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Abstract: An independent metering valve control hydraulic system (IMVCHS) adopts two independent valves to separately 
control the meter-in and meter-out orifices. This structure increases the degree of freedom of the control, and improves its flex-
ibility and energy-saving performance. In this study, an IMVCHS was established that applies a control system developed to 
research the pressure and flow compound control performance. A two-level fuzzy control algorithm based on the calculated flow 
rate feedback from the spool displacement was proposed to realize high precision flow control, and the two-level fuzzy control 
algorithm based on the pressure feedback was also adopted to enhance the pressure performance under a dynamic load. A simu-
lation model was established, and its key parameters identified experimentally using the simulated load of a hydraulic bridge 
circuit. The experimental results show that the proposed flow controller has higher control accuracy with an error of less than 2%, 
and the flow adjustment time for 40 L/min step control is 320 ms. The pressure controller with a two-level closed-loop fuzzy 
algorithm can significantly improve these pressure dynamic and static performances, and achieve a step response time of less than 
180 ms. Combining the pressure and flow controllers, the pressure and flow compound control of the IMVCHS is realized, and the 
capacity for coping with load fluctuations is also identified, with compound adjustment times of generally less than 200 ms, and 
occasionally less than 100 ms. This control system therefore achieves a good performance for pressure and flow compound con-
trol, and is able to widen the application of independent metering control technology.  
 
Key words: Independent metering system; Pressure and flow compound control; Calculation flow rate feedback; Fuzzy propor-

tion integral differential (PID); Two-level closed-loop control 
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1  Introduction 
 

Owing to their high power-to-weight ratios, 
hydraulic systems are widely used in many different 

applications. In a typical operation, one actuator is 
controlled using a four-way directional valve. Using 
this type of valve, the meter-in and meter-out orifices 
are mechanically connected, and such coupling 
makes the actuator robust and easy to control, al-
though it results in a lack of flexibility in the system 
(Eriksson and Palmberg, 2011; Zhang et al., 2018). In 
addition, the pressure and flow demands of an actu-
ator vary significantly and frequently over time. 
Through a mechanical connection, either the pressure 
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of the chamber or the flow through the orifice can be 
controlled, but not both. Therefore, unnecessary 
energy losses at a meter-out orifice and poor flexibil-
ity during an overrunning load will occur. This makes 
it difficult to optimize operating performance and  
energy-saving characteristics simultaneously. To 
overcome these shortcomings, Jansson and Palmberg 
(1990) adopted two valves to control the inlet and 
outlet orifices of the load individually. That innova-
tion broke down the mechanical connection between 
the inlet and outlet orifices, increased the degree of 
freedom in the control, improved the flexibility of the 
actuator, and provided an effective method for saving 
energy in the hydraulic system as compared with a 
conventional directional valve-controlled hydraulic 
system. An independent metering valve control hy-
draulic system (IMVCHS) has particular functionali-
ties that a traditional valve-controlled hydraulic sys-
tems cannot achieve, such as compound pressure and 
flow control, flow regeneration, and energy recovery. 

Studies on IMVCHSs have been conducted for 
decades, and the major challenges in the design of 
such systems are the hardware layout and control 
strategy (Eriksson and Palmberg, 2011). Different 
IMVCHS layouts have been discussed by Sitte and 
Weber (2013). Eriksson (2007) designed an IMVCHS 
with four Valvistor valves. Liu and Yao (2002) and 
Yao and Liu (2002) achieved a good cylinder speed 
and system pressure using five proportional poppet 
valves, four of which are arranged for an independent 
metering function, and the last is used for flow rege-
neration. Linjama and Vilenius (2005) and Linjama et 
al. (2015) designed a digital flow control unit, which 
had a four-way valve configuration, with each path 
controlled independently using on/off valves con-
nected in parallel. Eaton Co. (Yuan and Lew, 2005) 
developed a two-stage twin-spool servo valve for 
mobile applications. Yao et al. (2018) presented an 
independent metering pump control system, which 
used two pumps to individually control the meter-in 
and meter-out of a cylinder to achieve the perfor-
mance of the IMVCHS. 

Benefiting from the characteristics of indepen-
dent metering control, an IMVCHS is more flexible in 
terms of the control and structure than a conventional 
valve-controlled system, and makes it easy to control 
both the chamber pressure and actuator speed (Borghi 

et al., 2014; Liu et al., 2017), reduce the vibrations of 
the actuator (Ding et al., 2017), and further realize 
energy-saving control (Choi et al., 2015; Liu et al., 
2016; Ge et al., 2017). However, it also requires more 
complex control algorithms and more advanced 
hardware. In (Hu and Zhang, 2003), a conventional 
proportion integral differential (PID) controller was 
applied, upon which a fuzzy algorithm was added to 
an IMVCHS (Wei et al., 2016) and achieved a highly 
dynamic performance and significant potential for 
energy saving (Zhong et al., 2017). Hansen et al. 
(2011) studied the anti-load fluctuation performance 
of an IMVCHS using a dynamic pressure feedback 
algorithm. Ding et al. (2016) presented a bumpless 
mode switch controller for an IMVCHS to solve the 
problems of instability and roughness by using a 
discrete mode switch. A combined pump and valve 
control method was proposed to decouple the control 
for the actuator velocity and chamber pressure 
(Lantto et al., 1989; Xu et al., 2015). Owing to the 
strong nonlinearities and time-varying characteristics 
of a hydraulic system, adaptive control schemes were 
also applied to improve the control precision of an 
IMVCHS (Plummer and Vaughan, 1996; Book and 
Goering, 2001; Yao and DeBoer, 2002; Liu and Yao, 
2008; Opdenbosch et al., 2011).  

