mm
Valve plate equivalent thickness of the check valve “a” (he) 0.4 mm
Valve plate pre-tightening force of the check valve “a” (F,) 200 N
Valve plate maximum limit clearance of the check valve “a” valve plate (9,) 0.3 mm
Number of the check valve “a” (ny,) 4 -
Vale hole diameter of the check valve “b” (dpy) 7 mm
Valve plate equivalent thickness of the check valve “b” (hpe) 0.9 mm
Valve plate pre-tightening force of the check valve “b” (Fp) 450 N
Valve plate maximum limit clearance of the check valve “b” (6;) 0.2 mm
5000 —_— =
0.52m/s 0.39m/s 5000 —0.52m/s— 0.39m/s
4000 F ©*0.26m/s—*—0.13m/s I ——026m/s— 0.13m/s
-=-9.05m/s 4000 |- —0.05m/s
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FIGURE 8 | Indicator diagram of the damper. _ .
FIGURE 10 | Indicator diagram of the damper.
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FIGURE 9 | Picture of the experimental bench.

Experimental Study on Damping
Characteristics

To ensure the accuracy and reliability of contribution rate
analysis and damper parameter optimization results, it is
necessary to verify the accuracy of the mathematical model of
damping characteristics. Therefore, an experimental study
on the valve-controlled adjustable damper is carried out.

Experimental Design

Figure 9 shows a test bench for the valve-controlled adjustable
damper. The test bench mainly consists of three parts: mechanical
system, hydraulic system, and measurement and control system.
The mechanical part is mainly composed of the bench and
damper fixtures. The hydraulic part mainly includes a
hydraulic pump station, electro-hydraulic servo valve, actuator,
and other hydraulic auxiliary components. The measurement and
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TABLE 2 | Comparison of damping peak values of the simulation and test.

Speed (m/s) Compression stroke

Experimental peak (N)  Simulation peak (N)  Error (%)

0.05 481 431 11.6
0.13 987 909 8.6
0.26 1,402 1,268 10.4
0.39 1819 1,690 7.6
0.52 2,232 2047 9.1

Speed (m/s) Recovery stroke

Experimental peak (N)  Simulation peak (N)  Error (%)

0.05 862 780 10.5
0.13 1807 1,638 10.3
0.26 2,556 2,348 8.9
0.39 3,327 3,099 7.4
0.52 4,203 3,911 7.5

control system mainly includes a monitoring computer,
displacement sensor, force sensor, servo amplifier, etc.

During the experiment, it is necessary to ensure the vertical
installation of the damper. The lower lug of the damper is connected
to the actuator through a clamp, and the upper end of the damper is
connected to a force sensor to adjust the gear of the damper. The test
method of fixed stroke and variable frequency is adopted.

According to the vibration speed of the damper, the excitation
frequencies of the corresponding actuators are set at 0.16, 0.42, 0.83,
1.24, and 1.66 Hz, respectively (Xie et al., 2015). After three to five
working cycles, according to the damping force and displacement
signals collected by the acquisition card, the characteristic curves of
the indicator diagram under each excitation frequency are drawn, as
shown in Figure 10 and Table 2.

Indicator Characteristics

Comparing Figures 8 and 10, there are found that the
experimental curve does not have distortion, and the
contour of the indicator diagram is similar to the
simulation curve. With the increase of the excitation speed,
the damping force also increases. The maximum
damping force appears at the stroke center of the
damper. At the same time, the absolute value of the

Research on Damper Key Parameters

recovery damping force is greater than the compression
damping force, and the damping force is not distorted. As
shown in Table 2, under the five experimental speeds, the
maximum error between the experimental peak and the
simulation peak is 11.6%, and the average error of the
peak is 9.15%, which indicates that the established
mathematical model can better describe the working state of
the damper.

RESEARCH ON DAMPLING
CONTRIBUTION RATE OF KEY
PARAMETERS

Design of experiments (DOE) is a structured mathematical-
statistical method (Montgomery, 2009). Through small-scale
experiments and experimental data analysis, the influence
of different control parameters on one or more target functions
can be compared, and the key experimental factors can be identified.
Through the experimental design, the influence of various design
variables on damping characteristics can be explored, and
the key design variables can be selected to reduce the design cost.

The damping contribution rate reflects the percentage of
damping force of different parameters in the damping work
process. The key design parameters are initially screened, the
upper and lower limits of each parameter are given, the
cumulative damping force of each key parameter is calculated,
and the damping contribution rate of different parameters is
obtained.

Experimental Design of Key Parameters of
Valve System

DOE is essentially a mathematical model, which aims to find the
relationship between factors and response. It is generally divided
into three stages: experiment plan, experiment execution, and
experiment result in analysis.

