
Zhong et al. Chin. J. Mech. Eng.           (2021) 34:91  
https://doi.org/10.1186/s10033-021-00616-w

ORIGINAL ARTICLE

Investigation into the Independent Metering 
Control Performance of a Twin Spools Valve 
with Switching Technology-controlled Pilot 
Stage
Qi Zhong1,2,3*†, Huiming Bao1†, Yanbiao Li2,3, Haocen Hong1*, Bin Zhang1 and Huayong Yang1 

Abstract 

In hydraulic area, independent metering control (IMC) technology is an effective approach to improve system effi-
ciency and control flexibility. In addition, digital hydraulic technology (DHT) has been verified as a reasonable method 
to optimize system dynamic performance. Integrating these two technologies into one component can combine 
their advantages together. However, few works focused on it. In this paper, a twin spools valve with switching tech-
nology-controlled pilot stage (TSVSP) is presented, which applied DHT into its pilot stage while appending IMC into 
its main stage. Based on this prototype valve, a series of numerical and experiment analysis of its IMC performance 
with both simulated load and excavator boom cylinder are carried out. Results showed fast and robust performance 
of pressure and flow compound control with acceptable fluctuation phenomenon caused by switching technology. 
Rising time of flow response in excavator cylinder can be controlled within 200 ms, meanwhile, the recovery time of 
rod chamber pressure under suddenly changed condition is optimized within 250 ms. IMC system based on TSVSP 
can improve both dynamic performance and robust characteristics of the target actuator so it is practical in valve-
cylinder system and can be applied in mobile machineries.

Keywords: High speed on/off valve (HSV), Digital hydraulic technology (DHT), Switching pilot control, Twin spools 
valve, Independent metering control (IMC)
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1 Introduction
Hydraulic systems are widely used in many applications 
because of its high power to weight ratio. Valve-con-
trolled technology is one of the most common applied 
techniques in hydraulic area, but some shortcomings of 
traditional valve-controlled system such as lack of flex-
ibility and robustness as well as slow response hind its 
wider applications. Therefore, some new technologies 

such as IMC and DHT were developed aiming to solve 
these problems.

IMC technology breaks the mechanical connections 
between metering ports to separately control the load, 
so it can increase control degrees of freedom, making 
the system more flexible. Sitte et al. [[1]] reviewed IMC 
system structures, showing that different configurations 
of valve groups can be used to accomplish IMC, which 
can be roughly divided into two categories, configura-
tion with two valves and four valves. Yao et al. [[2], [3]] 
constructed an IMC system with four cartridge valves 
which were arranged in a Wheatstone bridge configura-
tion, proposed IMC system showed fast cylinder speed 
and good system pressure performance. Opdenbosch 
et  al. [[4]] developed a valve group which consists of 
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four electro-hydraulic poppet valves to accomplish IMC 
system, experimental results demonstrated that the 
proposed valve arrangement can precisely control the 
motion of the hydraulic actuator. Lyu et  al. [[5]] devel-
oped an IMC system with good energy saving perfor-
mance based on four proportional valves. Four-valves 
configurated IMC systems mentioned above showed 
good results in dynamic characteristics and energy sav-
ing performance. However, compared with traditional 
directional valves, four-valves configurated IMC systems 
occupy so much space while making the control algo-
rithm more complex, therefore two-valves configuration 
are adopted in some researches to realize IMC. Chen 
et al. [[6]] built an IMC system composed of two direc-
tional valves, good trajectory tracking performance was 
achieved. Xu et  al. constructed a pump/valves coordi-
nate IMC system using two proportional valves to con-
trol a cylinder, results showed that dual objectives of 
energy saving and control performance improvement 
[[7]] as well as oscillation reduction [[8]] were able to be 
achieved with the proposed IMC system. Liu et  al. [[9], 
[10]] applied two valves to study IMC technology, pres-
sure and flow accordance control of single cylinder as 
well as velocity and position control of dual cylinders 
[[11]] were studied, experiment results showed the supe-
riority of IMC in excavator arms control. Ba et al. [[12]] 
proposed a novelty force control method for a hydraulic 
drive system, this method rearranges the dynamic com-
pliance of force control system and has excellent control 
effect.