As mentioned above, existing studies on an 
IMVCHS have mainly focused on velocity control 
and energy-saving performance. Compound pressure 
and flow control is an effective method for dealing 
with both. However, the performance of both the flow 
and pressure controls is based on the position control 
characteristics of the valve, and those have generally 
been ignored in the reviewed studies because most of 
the valves used in the research have been mature 
industrial valves, equipped with matched displace-
ment controllers. Therefore, it is difficult to study the 
influence of the valve motion on the performance of 
the pressure and flow controls.  

To improve the performance of the compound 
pressure and flow controls for an IMVCHS, and the-
reby enhance the control precision of the actuator and 
optimize the energy-saving characteristics, a pro-
grammable control system is developed in this study 
to overcome the challenges in developing a hardware 
and control strategy. The system developed consists 
of spool displacement, and pressure and flow con-
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trollers. A spool position controller based on a fuzzy 
PID (FPID) control algorithm is developed to im-
prove the valve performance. A two-level fuzzy con-
trol algorithm based on the pressure feedback is 
proposed to improve the pressure dynamics, and re-
duce pressure fluctuations. A two-level closed-loop 
control strategy based on the calculated flow rate 
feedback from the spool displacement is also pro-
posed to realize a highly precise flow control without 
the use of a transient flow meter or velocity sensor. To 
verify the effectiveness of the proposed controllers, 
an IMVCHS was designed, a simulation model was 
established, and a series of experiments on the pres-
sure and flow control characteristics and compound 
control performance were carried out. The control 
system offers a better dynamic and robust perfor-
mance, as well as the benefit of energy-saving 
operations. 

The remainder of this paper is organized as fol-
lows. First, a brief introduction of an IMVCHS is 
given and relevant studies conducted in this area are 
provided. Then, the development of an IMVCHS is 
described and its mathematical model is analyzed. 
Furthermore, the development of a programmable 
control system for the IMVCHS is detailed. The de-
velopments of the FPID position control algorithm, 
the two-level fuzzy pressure control algorithm, and 
the two-level flow control algorithm based on the 
calculated flow rate feedback are also given. At last,  
a simulation model built for the developed IMVCHS 
is discussed along with experimental application of 
the developed control system, and the results are 
analyzed.  
 
 
2  Hydraulic system configuration and  
modeling 

 
The designed IMVCHS, shown in Fig. 1, is de-

scribed in this section. The system is mainly made up 
of two two-stage proportional directional valves 
(2SPDVs) used for independent metering control, and 
a hydraulic bridge circuit with a proportional throttle 
valve used to simulate a dynamic load. To distinguish 
the two 2SPDVs in the following section, the pilot 
stage valve 4-1 and main stage valve 5-1 are defined 
as valve 1, and the pilot stage valve 4-2 and main 

stage valve 5-2 are defined as valve 2. The pro-
grammable controller receives the targets from the 
host computer, and feedback signals, including the 
displacement of the main spools, the pressure in the 
chambers, and the flow rate through the orifices, from 
the hydraulic system. Based on these signals, the 
controller outputs control signals to drive the two 
valves and achieve a fast response and high stability 
for both the pressure and flow in the IMVCHS. That 
is the main focus of the present study. 

Three controllers are used in the control system, 
namely, the position controller, pressure controller, 
and flow controller. Thus, a mathematical analysis of 
the IMVCHS is divided into three aspects: valve dy-
namics, pressure dynamics, and flow dynamics. 

2.1  Valve dynamics model 

The actuator of the 2SPDV is a voice coil motor 
(VCM), which has a high acceleration and linear 
thrust. Its electrical characteristic in the moving coil 
can be written as  

 

c bc

d
,

d

i
U R i L

t
e                           (1) 

 
where U is the driving voltage, Rc is the equivalent 
resistance, Lc is the equivalent inductance, i is the 
current in the coil, t is the time, and eb is the back 
electromotive force, which can be determined as 
 

b ,e BLv                                  (2) 

 
where B is the magnetic induction intensity of the 
VCM, L is the total length of the coil, and v is the 
velocity of the moving coil. The electromagnetic 
force of the VCM can be expressed as  
 

c .F BiL                                  (3) 

 
Because the current amplifier has a much faster 

dynamic performance than the pilot spool position, 
the current characteristic can be neglected in the 
mathematic model of the valve motion to reduce the 
system order. It is assumed that the pilot spools are 
critically centered and subjected to the VCM output 
force, reset spring force, damping force, and flow  
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force. The state-space model of the pilot stage valve is 
given as a canonical controllable form: 
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where x1 is the displacement of the pilot spool, m1 is 
the moving mass of the pilot stage, ke1 is the equiva-
lent elastic load coefficient of the pilot stage, kd1 is the 
equivalent damping coefficient in the pilot stage, ci is 
the linear equivalent gain of the current amplifier, and 
Ff1 is the total flow force exerted on the pilot spool.  