Determination of Experimental Factors

Many factors affect the damping characteristics of the valve-
controlled adjustable damper. To improve the efficiency of
experimental design, the key parameters such as the constant

TABLE 3 | Parameter level values of influencing factors of damping characteristics.
Parameters

Vale hole diameter of the check valve “a” (day)

Valve plate equivalent thickness of the check valve “a” (h,e)
Valve plate pre-tightening force of the check valve “a” (Fy)
Valve plate maximum limit clearance of the check valve a valve plate (8,)
Vale hole diameter of the check valve “b” (dy)

Valve plate equivalent thickness of the check valve “b” (hpe)
Valve plate pre-tightening force of the check valve “b” (Fp)
Valve plate maximum limit clearance of the check valve “b” (8,)
Diameter of the constant through-hole (dy)

Piston clearance ()

Dynamic viscosity (us)

Lower limit Upper limit Unit
4 12 mm
0.2 0.6 mm
100 300 N
0.15 0.45 mm
3.5 10.5 mm
0.45 1.35 mm
225 675 N
0.1 0.3 mm
2 6 mm
0.03 0.09 mm
15 25 N-s/m?
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FIGURE 11 | The damping contribution rate of each parameter to the compression stroke under different excitation speeds (%). Note: Excitation speeds: (A)

ay a 1

Parameters

through-hole diameter, the valve plate equivalent thickness
and the valve plate pre-tightening force of the two check valves
“a” and “D” are selected as DOE experimental factors.
Table 3 shows the selected experimental factors and their

level values.

Determine Design Matrix, Factor Level, and Response
According to the research purpose, the damping work of the
compression stroke is determined as the response
under different excitation speeds of 0.05, 0.13, 0.26, 0.52,
and 1 m/s.

Experimental Plan
In ISIGHT, DOE components in-process components and
Matlab interface components in application components are

used to build the simulation process. The structural
parameters and oil parameters of the damping control valve
are internal parameters, and the external excitation is external
parameters. The experiment includes two strokes of
restoration and compression, five excitation speeds for
each stroke, seven factors for each stroke, and two levels for
each factor, run ISIGHT, and get the final result after
calculation.

Discussion of Key Parameters of Valve
System

Figure 11 shows the damping contribution rate of
each parameter in the compression stroke under different
excitation speeds. In the figure, the left axis represents the
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damping contribution rate of the parameter, and the right axis
represents the cumulative percentage of the parameter.

Figure 11A shows that when the excitation speed is 0.05 m/
s, the damping contribution rate of the constant through-hole
diameter is the largest, reaching 87.09%; Other parameters
such as the valve plate pre-tightening force of the check valve
“a” and the valve hole diameter of the check valve “a”
contribute less than 5%. This is because when the excitation
speed is 0.05 m/s, the check valve “a” is in the state before the
first opening, and the damping force is basically generated by
the constant through-hole at this stage, and other parameters
have little influence on the damping work of the whole
compression stroke.

Figure 11B shows that when the excitation speed is 0.13 m/
s, the damping contribution rate of the constant through-hole
diameter, the valve plate pre-tightening force of the check
valve “a”, and the valve plate equivalent thickness of the check
valve “a” are larger, and the cumulative contribution rate of the
three reaches 94.22%. The damping contribution rate of the
constant through-hole diameter decreased. This is because
when the valve is opened for the first time, the damping
force is mainly provided by the through-hole and the
annular gap.

Figure 11C shows that when the excitation speed is 0.26 m/s,
the damping contribution rate of the valve plate equivalent
thickness, the constant through-hole diameter, and the valve
plate pre-tightening force of the check valve “a” are in the top
three respectively, and their cumulative contribution rate reaches
90.57%. The damping contribution rate of the valve plate
equivalent thickness of the check valve “a” increases, while the
valve plate pre-tightening force of the check valve “a” decreases,
and the damping contribution rate of the constant through-hole
diameter further decreases. The reason is that the influence of the
stage between the first opening and the second opening on the
damping characteristics is mainly determined by the annular gap
caused by the deformation of the valve plate.

Figure 11D shows that when the excitation speed is 0.52 m/s,
the parameter with the largest damping contribution rate is the
valve plate equivalent thickness of the check valve “a”, reaching
55.14%; The damping contribution rate of the valve plate
maximum limit clearance of the check valve “a” increased
from the seventh to the second, accounting for 15.9%. The
damping contribution rate of the constant through-hole
diameter and the valve plate pre-tightening force of the check
valve “a” further decreased. This is because when the valve is
opened in the second stage, the value of the valve plate maximum
limit clearance of the check valve “a” directly determines the flow
area of the annular gap. The reason for the decrease of the
damping contribution rate of the constant through-hole
diameter and the valve plate pre-tightening force of the check
valve is similar to that when the excitation speed is 0.26 m/s, so it
will not be repeated.