As mentioned above, four-valves configuration is more 
complex and space-occupying, so its IMC systems are 
not suitable for mobile machineries, such as excavators 
which have high requirement for lightweight. Hence, 
two-valves configuration is the most used IMC structure 
in researches on mobile machineries. Furthermore, inte-
grating two spools into one valve is a better approach to 
reduce weight of the IMC system.

Digital hydraulic technology (DHT) means hydrau-
lic systems having discrete valued components actively 
controlling system output [[13]]. HSV is a typical digi-
tal hydraulic component, which can produce fluid in 
discrete state. When HSV works under high frequency, 
fluid produced by HSV can be approximated as continu-
ous fluid. HSV has fast dynamic characteristics, rela-
tively small flow and strong anti-pollution ability, which 
exactly meet the demands for pilot stage of hydraulic 
components, making it a better choice for valve pilot 
stage compared with traditional proportional pilot valve. 
Winkler et  al. [[14]] firstly proposed a novel multi pop-
pet valve piloted by HSV which can fulfill the valve main 
stage demands for small switching time and high fatigue-
endurable operating frequency. Wen et al. [[15]] studied 

spool displacement and outlet flow of cartridge valve 
controlled by HSV, and results showed that proposed 
cartridge valve can achieve good linear control perfor-
mance when the input signal is in low-frequency and 
moderate duty cycle state. Li et al. [[16]] studied the fluc-
tuation characteristics of HSV pilot-controlled flow valve, 
showing that mean outlet flow can be proportionally 
controlled by adjustment of the operation duty ratio of 
HSV. Wang et al. [[17]] investigated the dynamic perfor-
mance of directional valve when proportional pilot stage 
is replaced by HSVs, the displacement tracking study of 
hydraulic cylinder showed that the maximum error can 
be controlled within ± 150 μm. All mentioned literatures 
verified that HSV is suitable for valve pilot stage and can 
achieve good dynamic performance. Shi et al. [[18]] stud-
ied hydraulic switching valve driven by magnetic shape 
memory alloy, its results show that the studied valve 
can achieve fast response with opening time of 5  ms; 
Zhong et al. [[19]] proposed a pre-existing control algo-
rithm (PECA) to improve the dynamic characteristics of 
the HSV, and simultaneously optimize the power losses 
of the HSV to improve its energy conversion efficiency; 
both of them provide theoretical supports for the devel-
opment of pilot stage hydraulic switching valve.

As using two HSVs as pilot stage to control one single 
spool valves is practicable, applying four HSVs for the 
pilot stage of a twin spools valve to construct IMC system 
is feasible. With these in mind, the contribution of this 
paper is to propose a twin spools valve with switching 
technology-controlled pilot stage (TSVSP) and study its 
IMC performance.

The rest of this paper is organized as follows: the struc-
ture of the mentioned valve and its mathematical model 
are introduced firstly in Section 2, followed by a descrip-
tion of control algorithm architecture described in Sec-
tion  3. Experimental and numerical results are given in 
Section 4 followed by the conclusions of the paper.

2  Configuration and Modeling of TSVSP
2.1  Structure of the TSVSP
TSVSP proposed in this paper adopts four two-land and 
three-way HSVs on its pilot stage, every two HSVs are 
used to control one main spool, as shown in Figures 1 and 
2. By adjusting the operation duty ratio of HSVs, pressure 
of control chambers at both ends of the main valve spool 
can be modulated, thereby changing the displacement of 
the main valve spool.

2.2  TSVSP Dynamics Model
For ease of description, four pilot HSVs are named as 
HSV1, HSV2, HSV3 and HSV4, while two main stage 
valves are named main valve1 and main valve2, respec-
tively, as shown in Figure 2. Since TSVSP is symmetrical, 
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two main valves and their corresponding pilot stages have 
the same structure. Therefore, the mathematical modeling 
analysis of TSVSP in Section 2.2 is based on the left main 
spool and its pilot stage, which includes HSV1, HSV2 and 
main valve1.

