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Abstract: 
To satisfy the demands of higher frequency and amplitude in hydraulic vibration experiment system, the two-stage excitation valve 
is presented, and a mathematical model of two-stage excitation valve is established after analyzing the working principle of two-stage 
excitation valve, then the influence of relevant parameters on the displacement of main spool of two-stage excitation valve is studied 
by using Matlab/Simulink to calculate and analyze. The results show that the displacement of main spool will be smaller with bigger 
diameter and more secondary valve ports. When the reversing frequency is higher and the oil supply pressure is lower as well as the 
axial guide width of valve ports is smaller, the maximum displacement of main spool is smaller. The new two-stage excitation valve 
is easy to adjust reversing frequency and flow. The high frequency can be achieved by improving the rotation speed of servo motor 
and adding the number of secondary valve ports; the large flow can be realized by increasing the axial guide width of secondary valve 
ports and oil supply pressure. The result of this study is of guiding significance for designing the rotary valve for the achievement of 
higher reversing frequency and larger flow.
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1 Introduction
Vibration equipment mainly refers to a kind of equipment to 
generate corresponding vibration. With the further research 
on high-frequency electro-hydraulic vibration equipment, 
the vibration frequency has been greatly improved in 
recent years[1]. Due to the limitation of system frequency 
bandwidth and the influence of nonlinearity, the traditional 
electro-hydraulic vibration control technology based on 
servo control has a deviation between the response signal 
and the expected input signal, which is difficult to meet 
the current high accuracy and large flow[2,3]. Hydraulic 
rotary valve is used to control oil circuit's on-off and 
direction based on the spool's rotation relative to the valve 
sleeve or valve body. Compared with hydraulic slide 
valve, hydraulic rotary valve is significantly different on 
structural features and performance parameters. So far, the 
researches on rotary valve are as follows: Ivan Okhotnikov 
et al. investigated the metering characteristic and pressure 
losses of the rotary tubular spool valve[4]. Hao Jiangong 
et al. improved the vibration frequency and the flow of 
wave generator through the structure of rotary valve, and 

applied it to the mining industry, metallurgical industry, 
construction industry and so on[5]. Lu Juxian et al. designed 
a servo rotary valve and Fu Yongling et al. analyzed the 
structure and principle of its rotary spool, then deduced the 
steady flow force when it was working and did a simulating 
calculation[6,7].Ren Yan et al. presented various series 
rotary valves applied in the field of vibration engineer and 
studied the frequency characteristic of electrohydraulic 
vibration excitor controlled by rotary valve [8–10]. Gong 
Guofang proposed a high speed rotary valve with four-
way commutation that can improve the frequency and 
flow, which applied to the high-power variable-frequency 
vibration of tamping device[11]. Li Xing et al. developed the 
spool transferring composite hydraulic vibration control 
valve and its hydraulic system[12]. Cui Jian developed a 
direct-acting electrohydraulic rotary valve[13]. Liu Yi et 
al[14,15] designed a rotary valve for application to variable-
frequency vibration condition. The rotary valve can 
be used to obtain the required vibration frequency and 
waveform, and thus meet different working requirements 
of the tamping machine and wave maker.

In this paper, in order to further increase the reversing 
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frequency and the flow of rotary valve in hydraulic 
vibration experiment system, a new two-stage excitation 
valve element is presented based on the analysis of the 
application of the above rotary valve control elements. 
Then the working principle of two-stage excitation valve 
is described and the mathematical model is established. 
Finally, the characteristic of two-stage excitation valve is 
numerically analyzed. 

2 Working Principle of Two-stage Excitation 
Valve
The working principle of two-stage excitation valve is 
shown in Fig. 1. the oil ports of main valve communicate 
with the corresponding oil ports of secondary rotary valve. 
The stepping motor makes secondary spool moving, so the 
opening size of spool can be changed, and then control the 
flow of oil. The servo motor drives the secondary spool 

rotation. Because of the multiple symmetric arrangement 
ports in four steps of secondary spool, when secondary 
spool cycles one revolution, the oil reverse several times. 
The rotation and movement of secondary spool are driven 
by the control electromotor when the oil flow from the 
intake of main valve into the intake of secondary valve, 
so that the oil of secondary valve can communicate with 
the oil of the right and left chambers of main spool, and 
then the main spool can move around. Finally, the oil of 
main valve is inverted. As shown in Fig.1, the oil-way of 
secondary valve as indicated by the arrows, the oil that flow 
into the control chamber of main spool can be directed to 
right end so that the main spool move left to make P switch 
on B and A switch on T. The control oil will flow into the 
left side of main spool control chamber when the secondary 
spool continue to rotate to an angle, then the main spool 
will move right to make P switch on A and B switch on T.
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 (a) Overall chart. (b) Structural schematic diagram. (c) Reversing schematic diagram.
Figure 1  Two-stage excitation valve
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3 Mathematical Modelling
According to the working principle diagram, the 
equivalence principle analysis diagram is shown in Fig. 2.