Figure 11E shows that when the excitation speed is 1 m/s, the
parameters with the largest damping contribution rate are the
valve plate equivalent thickness of the check valve “a” and the
valve plate maximum limit clearance of check valve

“a”, and the
cumulative contribution rate of both is 75.16%.

Research on Damper Key Parameters

The damping contribution of the constant through-hole
diameter decreases gradually after the valve is opened for the
first time. With the increase of the excitation speed, the valve plate
equivalent thickness and the valve plate maximum limit clearance
of the check valve gradually play a major role in the damping
contribution rate. The mathematical modeling of the
compression stroke and the recovery stroke is similar to the
experimental design process. The discussion of the damping
contribution rate of the key parameters in the recovery stroke
is similar to that of the compression stroke, so it will not be
repeated.

CONCLUSION

A valve-controlled damper with adjustable damping is developed
and its damping characteristics are studied. The mathematical
model of the damping characteristics of the valve-controlled
adjustable damper before and after the opening valve is
established, and the damping contribution rate of each
parameter of the damping control valve is obtained. Detailed
conclusions are presented below.

(a) The peak error of experiment and simulation is within the
acceptable range, the damping force has no distortion, and
the mathematical model of damping characteristics before
and after opening the valve can better describe the working
state of the damper.

The simulation obtains the damping contribution rate of
each parameter of the compression stroke damping control
valve. When the excitation speed is 0.05 m/s, the damping
contribution rate of the constant through-hole diameter is
87.09%; When the excitation speed is 0.13 and 0.26 m/s, the
damping contribution rate of the constant through-hole
diameter, valve plate pre-tightening force of the check valve
“a”, and the valve plate equivalent thickness of the check
valve “a” are larger, and the cumulative contribution rate of
the three is 94.22 and 90.57%, respectively; When the
excitation speed is 0.52m/s, the parameter with the
largest damping contribution rate is the valve plate
equivalent thickness of the check valve “a”, reaching
55.14%. When the excitation speed is 1m/s, the
parameters with the largest damping contribution rate
are the valve plate equivalent thickness of the check valve
“a” and the valve plate maximum limit clearance of the
check valve “a”, and their cumulative contribution rate
reaches 75.16%.

The damping contribution of the constant through-hole
diameter decreases gradually after the valve is opened for
the first time. With the increase of the excitation speed, the
valve plate equivalent thickness and the valve plate maximum
limit clearance of the check valve “a” gradually play a major
role in the damping contribution rate.

The research results of this paper can screen out the key
design variables, improve the development efficiency of the
damper, and provide reference and guidance for the damper
design and optimization.

(b)

(©

(d)
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NOMENCLATURE

Fc valve-controlled damping adjustable damper compression stroke damping
force, N

Ff friction between the piston and the working cylinder during the
compression stroke, N

F, valve plate pre-tightening force of the check valve “a”, N
F,, valve plate pre-tightening force of the check valve “b”, N
I gap length, m

A, working cylinder area, m*

A, piston rod area, m*

Ay, contact area between the piston and the working cylinder, m*
Ay flow area of the constant through-hole, m*

P,, radial pressure on piston, Pa

Py initial pressure of the nitrogen cavity, Pa

Py oil pressure of recovery cavity, Pa

P, oil pressure of compression cavity, Pa

P; pressure of nitrogen cavity, Pa

AP, pressure difference between the compression cavity and the recovery
cavity, MPa

AP3, pressure difference at both ends of the check valve “a”, MPa
Vo initial volume of the nitrogen cavity, m®
V1 piston movement speed of the compression stroke, m/s

V¢, velocity of piston movement after initial valve opening of the compression
stroke, m/s

¢y inner circle radius of the annular disc of the check valve “a”, m

Research on Damper Key Parameters

t< outer circle radius of the annular disc of the check valve “a”, m

(Sa valve plate maximum limit clearance of the check valve “a”, mm

8b valve plate maximum limit clearance of the check valve “b”, mm

d; inner diameter of the working cylinder, mm

dr diameter of the piston rod, mm

d; diameter of the constant through-hole, mm

day valve hole diameter of the check valve “a”, mm

dy¢ valve hole diameter of the check valve “b”, mm

N} number of the normal through-hole, -
1 number of the normal through-hole, -

hole, -

«_ »

1, number of the check valve “a
ny, number of the check valve “b” hole, -
H, contact width between the piston and the working cylinder, m

« »

h,. valve plate equivalent thickness of the check valve “a”, mm
hye valve plate equivalent thickness of the check valve “b”, mm
C; flow coefficient of the constant through-hole

P oil density, kg/m’

A oil film thickness, m

€ eccentricity, -

& piston clearance, mm

X4 the nitrogen cavity piston displacement, m
t the temperature index, 1.4

$p the displacement of the piston after the valve is opened, m
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