When the operation duty ratio of HSV1 is higher than 
that of HSV2, pressure in left control chamber of the main 
valve1 will be higher than the pressure in its right chamber, 
then main valve1 will move to the right. On the contrary, 
when the operation duty ratio of HSV2 is higher than that 
of HSV1, main valve1 spool will move to the left.

2.2.1  Pilot Stage Theoretical Analysis
The configuration of the pilot HSV used in this paper is 
shown in Figure 3, and direction of oil flow changes accord-
ing to its on and off state.

The flow through the operation port of HSV1 can be 
expressed as:

where Q1p and Q1n are the flow of HSV1 in the opened 
and closed state, respectively; A1p and A1n are the effec-
tive opening area of the HSV1 inlet port and outlet port, 
respectively; Cd is flow coefficient, while ρ is oil density; 
Psp, P11, and Pt are the pressure of supply port, HSV1 
operation port and tank, respectively. The effective open-
ing area of HSV1 is given by:

(1)Q1p = CdA1p

√

2(Psp − P11)/ρ,

(2)Q1n = CdA1n

√

2(P11 − Pt)/ρ,

(3)

A1p=πd1xv1
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Figure 1 Structure of TSVSP

Figure 2 Schematic of TSVSP

Figure 3 Structure of HSV
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 where xv1 is armature displacement of HSV1,D is diame-
ter of its operation ball; d1 is its orifice diameter as shown 
in Figure 4; l is the stroke of HSV1.

Similarly, the flow through the pilot HSV2 can be 
expressed as:

where Q2p and Q2n are flow of HSV2 in the opened state 
and the closed state; A2p and A2n are the effective open-
ing area of the HSV2 oil inlet port and outlet port; P12 is 
pressure of HSV2 operation port.

When the pilot HSV1 switches with high frequency, the 
discrete fluid generated by HSV1 can be approximated as 
continuous fluid, whose average flow can be computed 
from

where Q1 is average flow of HSV1, t1on and t1off respec-
tively represent the opened time and closed time of 
HSV1 in one single switching cycle. Due to the electri-
cal inertia, magnetic inertia and mechanical inertia in the 
pilot HSV, there will be a delay between the control signal 
and its actual movement.

As shown in Figure  5, when opening target comes, 
it takes some opening delay time (tdon) to start moving 
and some opening movement time (tmon) to reach fully 
opened state; meanwhile, in the closing process, it also 
needs some closing delay time (tdoff) to start closing and 

(4)

A1n = πd1(l − xv1)
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(5)Q2p = CdA2p

√

2(Psp − P12)/ρ,

(6)Q2n = CdA2n

√

2(P12 − Pt)/ρ,

(7)Q1 =
Q1pt1on − Q1nt1off

t1on+t1off

some closing movement time (tmoff) to reach fully closed 
state. From a macro perspective, the opening and clos-
ing movement of HSV1 can be approximated as a linear 
movement, so t1on and t1off can be derived:

where f1 is control signal frequency of HSV1; D1 is the 
duty ratio of HSV1 control signal; t1don, t1mon, t1doff and 
t1moff represent the opening delay time, opening move-
ment time, closing delay time and closing movement 
time of HSV1 respectively, which will not be affected by 
the variation of f1. As a result, when f1 increases, propor-
tion of fully opened time in the whole duty cycle becomes 
smaller while dead and saturation zone becomes larger, 
this will result in smaller percentage of controllable part 
in whole HSV duty cycle. What’s more, when f1 is too 
small, pressure fluctuation will be caused. These will 
affect the control performance, so the control signal fre-
quency of the pilot HSVs should be set within a reason-
able range.

Driven by the discrete digital fluid, the pressure in the 
left and right chambers of the main valve1 spool can be 
expressed as:

where Q1v and Q2v are the flow of HSV1 and HSV2, which 
can be calculated from Eqs. (1)–(6); β is bulk modulus; 
Am is effective cross-sectional area of the main valve1 
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Figure 4 Detailed structure of HSV port

Figure 5 Dynamic behaviour of HSV
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spool; V11 and V12 are volumes of main valve1 spool left 
chamber and right chamber; x1 is displacement of the 
main valve1.