The top part of diagram is the simplified model of 
secondary rotary valve, shown in Fig. 1(c).

Figure 2  Equivalence principle analysis diagram

3.1 Flow equation of secondary rotary valve
It is assumed that the flow is the ideal fluid in the steady 
condition, the oil-supply pressure ps is constant, p0 is the 
return pressure of hydraulic system, qs is the supply flow, 
the pressure of hydraulic cylinder two chambers are pm1 
and pm2, respectively, Svi is the conduction area of rotary 
valve port. On the basis of orifice flow equation in the 
hydrodynamics theory, the equation of the flow through 
orifices 1, 2, 3, and 4 are shown as follows:



32 Vol. 2 | No.1 | 2020 |  Mechanical Engineering Science

Where Cd is the flow coefficient, ρ is the oil density.
The structure of valve is shown in Fig. 3, xv is the axial 

conduction width of valve port, R is the shoulder radius 
of the rotary spool. Assuming that every shoulder evenly 
open 2n grooves (then in the Fig. 3 is 2), and the opening 
of grooves on the front and back shoulders distribute with 
uniformity and symmetry, the windows and grooves of 
valve are designed as rectangle, then the equation of the 
flow conduction area is Sv(xv, t)=2nxv yv.. Assuming that 
the opening circumferential conduction width of front and 
back shoulders are yv1 and yv2, respectively, definite yv1 from 
zero to maximum, after that from maximum to zero, then 
enter the next opening mouth of back shoulder yv2, which 
is as well from zero to maximum, then from maximum 
to zero. Suppose, the rotary frequency of spool is f, the 
rotational angular velocity is ω1, so the equation of yv1 and 
yv2 are:
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Fig. 3 suggests that a single complete cycle of spool 
valve rotation, the four times of oil reversing, so the relation 
of working frequency of main valve to rotational frequency 
of spool is mf =2n f .

3.2 Flow continuity equation of the right and left control 
chambers of main spool

For the left chamber: 

 (7)
For the right chamber:

 (8)
Where xm is the displacement of main spool; E is the 

bulk modulus of oil; Am is the effective action area of main 
spool; Cεmp is the out leakage coefficient of main valve, Vm1 
is the volume of main valve left chamber, Vm2 is the volume 
of main valve right chamber. Assuming that the initial 
position of spool is in the middle, then Vm1=Vm2.
3.3. Force balance equation of main spool

 (9)
Where Pm1, Pm2 are the pressure of the left and right 

control chamber of spool, respectively;
mm is the mass of main spool; xm is the displacement of 

main spool; Bm is the viscous damping coefficient of main 
spool; km is the spring stiffness of main spool; Fm is the 
steady flow force of main valve. Assuming that the motion 
of main spool mainly overcome the force of spring stiffness, 
the friction between main spool and valve sleeve is very 
small, about 500 Nˑs/M, the flow force is far less than the 
force to overcome the spring stiffness.

4 Numerical Analysis
According to the mathematical modelling in the sections 
above, the solving model of two-stage excitation valve is 
established through Matlab/Simulink. The total model of 
two-stage excitation valve can be obtained through deriving 
the relationship between input and output after checking 
the accuracy of the solving model of every subsystem, as 
is shown in Fig. 4. By setting every parameter of model, 
input different size of controlling parameters to obtain the 
influence on the performance of the two-stage excitation 
valve. The key parameters of the rotary valve are shown in 
Table 1.
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Figure 3  Structure of valve Figure 4  Solving Model of two-stage excitation valve
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Table 1  Main parameters of the system of two-stage exci-
tation valve

Parameter Values Parameter Values
Bm (Nˑs/M) 500 n 1-4

Cd 0.62 ps(Mpa) 10-21 
Dm (mm) 35-44 R(mm) 8

E (Pa) 8×108 
Vm1 (m3), 
Vm2 (m3)