The 2SPDV is a two-stage valve, where the main 
spool is driven based on the differential pressure of 
the main valve control chambers. Therefore, the main 
spool is subject to the control pressure force, com-

pression spring force, viscous force, and flow force.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The state-space model of the main stage valve is ex-
pressed as follows: 
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where x2 is the displacement of the main spool, m2 is 
the moving mass of the main stage, ke2 is the equivalent 
elastic load coefficient of the main stage, kd2 is the 
equivalent damping coefficient in the main stage, P1 
and P2 are the pressures in the left and right control 
chambers of the main stage valve, respectively, S is the 
equivalent cross area of the main valve control cham-
ber, and Ff2 is the flow force exerted on the main spool. 

The flow force applied to a spool is given as  
 

Fig. 1  Structure of the IMVCHS 
1: programmable controller; 2: host computer; 3: hydraulic bridge circuit; 4: pilot stage valve; 5: main stage valve; 6: fixed 
displacement pump; 7: relief valve; 8: pressure reducing valve; 9: proportional throttle valve. LVDT: linear variable differential 
transformer; CAN: controller area network 
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f s t ,  i i iF F F                              (6) 

where the subscript i (i=1, 2) represents the number 
of stages of the pilot stage valve and main stage valve; 
Fs1 and Fs2 are the steady flow forces acting on the 
pilot spool and main spool, respectively; Ft1 and Ft2 
are the transient flow forces applied to the pilot spool 
and main spool, respectively.  

The steady flow force in the valve is caused by 
the changes in momentum. This type of force tends to 
close the orifices and can be presented as  
 

s d v2 cos( ) ,i i i iF W C C Px                     (7) 

 
and the transient flow force is given as  
 

t d 2 ,  i i i i iF W C l P x                         (8) 

 
where Wi is the area gradient, Cd is the flow coeffi-
cient, Cv is the fluid velocity coefficient, θ is the flow 
angle, ΔPi is the pressure drop across the valve orifice, 
li is the total damping length of the fluid in the valve, 
and ρ represents the density of the oil. 

2.2  Flow dynamics model 

The flow rate through a valve orifice is calcu-
lated by 
 

d
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where Ai is the orifice area. 

For the pilot stage, the differential pressure 
through the orifice is detailed as follows: 
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where Pp is the supply pressure for the pilot valve, Pt 
is the pressure of the oil tank, ΔP1L is the pressure 
difference between the pilot port P(T) and pilot op-
eration port A that connects to the left control cham-

ber of the main stage valve, and ΔP1R is the pressure 
difference between the pilot port P(T) and pilot op-
eration port B that connects to the right control 
chamber of main stage valve, as shown in Fig. 1. 

Because the main stage valve has a three- 
position and three-way structure, the pressure dif-
ference through the main valve orifice is given as 
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where Ps is the supply pressure for the IMVCHS, PA 
is the pressure of the chamber connecting to port P of 
the proportional throttle valve in the hydraulic bridge 
circuit, and PB is the pressure of the chamber con-
necting to port T of the proportional throttle valve, as 
shown in Fig. 1.  

2.3  Pressure dynamics model 

The main valve response is influenced by the 
pressure changes of the control chambers. To deter-
mine the chamber pressure, the basic fluid continuity 
equations are given as 
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where VL and VR are the volumes of the left and right 
control chambers of the main stage valve, respec-
tively, and β is the oil bulk modulus.  

Similarly, the pressure dynamics in the hydraulic 
bridge circuit is expressed as follows: 
 

2
P d 2 PT

P

2
T PT d 2

T

2
= ,

2
= ,

P
P C A Q

V

P
P Q C A

V







 
  

 
 

  
 




                 (13) 

 
where VP and VT are the volumes of the chambers that 
connect to ports P and T of the proportional throttle 
valve, respectively, PP and PT are the pressures in the 
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two chambers, respectively, and QPT is the flow 
through the throttle valve. The selection of a positive 
or negative sign is determined based on the flow di-
rection of the fluid. 

 
 

3  Control system design 
 

The structure of the control system is shown in 
Fig. 2. It consists of three loops, namely, displacement, 
pressure, and flow loops. The controller receives both 
the target and feedback signals including the dis-
placement of the main spools, pressures of the actu-
ator chambers, and the flow rate through the orifices. 
Based on these signals, the controller drives the two 
valves to achieve a fast response and high stability of 
both the pressure and flow in the IMVCHS. That is 
the main focus of this study. 