2.2.2  Main Stage Theoretical Analysis
According to Newton’s second law, the motion equation 
of the main valve1 spool is

where Mm is the mass of the main valve1 moving parts; 
Fm is the flow force applied on the main valve1 spool; 
K1 is spring coefficient of the main valve1 spool; Bm is 
damping coefficient when the main valve1 spool moves. 
Among them, the flow force applied on the main valve1 
spool can be expressed as:

where Fms is the steady flow force applied on the main 
valve1 spool

Fmt is the transient flow force applied on the main 
valve1 spool

where Wm is area gradient of the main valve1; ΔPm is 
valve port pressure difference of the main valve1, and lm 
is the flow length of the oil in the main valve1.

(11)
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(12)Fm = Fms+Fmt,

(13)Fms = 2WmCdCv cos(θ)�Pmx1,
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√
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,

According to the flow continuity equation, the pressure 
of the main valve1 control chamber can be obtained:

Taking it as an example that main valve1 is connected 
to supply pressure while main valve2 is connected to 
tank, flow of main stage valves can be derived

where x2 is displacement of main valve2 spool, Ps is oil 
supply pressure of the system, P1 and P2 are the pressure 
of the load inlet and outlet chambers, respectively.

3  Control Algorithm
3.1  Valve Control Algorithm
Due to high-frequency switching of the pilot HSVs, there 
will be unavoidable fluctuation phenomenon of the main 
valve spool displacement, and finally cause pressure and 
flow jitter, so low pass filters are added to reduce the 
effect of these fluctuation.

Fuzzy PID control algorithm is applied for the spool 
displacement control, as shown in Figure 6. In this posi-
tion fuzzy controller, both ed(k) and Δed(k), which can be 
equivalent to spool displacement and velocity, respec-
tively, are considered as variable inputs.

From Figure  7, when duty ratio of HSVs are between 
20% and 90%, linearity between flow and duty ratio is the 
best.

Set intermediate value 55% as the initial duty ratio of 
pilot HSV, the control signal duty ratios of HSV1 and 
HSV2 can be expressed

(15)
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√

2(P2 − Pt)/ρ x2 < 0,

Figure 6 Spool position control structure
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(17)
a1 = 0.55− adout{kped(k)+ adiki

k
∑

i=0

[ed(i)]

+ addkd[ed(k)− ed(k − 1)]}

(18)
a2 = 0.55+ adout{kped(k)+ adiki

k
∑

i=0

[ed(i)]

+ addkd[ed(k)− ed(k − 1)]}

where α1 and α2 are control signal duty ratios of HSV1 
and HSV2; kp, ki and kd are the parameters of the PID 
controller; αdout, αdi and αdd are the outputs of the dis-
placement fuzzy controller.

3.2  System Control Algorithm
A pair of two-level fuzzy controller is applied to improve 
system flow and pressure dynamic performance, as 
shown in Figure 8. Detailed illustration of system control 
algorithm can be found in Ref. [[20]].

4  Simulate and Experiment Analysis
The schematic of pressure and flow control testbed is 
shown in Figure  9. Main valve1 is used to control inlet 
chamber of cylinder while main valve2 is used to control 
outlet chamber. Based on the testbed, simulation model 
is constructed as shown in Figure  10. SC_1 stands for 
HSV control algorithm in Ref. [[21]], SC_2 stands for 
control algorithm described in Eqs. (17) and (18). To 
improve the optimization effect, parameters of Fuzzy PID 
controllers are firstly optimized through experiments 
based on a simulated load. According to the actual work-
ing condition of tested excavator boom cylinder, hydrau-
lic system flow is set to 60 L/min while system pressure is 
set to 10 MPa.

4.1  Experiment on System Pressure and Flow Control
Firstly, for basic algorithm test, a two-way pressure 
valve is used as load to conduct the pressure and flow 
control simulated experiment, which can optimize the 
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Figure 8 System control algorithm structure
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appropriate parameters for pressure controller as well as 
flow controller.

4.1.1  Experimental Test on Pressure Control
According to working condition of excavator arms, 
it is found that 0.5  MPa to 6  MPa is a common pres-
sure range of boom cylinder chambers in working duty 
cycles, which is chosen as test range for pressure control. 