1.9×10-5 

km (N/m) 50000 xv (mm) 1-2
mm (kg) 0.5 yvmax (mm) 3
ρ(kg/m3) 870

4.1 Influence of different main spool diameter on the dis-
placement of main spool
Fig. 5 and 6 show the displacement of main spool and 
the flow area curves from different frequency when the 
main spool are 35mm and 44mm, respectively. When the 
oil-supply pressure is 10MPa, xv=2mm, Dm=35mm, the 

maximum displacement of main spool and the maximum 
flow area can achieve 4mm and 440mm2 with 50Hz. The 
maximum displacement of main spool and the maximum 
flow area when frequency is 100Hz are 1/2 of that when 
frequency is 50Hz. The maximum displacement of main 
spool and the maximum flow area when frequency is 200Hz 
are 1/4 of that when frequency is 50Hz. Among them, when 
Dm=44mm, the maximum displacement of main spool 
and the maximum flow area are 3.2mm and 440mm2 with 
50Hz. The changing rule of the maximum displacement of 
main spool and the maximum flow area are the same as 
the above. Under the same condition, when Dm=44mm, the 
displacement of main spool is smaller, but the total flow 
area is invariant relative to the main spool that Dm=35mm. 

According to 
s

mmax d m m
2 pQ C D xπ
ρ

= , when Dm=35mm, 
xm=4mm, ps=10MPa, the maximum flow can achieve 0.041 
m3/s under no-load condition.
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Figure 5  Curves of xm and Am with different frequency 
(the main spool Dm is 35mm)
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Figure 6  Curves of xm and Am with different frequency 
(the main spool Dm is 44mm)

4.2. Influence of different oil-supply pressure on the dis-
placement of main spool
Fig.7 shows maximum value of xm with different frequency 
under three different oil-supply pressure, when the 
reserving frequency is higher, the maximum value of 
xm is smaller; when the oil-supply pressure is higher, the 
maximum value of xm is bigger. When the oil-supply 
pressure is 21MPa, xv=2mm and fm=50Hz, the maximum 
value of xm can achieve 7mm.
4.3. Influence of different xv on the displacement of main 
spool
Fig. 8 shows the maximum value of xm with different 
frequency when xv are 2mm and 1.5mm, respectively. It 
can be seen from Fig. 8, the smaller the xv, the smaller the 
maximum value of xm . Figs. 7 and 8 show that the main 
spool can be controlled through controlling the oil-supply 
pressure of control system, rotate speed of secondary spool 
and the axial displacement of spool. Besides, when the 
oil-supply pressure is 21MPa, xv=2mm and fm=50Hz, the 

maximum value of xm can achieve 7mm.
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Figure 8  Curves of maximum value of xm with different 
frequency(the axial opening of different secondary valves )

4.4. Influence of different number of secondary valve 
ports on the displacement of main spool
It can be seen from Fig. 9, when the oil-supply pressure 
is 10MPa, the reversing frequency of main spool is 50Hz, 
xv=2mm, the displacement of two-stage valve main spool 
with 8 secondary valve ports is slightly smaller than that 
with 4 secondary valve ports. The total flow conduction 
areas are same with different number of secondary valve 
ports shown as Fig.10 in theory. However, the more the 
number of secondary valve ports, the bigger the local 
resistance of the single controlling port to the oil, causing 
the displacement of main spool smaller when other 
condition are same. According to the structure of valve 
and the equation fm=2nf, we can get that it is easy to realize 
bigger reversing frequency or high frequency vibration 
with more secondary valve ports.
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Conclusion 
The paper presents a new two-stage excitation valve 
used in vibration experiment system and establishes the 
mathematical models. The characteristic of two-stage 
excitation valve is obtained by using Matlab/Simulink. 

The results show that the displacement of main spool 
will be smaller with bigger diameter and more secondary 
valve ports. The maximum displacement of main spool 
will be smaller with higher reversing frequency, lower 
oil-supply pressure and smaller axial guide width of valve 
ports. The new two-stage excitation valve is easy to adjust 
reversing frequency and flow. The higher frequency can be 
realized by adding the number of secondary valve ports. 
The larger flow can be achieved by increasing axial guide 
width of secondary valve ports and oil supply pressure. The 
result of this study is of guiding significance for designing 
the rotary valve for the achievement of higher reversing 
frequency and larger flow.
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