Differing from a traditional valve control system, 
the controller in the IMVCHS needs to drive two 
valves synchronously and switch over multiple con-
trol modes. Therefore, the IMVCHS control system 
requires stronger hardware and a more advanced al-
gorithm. According to this control structure, a pro-
grammable control system including the host and 
lower controllers is developed in this study, as shown 
in Figs. 3 and 4.  

The host controller provides a friendly user in-
terface and communicates with the lower controller 
through the CAN bus, and monitors the state of the 
IMVCHS. The controller was designed based on a 
minimum float-point digital signal processor (DSP) 
system, and a Texas Instruments-Real Time Operat-
ing System (TI-RTOS) embedded operating system 
was adopted to realize a parallel-thread operation  
 

 
 
 
 
 
 
 
 
 
 
 
 

with a closed-loop control frequency of 0.5 ms.  
Expanded using a power management module, a 
signal processing module, a CAN communication 
module, and a digital drive module of the VCM, the 
controller can realize a high-speed data acquisition, 
an accurate data transmission, and a precision digital 
control. 

The implementation of the driving module is il-
lustrated in Fig. 5, which is an H bridge circuit. The 
carrier frequency of the pulse width modulation 
(PWM) is set to 10 kHz and the power source is 32 V. 
To avoid a short pass in the H bridge circuit, a signal 
inverter module is applied to reverse the digital signal 
from the DSP, and thus the H bridge circuit receives 
two adverse PWM signals, and the metal-oxide- 
semiconductor field-effect transistor (MOSFET) on 
the same side cannot be opened at the same time. The 
duty ratio of the PWM determines the direction and 
values of the VCM output force. The effective driving 
voltage can be expressed as  
 

s(2 1) , U U                            (14) 

 

where μ is the duty ratio of the PWM, and Us is the 
supply voltage of the driving circuit. 

3.1  Position controller 

Most of the proportional valves used in the 
IMVCHS are industrial valves, and have their own 
matched position controllers, and thus studies on an 
IMVCHS have usually focused on system perfor-
mance, while ignoring the valve characteristics. 
However, as illustrated in Fig. 2, the position loop is  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Pressure and flow compound control structure of IMVCHS 
Pe: pressure error; Qe: flow rate error; Qreal: real flow rate; Qtarget: target flow rate; Dtarget1: target displacement of valve 1; Dtarget2: 
target displacement of valve 2; Dreal1: real displacement of valve 1; Dreal2: real displacement of valve 2 
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the inner loop of both the pressure and flow loops, and 
thus the valve position performance will directly 
affect the performance of the pressure and flow con-
trols. The design of a high-performance valve posi-
tion controller is an effective method for improving 
the pressure and flow control performance. 

A current loop is usually used in certain ad-
vanced direct-drive valve controllers (Wu et al., 2014; 
Acuña-Bravo et al., 2017). However, in a 2SPDV, the 
main spool position is disproportional to the driving 
current. Therefore, the current loop gives little help 
towards improving the spool position control per-
formance, and only a displacement loop is applied in 
the position controller. The classic PID control algo-

rithm cannot meet the existing contradiction between 
stability and rapidity in a fast-response 2SPDV. 
Therefore, a FPID control algorithm is applied in the 
displacement loop, as shown in Fig. 6. 

The formula of the position FPID control algo-
rithm is expressed in Eq. (15). 
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where ed(k) is the displacement error, kp, ki, and kd are 
the parameters of the PID controller, and αdout, αdi, and 
αdd are the outputs of the displacement fuzzy con-
troller. The on-line optimization of αdout is a com-
promise between the dynamics and stability of the 
valve motion. In addition, the choice of αdi incurs a 
conflict between the control accuracy and stability of 
the valve. Similarly, the changing process of αdd is a 
balance between the response speed and an overshoot. 
As a rule in determining the key parameters of the 
FPID controller, the spool obtains high control accu-
racy with an acceptable dynamic performance of the 
position control, but without an overshoot. Because 
the pressure of the chamber is extremely sensitive 
when the main spool is close to the critical closing 
position, a slight overshoot of the main spool will 
cause significant fluctuations of the chamber pressure. 
According to Eq. (5), the dynamics of the main spool 
are determined based on the spool displacement, 
spool velocity, and many other factors. Therefore, 
with this position fuzzy controller, both ed(k) and 
Δed(k), which can be equivalent to spool displacement 
x2 and spool velocity 2 ,x  respectively, are consi-

dered as variable inputs, as shown in Fig. 7. 
In the scale transform of the fuzzifier, a linear 

transformation method is applied, which is as follows:  

Fig. 3  Interface of host controller 

Fig. 5  Block diagram of VCM driving circuit

Fig. 6  Spool position control structure 
Dref is the displacement reference 

d

d

u

t

Fig. 4  Programmable lower controller
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where e is the control error, Δe is the change rate of 
the control error, emin and emax are the minimum and 
maximum values of the control error, respectively, E 
is the control error after scale transform, ΔE is the 
change rate of the control error after scale transform, 
and Emin and Emax are the minimum and maximum 
control errors after scale transform, respectively. 