Figure 9 Pressure and flow control testbed schematic. 1. Target computer, 2. Host computer, 3.Load part, 4. Piolt HSV, 5. Main stage valve

Figure 10 Simulation model
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TSVSP inlet chamber pressure control is conducted as 
shown in Figures  11 and 12. Dead zone of main valve 
is 1000 μm; based on the experiment results, displace-
ment of main valve 2 spool is set as 3000 μm to reduce 
the throttle loss during inlet pressure control experiment. 

The stabilization time of step response from 0.5 MPa to 
2 MPa is 150 ms, while time required for 2 MPa to 5 MPa 
response is about 120 ms, the pressure overshoot is less 
than 12%. Corresponding simulation results showed 
comparable results. Meanwhile, due to simulation 

Figure 11 Pressure step response of the TSVSP inlet chamber from 0.5 MPa to 2 MPa

Figure 12 Pressure step response of the TSVSP inlet chamber from 2 MPa to 5 MPa
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modeling error and nonlinearity of displacement sensors, 
a discrepancy occurs between spool displacements of 
simulation and test.

Pressure control of outlet chamber is commonly used 
to decrease the back pressure of actuator to reduce 
the system throttling loss while improve the system 

efficiency. Sometimes in order to optimize the dynamic 
characteristics of actuator, it is necessary to increase the 
back pressure to improve system damping. Therefore, 
dynamic performance of back pressure has a huge impact 
on the energy-saving characteristics of the system as well 
as the kinetic characteristic of the actuator. Based on 

Figure 13 Pressure step response of the TSVSP outlet chamber from 0.5 MPa to 3 MPa

Figure 14 Pressure step response of the TSVSP outlet chamber from 3 MPa to 6 MPa
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some typical backpressure changing conditions, results 
of the backpressure control experiment is shown in Fig-
ures 13 and 14, during which main valve1 spool stays at 
− 3000 μm to reduce the throttle loss of main valve1.

The stabilization time required for backpressure to step 
from 0.5  MPa to 3  MPa is about 200  ms, and the over-
shoot reaches 0.54 MPa. When the backpressure is con-
trolled to step from 3  MPa to 6  MPa, the overshoot is 
about 0.8 MPa and the stabilization time is 180 ms. Cor-
responding simulation results showed similar results.

According to the backpressure curve in Figures 13 and 
14, although the main spool has the same jitter character-
istics under different back pressure, when the back pres-
sure is controlled near 0.5  MPa, pressure fluctuation is 
only about 0.3 MPa, while when the back pressure stabi-
lizes at a higher pressure value, the back pressure jitter is 
relatively more severe. Taking back pressure of 3 MPa and 
6 MPa as an example, the pressure fluctuation is stable at 
about 0.6 MPa. The main reason for this phenomenon is 
that the main spool has different flow gains at different 
positions. When the system backpressure is maintained 
at a smaller value, its jitter range is also smaller.

In order to improve the pressure control characteristics 
of TSVSP under changing load, experimental studies are 
carried out. The experiment on pressure control perfor-
mance of the outlet chambers under flow step are shown 
in Figures 15 and 16. Main valve1 spool displacement is 
set to − 2500  μm for the same reason as backpressure 
control experiment, while main valve2 is set as the pres-
sure control mode to stabilize the backpressure at 5 MPa 
at the beginning. Firstly, the displacement command 
of the main valve1 is updated to − 2000  μm to reduce 
the flow. At this time, the backpressure characteristic is 
shown in Figure 15. The backpressure fluctuation is less 
than 0.98  MPa, and the pressure recovery time is also 
about 55  ms. Similarly, update the displacement com-
mand of the main valve 1 to − 2500 μm to increase the 
flow as shown in Figure  16, Due to the change in flow, 
the outlet throttling increases, so the backpressure sud-
denly increases. The pressure fluctuation is about 1 MPa, 

and the pressure stabilization time is about 100 ms. Cor-
responding simulation results showed lighter fluctuation 
because of ideal pump and pressure sensor.