During the fuzzy process, [Emin, Emax] and [ΔEmin, 
ΔEmax] are defined within the same range of [−1, 1]. 
The membership functions are as illustrated in Fig. 8, 
where NB, NM, NS, Z, PS, PM, and PB represent 
largely negative, moderately negative, slightly nega-
tive, neutral, slightly positive, moderately positive, 
and largely positive, respectively.  

Fuzzy rules determine the on-line optimization 
results of αdout, αdi, and αdd, which are the key para-
meters of the FPID controller used to solve the con-
tradiction between the stability and dynamics in a  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2SPDV. The rule base of a position fuzzy controller is 
shown in Table 1, where M, B, S, VB, and VS indicate 
moderate, large, small, extremely large, and ex-
tremely small, respectively. 

The output rule is expressed as follows:  
 

d 1 d 2: if ( ) , and Δ ( ) ,  

then = ,

i i i

i

R e k A e k A 

Y E
          (17) 

 

where Ri is the ith fuzzy rule, 1
iA  and 2

iA are the va-

riable inputs, Y is the result of the fuzzy rule, and 
T

1 2 3[ , , ]i E E EE  is the output of the ith fuzzy rule. 

Using the product inference engine, a singleton fuz-
zifier, and a center-average defuzzifier, the output of 
the fuzzy system can be given as 
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where αDOUT, αDI, and αDD are the outputs of the de-
fuzzy process of the displacement fuzzy controller, 

1
d( )iA

e  and 
2

d(Δ )iA
e  are the membership function  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Membership functions of the inputs 
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Table 1  Rule base of position fuzzy controller

αDOUT, αDI, αDD 
ed(k) 

NB NM NS Z PS PM PB 

Δed(k) 

NB M, Z, Z VB, S, Z VB, VB, VB B, VB, VB B, M, B M, Z, Z S, Z, Z 

NM M, Z, Z B, VS, Z B, VB, M M, VB, B M, M, M M, Z, Z S, Z, Z 

NS S, Z, Z M, VS, Z M, B, M S, B, M M, B, S M, Z, Z S, Z, Z 

Z S, Z, Z M, Z, Z M, B, Z Z, M, Z M, B, Z M, Z, Z S, Z, Z 

PS S, Z, Z M, Z, Z M, B, S S, B, M M, B, M M, VS, Z S, Z, Z 

PM S, Z, Z M, Z, Z M, M, M M, VB, B B, VB, B B, VS, Z M, Z, Z 

PB S, Z, Z M, Z, Z B, M, B B, VB, VB VB, VB, VB VB, S, Z M, Z, Z 

Fig. 7  Structure of fuzzy controller 
αOUT, αI, and αD are the outputs of the defuzzy process; αout, αi,
and αd are the outputs of the fuzzy controller 
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values of ed(k) and Δed(k), respectively, and p is the 
number of fuzzy rules.  

During the defuzzy process, the membership 
functions of the three outputs are as shown in Fig. 9. 
 
 
 
 
 
 
 
 
 
 
 

The scale transform of the fuzzifier is given as 
 

dout 1 DOUT

di 2 DI

dd 3 DD

,

,

,
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k

k

 
 
 


 
 

                           (19) 

 
where k1, k2, and k3 are the output scaling factors of 
the fuzzy controller.  

3.2  Pressure controller 

The pressures of the meter-in and meter-out are 
coupled through the load. Pressure vibrations on one 
side will cause corresponding pressure vibrations on 
the other side. To dampen the oscillations of the 
chamber pressure, a two-level fuzzy control algo-
rithm is developed to improve the pressure dynamics 
and stability. The outer loop is a pressure loop, the 
results of which are the target references of the inner 
displacement loop. This is illustrated in Fig. 10. The 
scale transforms, membership functions, and defuzzy 
rules in the pressure fuzzy controller have the same 
form as the position fuzzy controller, which is illu-
strated in Eqs. (16)–(19) and Figs. 8 and 9. 

 
 
 
 
 
 

 
 

The formula of the pressure FPID control algo-
rithm is given as  
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          (20) 

 
where ep(k) is the pressure error, Δx(k) is the spool 
position increment, and αpout, αpi, and αpd are the 
outputs of the pressure fuzzy controller. For the dis-
placement, a positive value is defined as the operation 
port being connected with the tank, and a negative 
value as the operation port being connected with the 
supply pressure, as illustrated in Eq. (11). Thus, the 
reference displacement is expressed as  
 

ref rel( ) ( ) ( ),  x k x k x k                     (21) 

 
where x(k)rel is the current spool position, and x(k)ref is 
the target displacement of the inner displacement loop. 
The pressure pulsation of the pump, the dynamic load, 
and many other factors will result in an oscillation of 
the chamber pressure, and cause instability in the 
pressure controller. To avoid such phenomena, an 
average filter is applied, which is expressed as  
 

1

( 1)
( ) ,





 


k n

k

P k n
P k

n
                     (22) 

 
where P(k) is the chamber pressure of the load and is a 
compromise between the dynamics and accuracy of 
the chamber pressure, and n is a constant. The fuzzy 
rules of the pressure fuzzy controller are detailed in 
Table 2. 

3.3  Flow controller 

A closed-loop flow control using flow sensors 
has been excluded because it is too expensive for 
practical use (Sitte et al., 2014). In some specific 
loads, such as a cylinder or hydraulic motor, the flow 
through a valve can be measured based on the cy-
linder velocity or motor speed. However, this requires 

Fig. 9  Membership functions of the outputs
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Fig. 10  Chamber pressure control structure 
Pref is the pressure reference 



Zhong et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(3):184-200 

 

193

an additional sensor and cannot adapt all types of 
loads because it cannot be directly measured to cal-
culate the flow. In (Liu and Yao, 2008) and (Xu et al., 
2015), a calculation flow rate feedback control algo-
rithm was presented; in addition, the control voltage 
was equivalent to the spool displacement, and was 
used as the input of the calculation flow rate algo-
rithm. Although a time delay and errors occur be-
tween the control voltage signal and the correspond-
ing spool displacement, dynamic and static errors in 
the valve are typically ignored in a system analysis. 
Therefore, the previous method (Liu and Yao, 2008; 
Xu et al., 2015) will affect the accuracy and dynamic 
performance of a flow closed-loop control. Consi-
dering the effects from the valve dynamics, this study 
employs a calculation flow rate feedback control 
algorithm based on the pressure and spool displace-
ment feedback to realize an indirect measurement of 
the flow rate. The flow mapping of the tested 2SPDV 
is shown in Fig. 11. 

A two-level controller is also applied in the flow 
rate closed-loop control algorithm by means of valve 
flow mapping, as shown in Fig. 12. Similarly, the 
flow fuzzy controller has the same rules as the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

displacement fuzzy controller, including scale trans-
forms, membership functions, and defuzzy rules. The 
rule base of the flow fuzzy controller is shown in 
Table 3.  

The expression of the flow FPID controller is 
given in Eq. (23).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Rule base of flow fuzzy controller

αQOUT, αQI, αQD 
eq(k) 

NB NM NS Z PS PM PB 

Δeq(k) 

NB B, Z, Z M, S, Z VB, VB, B B, M, Z M, S, B S, Z, Z M, Z, Z

NM B, Z, Z M, VS, Z B, VB, B M, M, Z B, M, M M, Z, Z B, Z, Z

NS B, Z, Z M, VS, Z B, B, M S, S, Z B, B, S M, Z, Z B, Z, Z

Z B, Z, Z M, VS, Z B, B, VS S, Z, Z B, B, VS M, VS, Z B, Z, Z

PS B, Z, Z M, Z, Z B, B, S S, S, Z B, B, M M, VS, Z B, Z, Z

PM B, Z, Z M, Z, Z B, M, M M, M, Z B,  VB, B M, VS, Z B, Z, Z

PB M, Z, Z S, Z, Z M, S, B B, M, Z VB, VB, B M, S, Z B, Z, Z

αQOUT, αQI, and αQD are the outputs of the defuzzy process of the flow fuzzy controller 

Table 2  Rule base of pressure fuzzy controller

αPOUT, αPI, αPD 
ep(k) 

NB NM NS Z PS PM PB 

Δep(k) 

NB M, Z, Z B, M, Z VB, VB, VB S, B, Z B, M, VB M, Z, Z S, Z, Z

NM M, Z, Z B, S, Z VB, VB, B VS, B, Z B, B, B M, Z, Z M, Z, Z

NS M, Z, Z B, VS, Z B, B, B Z, Z, Z B, B, B M, Z, Z M, Z, Z

Z M, Z, Z B, VS, Z B, B, M Z, Z, Z B, B, M B, VS, Z M, Z, Z

PS M, Z, Z M, Z, Z B, B, B Z, Z, Z B, B, B B, VS, Z M, Z, Z

PM M, Z, Z M, Z, Z B, B, B VS, B, Z VB, VB, B B, S, Z M, Z, Z

PB S, Z, Z M, Z, Z B, M, VB S, B, Z VB, VB, VB B, M, Z M, Z, Z

αPOUT, αPI, and αPD are the outputs of the defuzzy process of the pressure fuzzy controller 

Fig. 11  Flow mapping of experimental valve (1 bar= 
0.1 MPa) 
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where eq(k) is the flow rate error, and αqout, αqi, and αqd 
are the outputs of the flow fuzzy controller. 

The better the flow dynamics are, more easily a 
fast spool motion and pressure vibrations occur. Thus, 
the fuzzy rules of the flow fuzzy controller can be 
determined using a conservative approach to avoid a 
flow overshoot and pressure impact. As the calcula-
tion input of the flow rate feedback control algorithm, 
a violent change in pressure will eventually affect the 
flow rate, and result in system instability. 
 