The pressure control results of the inlet chamber when 
the outlet throttling changes are shown in Figure  17. 
To maintain a higher inlet pressure at 5  MPa, main 
valve2 spool is set as 1500  μm, it moves from 1500  μm 
to 1600 μm at 1 s, causing a sudden change of the pres-
sure in the oil inlet chamber. The pressure fluctuation is 
around 1.8 MPa, the pressure stabilization time is about 
70 ms, and the overshoot is about 0.1 MPa. Correspond-
ing simulation results showed comparable results. The 
pressure controller developed in this paper has fast and 
robust dynamic performance.

4.1.2  Experimental Test on Flow Control
In IMC systems, the flow can be controlled indepen-
dently from the pressure of the other chamber, which 
can improve dynamic performance of the actuator. Dur-
ing the test of excavator arms movement, it is found that 
40–240 mm/s is a common speed range of boom cylin-
der on constructed testbed in working duty cycles, cor-
responding rodless chamber flow is 9.5–57  L/min. So 
10–50 L/min is chosen as test range for flow control.

Typical working conditions such as low speed, high 
speed and transfer between them are considered in this 
paper. The performance of small flow step response in 
low speed and high speed working conditions are shown 
in Figures 18 and 19, respectively.

Main valve 2 spool displacement is set as 2000 μm to 
maintain the backpressure at around 0.5 MPa. When the 
flow is controlled at 20 L/min, inlet chamber pressure is 
0.79 MPa; stabilization time required for the flow to step 
from 20 L/min to 30 L/min is about 400 ms, with an over-
shoot of about 1.5 L/min. The settling time required for 
the flow to step from 40 L/min to 50 L/min is shortened 
to 140 ms, with is no overshoot. Corresponding simula-
tion shows similar results.
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Figure 15 Backpressure control performance under flow decrease Figure 16 Backpressure control performance under flow increase
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In order to test the control performance of the flow 
controller in low and fast speed transfer working con-
dition, this paper further carries out a large step flow 
experiment, as shown in Figures 20 and 21.

The rise time of flow to step from 20  L/min to 50  L/
min is about 50  ms, but there is an overshoot of about 
6.7 L/min. The stabilization time of the entire flow step 
response process is about 160  ms. When the flow is 
reduced from 50 L/min to 20 L/min, the flow stabilization 
time is about 180  ms with no overshoot. Correspond-
ing simulation showed comparable results. Compared 

0.0 0.2 0.4 0.6 0.8 1.0

25

30

35

40

45

50

55

60

)ra
B(er

usser
P t

ne
mire

p
x

E

Time(s)

 Experiment Pressure(Bar)

 Simulation Pressure(Bar)

Figure 17 Inlet pressure control performance under flow decreas

Figure 18 Flow step response of the TSVSP inlet chamber from 20 
to 30 L/min

Figure 19 Flow step response of the TSVSP inlet chamber from 40 
to 50 L/min

Figure 20 Flow step response of the TSVSP inlet chamber from 20 
to 50 L/min

Figure 21 Flow step response of the TSVSP inlet chamber from 50 
to 20 L/min
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with flow control performance of proportional pilot twin 
spools valve in Ref. [[20]] whose adjusting time for 30 L/
min to 70 L/min and 70 L/min to 30 L/min are 320 ms 
and 250  ms, TSVSP has slightly larger steady-state 
error during flow control, but its dynamic characteris-
tics in the large-scale flow control shows better dynamic 
characteristics.

4.1.3  Experimental Test on Pressure and Flow Compound 
Control

Pressure and flow compound control is a unique func-
tion of IMC system, which can effectively improve 

dynamic performance of the actuator and reduce 
energy consumption of the system.

TSVSP developed in this paper has a twin spools 
main stage structure, which can independently control 
inlet and outlet ports. The control algorithm schematic 
is shown in Figure 8. Set main valve1 to control the inlet 
flow while set main valve2 to control the outlet pres-
sure. Backpressure step response experiment under sta-
ble flow and inlet flow step response experiment under 
stable backpressure are conducted. First experiment 
is suitable for adjusting the outlet dynamic damping 
under constant speed load to improve load movement 
performance, while second experiment is suitable for 
keeping the backpressure stable and improving system 
efficiency while load speed changes.