 
4  Simulation and experiment analysis 
 

The differences in performance of both a con-
ventional PID controller and the FPID controller were 
compared through simulations conducted on the 
MATLAB/AMESim co-simulation platform. The 
simulation model was established according to the 
structure of the designed IMVCHS, as shown in Fig. 1. 
A hydraulic bridge circuit with a proportional throttle 
valve was adopted for the dynamic load. The AME-
Sim software was used to model the hydraulic unit, 
whereas MATLAB was used to model the proposed 
controller. Based on practical measurements, some 
key parameters of the IMVCHS were obtained during 
the simulations, as shown in Table 4.  

4.1  Experimental test on positional control 

As an inner controller, the position controller is 
the basis for realizing the pressure and flow controls. 

Thus, a good control performance will significantly 
help with the pressure and flow controls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The displacement control performances for both 

the simulations and experiments are given in Fig. 13. 
The parameters of the position FPID controller were 
optimized during the simulations, and were deter-
mined as follows: kp=1.5, ki=8.0, and kd=0.002. 
Fig. 13a shows that the position step response of a 
classical PID controller has a longer adjustment time 
of 400 ms, and a larger overshoot of 25%. In contrast, 
the FPID controller has a very short adjustment time 
and almost no overshoot. It can be seen that the ad-
justment time is only 40 ms for a 50% full stroke. A 
step response experiment was also conducted to ve-
rify the simulation model, and kp, ki, and kd were set to 
1.4, 10.0, and 0.004, respectively. As shown in 
Fig. 13b, the performance of the valve is well 
matched with the simulation results, verifying the 
correctness of the simulation model. 

The frequency response is also evaluated using 
sinusoidal signal tracking experiments. It is known 
that the classical PID algorithm cannot track the si-
nusoidal reference effectively, and will thus create 
instability in the system. Therefore, the experimental 
results only include the FPID controller, and the 5-Hz 
and 10-Hz position sinusoidal signal responses of the 
tested 2SPDV are as illustrated in Fig. 14. When 
tracking a 5-Hz sinusoidal signal of 0.2 mm in  
amplitude, the spool is easily able to catch the target, 
and a slight overshoot occurs when the command  

Table 4  Structural parameters of IMVCHS

Parameter Value 

Resistance of VCM coil (Ω) 55.6 

Coil turns of VCM  272 

Moving mass of pilot stage (g) 11.7 

Diameter of the pilot spool (mm) 8 

Reset spring coefficient of pilot stage (N/mm) 16.7 

Supply pressure of pilot stage (MPa) 2 

Supply voltage of VCM (V) 32 

Moving mass of main stage (g) 75.5 

Diameter of the main spool (mm) 16 

Overlap of main stage (mm) 1 

Pre-pressing force of main stage (N) 16 

Reset spring coefficient of main stage (N/mm) 8 

d

d

u

t
P

T

Fig. 12  Flow rate control structure 
Qref: flow rate reference; Qcal: calculation flow rate; ΔP: dif-
ferential pressure 
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sinusoidal signal is close to the extreme value, and the 
error can be controlled to within 20 μm. When the 

signal frequency is increased to 10 Hz, the spool 
maintains almost the same amplitude as the com-
mands, but an average delay time of 5 ms occurs. 
These results indicate that the proposed position FPID 
controller can solve well the contradiction between 
the rapidity and stability, and still meet the require-
ments of the IMVCHS. 

Because both the pressure and flow controllers 
are two-level closed-loop controllers, the hysteresis 
and overshoot of one closed-loop will eventually 
accumulate in the other loop, and cause the system to 
lose control. Therefore, all comparisons of the pres-
sure and flow controls are carried out using the FPID 
algorithm. 

4.2  Experimental test on pressure control 

To improve energy-saving performance, the 
valve controlling the meter-out should be fully 
opened to decrease the backpressure. However, the 
issues of controllability and stability of the actuator 
also need to be taken into account. Hence, the back-
pressure should have a fast dynamic characteristic to 
increase the response speed of the dynamic damping 
of the actuator and further improve its motion per-
formance. The backpressure is controlled using valve 
2, and the experiments are carried out under a 
60-L/min output flow rate of the pump. The parame-
ters of the pressure FPID controller are set at: kp=3.0, 
ki=7.5, and kd=42.0. Using 5, 30, and 60 bar as ref-
erences, the pressure of outlet chamber is given in 
Fig. 15a. The adjustment time of the pressure step 
from 5 to 30 bar is approximately 290 ms, and the 
overshoot can be controlled at under 8%. When in-
creasing the pressure from 30 to 60 bar, the adjust-
ment time is reduced to 180 ms, and the overshoot is 
optimized to within 6%, which is due to the ap-
proximately 90 μm distance between the target spool 
positions of 30 and 60 bar being smaller than the 
300 μm distance between the target spool positions of 
5 and 30 bar, as shown in Fig. 15b. Moreover, it takes 
only 100 ms to achieve the pressure tracking for a 
drop step command from 60 to 5 bar, which occurs 
almost without an overshoot. Compared with a classic 
PID pressure controller (Ding et al., 2017; Liu et al., 
2017), where the pressure adjustment time of the step 
response is typically 1 s or longer, the developed 
pressure FPID controller has clear advantages. 
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Fig. 13  Position step response: (a) simulation result; (b) 
experiment result 
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Therefore, the backpressure response is sufficient for 
pressure control in the designed IMVCHS.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Experimental test on flow rate control 