Results of backpressure step response experiment 
under stable flow are shown in Figure  22, the stabili-
zation time required for the load backpressure to step 
from 1 MPa to 2 MPa is about 120  ms. The pressure 
overshoot is 0.61 MPa. When the load backpressure 
step from 2 MPa to 3 MPa, the pressure stabilization 
time is about 60 ms, an overshoot of 0.47 MPa appears.

Comparison with corresponding simulation and per-
formance of proportional pilot twin spools valve in Ref. 
[[20]] is shown in Table 1.

In terms of flow stability, when backpressure step 
from 1 MPa to 2 MPa, the flow recovery time is 80 ms, 
and there is no flow oscillation during the flow recov-
ery. When backpressure step from 2 MPa to 3 MPa, the 
flow recovery time is 180 ms.

Inlet flow step response experiment under stable 
backpressure is shown in Figure  23. When backpres-
sure is maintained at 4 MPa while inlet flow step from 
20 L/min to 30 L/min, the flow adjusting time is 120 ms 
with no obvious overshoot, the backpressure recovery 
time is about 140 ms, the pressure fluctuation reaches 
0.5 MPa. When the inlet flow step from 30  L/min to 
40  L/min, the flow stabilization time reduces to about 
100  ms, and the backpressure recovery time was also 
reduced to 60 ms.

Figure 22 Test performance of backpressure control under stable 
inlet flow

Table 1 Results of backpressure step response test under stable flow

Pressure step(MPa) Indicator TSVSP simulation TSVSP experiment Experiment 
in Ref. 
[[20]]

1–2 Pressure stabilization time(ms) 100 120 110

Pressure overshoot
(MPa)

0 6.1 5

Flow recovery time(ms) 80 80 170

2–3 Pressure stabilization time(ms) 60 60 50

Pressure overshoot (MPa) 0 4.7 4.8

Flow recovery time(ms) 100 180 500
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Comparison with corresponding simulation and per-
formance of proportional pilot twin spools valve in Ref. 
[[20]] is shown in Table 2.

4.2  Application on Excavator Boom Cylinder
To verify the effectiveness of the developed TSVSP, this 
paper uses the excavator boom shown in Figure  24 to 
study pressure and flow controller performance under 
the resistive condition and the overrunning condi-
tion. According to the flow data during excavation test, 
10–20  L/min and 20–30  L/min are chosen as typical 
flow step response condition in this paper. To show the 
superiority of combining IMC and DHT, one traditional 

proportional valve is chosen to replace TSVSP in Fig-
ures 9 and 10 as matched-comparison group.

4.2.1  Resistive Working Condition Experiment
Boom lifting process is a typical resistive working condi-
tion. Under this working condition, main valve2 is used 
to control flow while main valve1 is used to control the 
pressure of the rod chamber. The control strategy under 
resistive condition is shown in Figure 25.

The result using traditional proportional valve is shown 
in Figures  26 and 27, where flow is obtained by linear 
conversion of the boom cylinder speed. According to 
the curve in Figure 26, when the traditional proportional 
valve controls the inlet flow to 10  L/min, the cylinder 
backpressure is nearly 6 MPa. The stabilization time 
required for the traditional proportional valve to com-
plete the flow step of 10–20  L/min is about 350  ms. In 
the step control of the flow of 20–30 L/min, stabilization 
time is about 500  ms, and flow overshoot is 4.5  L/min. 
Corresponding simulation results showed larger pressure 
fluctuation because of the different damping in hydraulic 
system.

When TSVSP is applied, compound control of inlet 
chamber flow and the outlet chamber pressure can be 
realized. Set the outlet chamber pressure to 0.5  MPa, 
while inlet chamber performs flow step control. The 
result is shown in Figures  28 and 29. The stabilization 
time of the flow step from 10 L/min to 20 L/min is about 
250 ms, and the flow overshoot is around 3 L/min. The 
outlet chamber pressure fluctuation caused by the flow 
change reaches 0.57 MPa, and the pressure recovery time 
is about 350 ms.

When the flow is stepped from 20 L/min to 30 L/min, 
the stabilization time is about 200  ms, the flow over-
shoot is about 4  L/min, and the backpressure recovery 
time is 250 ms. Corresponding simulation results showed 
smaller flow overshoot and pressure fluctuation because 
of the different damping in hydraulic system. TSVSP can 
realize the combined control of the pressure and flow of 
the boom cylinder. Pressure stability is improved com-
pared with the proportional pilot load port independent 
valve. Compared with the experiment result using pro-
portional pilot stage independent metering valve shown 
in Ref. [[22]] whose static error is relatively obvious, 

Figure 23 Test performance of inlet flow control under stable 
backpressure

Table 2 Results of flow step response experiment under stable backpressure

Flow step (L/min) Indicator TSVSP simulation TSVSP experiment Experiment 
in Ref. 
[[20]]

20–30 Flow stabilization time(ms) 100 120 90

Pressure recovery time(ms) 80 140 70

30–40 Flow stabilization time(ms) 90 100 90

Pressure recovery time(ms) 40 60 100
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Figure 24 Excavator arm assembled on testbed

Figure 25 Control strategy under resistive working condition

Figure 26 Singal spool proportional valve controlled flow step 
10–20 L/min performance

Figure 27 Singal spool proportional valve controlled flow step 
20–30 L/min performance

Figure 28 TSVSP controlled flow step 10–20 L/min performance

Figure 29 TSVSP controlled flow step 20–30 L/min performance
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experiment result in this paper shows smaller static error 
and faster response.

4.2.2  Overrunning Working Condition Experiment
The lowering process of the boom cylinder is a typical 
overrunning working condition. Under this working con-
dition, valve2 is set to flow control mode while valve1 is 
set as pressure control mode as shown in Figure 30.

When traditional proportional valve is used to control 
the boom cylinder speed under overrunning condition as 
shown in Figures 31 and 32. The adjusting time for outlet 
flow to step from 10 L/min to 20 L/min and from 20 L/
min to 30 L/min is about 450 ms and 480 ms, the over-
shoots are about 4  L/min, pressure in the rod chamber 
is maintained at about 10.5 MPa which is relatively high. 
Corresponding simulation results showed larger pressure 

fluctuation because of the different damping in hydraulic 
system.

Repeat the same experiment with TSVSP. Set the 
target value of the pressure controller to 0.5 MPa, 
experiment results are shown in Figures 33 and 34. The 
adjusting time for flow from 10  L/min to 20  L/min is 
about 250  ms, adjusting time from 20  L/min to 30  L/
min is about 280  ms. Corresponding simulation stabi-
lization time of 10–20  L/min 20–30  L/min are about 
250 ms and 260 ms, respectively. Corresponding simu-
lation results showed smaller flow overshoot and pres-
sure fluctuation because of the different damping in 
hydraulic system. Compared with the experiment result 
using proportional pilot stage independent metering 
valve shown in Ref. [[23]] whose adjusting time is about 
500  ms, experiment result in this paper has shorter 
adjusting time.

5  Conclusions
This paper presents a TSVSP which combins IMC tech-
nology with DHT. The conclusions are given as follows:

(1) Mathematical and simulation models of TSVSP 
controlled cylinder hydraulic system are constructed, 
based on which compatible system fuzzy controller is 
designed.

(2) Together with switching controlled pilot stage 
HSV, step response tests as well as stability tests of pres-
sure and flow in both meter-in and meter-out chambers 
are conducted, furthermore, IMC performance of exca-
vator cylinder during powered extension and powered 
retraction is considered in this case. Rising time of flow 
response in excavator cylinder can be controlled within 
200 ms, meanwhile, the recovery time of rod chamber 

Figure 30 Control strategy under overruning working condition

Figure 31 Singal spool proportional valve controlled flow step 
10–20 L/min performance

Figure 32 Singal spool proportional valve controlled flow step 
20–30 L/min performance
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pressure under suddenly changed condition is optimized 
within 250 ms.

(3) Experiment and simulation results show that com-
pared with traditional proportional valve and propor-
tional pilot twin spools valve, IMC system based on 
TSVSP shows faster and more robust dynamic perfor-
mance under different working conditions, proving that 
it has huge potential in the application on excavators.
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