Experiments on the flow control characteristics 
are conducted to verify the control precision and 
response performance of the proposed flow controller. 
The output flow of the pump is set to 100 L/min, and 
the system pressure is set to 10 MPa. Valve 2 is dri-
ven using the position controller at a displacement of 
2000 μm, and valve 1 is driven using the flow con-
troller. The parameters of the flow FPID controller 
are set as: kp=1.2, ki=2.8, and kd=14.0. The results of 
the inlet flow dynamic characteristic are given in Fig. 
16a, and the corresponding chamber pressure per-
formance and spool position are shown in Figs. 16b 
and 16c, respectively. Valve 1 starts with a spool 
position of −1533 μm, building to a flow rate of 30 
L/min and chamber pressure of 14.4 bar. Based on 
the static measurement of a HYDROTECHNIK flow 
meter (QT100), the real flow rate varies from 29.6 to 
30.6 L/min, which indicates the high control accu-
racy of the flow controller. The time for the flow to 
adjust from 30 to 70 L/min is 320 ms, and the over-
shoot is approximately 3%. When the spool position 
is stable at approximately −1810 μm, the inlet 
chamber pressure is maintained at 34.8 bar, and the 
flow rate is stable at 70 L/min. The flow error is 

controlled to within 2 L/min, which is mainly caused 
by the accuracy of the flow mapping and pressure 
oscillations, and the real flow tested by the flow 
meter ranges from 68.7 to 71.4 L/min. It takes only 
250 ms to decrease the flow back to 30 L/min, and no 
overshoot occurs. This means that a fast response and 
accurate static characteristic are obtained using the 
proposed flow controller. Compared with a flow 
(velocity) controller (Xu et al., 2015; Ding et al., 
2016, 2017; Cheng et al., 2017) whose flow (velocity) 
adjustment time of step response is also longer than 
1 s, the developed flow FPID controller achieves a 
better performance in terms of the actuator speed 
control.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.4  Experimental test on pressure and flow com-
pound control 

Pressure and flow compound controls are unique 
features of the IMVCHS, and can improve the actu-
ator motion performance and reduce the energy con-
sumption of the system. In this study, experiments on 
compound control are conducted. Valve 1 controls the 
flow rate of the inlet of the hydraulic bridge circuit, 

Fig. 15  Backpressure control performance: (a) back-
pressure; (b) spool position of valve 2 
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Fig. 16  Inlet flow control performance: (a) inlet flow; (b) 
pressure of inlet chamber; (c) spool position of valve 1 



Zhong et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(3):184-200 

 

197

and valve 2 controls the backpressure of the outlet 
chamber, which connects the hydraulic bridge circuit 
and tank. With a reference flow of 50 L/min, the 
performance of the backpressure step control is pre-
sented in Fig. 17. The results indicate that, using a 
fuzzy algorithm, the key control parameters of the 
two control loops are adaptively optimized, and 
therefore the backpressure change from 10 to 20 bar 
can be completed within 110 ms, as shown in Fig. 17b. 
Valves 1 and 2 move simultaneously to track the ref-
erence, valve 2 opens slightly to build a larger back-
pressure, and valve 1 opens more to match the in-
creasing backpressure and maintain the flow rate, as 
shown in Fig. 17c. The distance between the stable 
valve 2 spool positions of 10 and 20 bar is approx-
imately 270 μm. An overshoot of the backpressure is 
caused solely by a very small excess movement of 
valve 2. Because of the backpressure step, which 
finally affects the differential pressure through valve 
1, a flow fluctuation of 2.2 L/min appears. The ad-
justment time for the flow rate is 170 ms, as shown in 
Fig. 17a. 

The results of the backpressure step control from 
20 to 30 bar are also compared. Owing to the closer 
distance of approximately 80 μm between the stable 
valve 2 spool positions of 20 and 30 bar, the back-
pressure adjustment time is reduced to 50 ms. How-
ever, an overshoot of 16% is caused by the syn-
chronous increase in the opening area of valve 1, as 
shown in Fig. 17c, which results in a large flow peak, 
as shown in Fig. 17a, and also causes an overshoot of 
the backpressure. 

Experiments on the flow step response under a 
constant backpressure were also conducted, the re-
sults of which are illustrated in Fig. 18. The back-
pressure is controlled at a constant value of 40 bar. 
The system starts with the target flow rate of 20 L/min, 
and valves 1 and 2 are stable at positions of −1533 and 
1546 μm, respectively. When the flow controller 
tracks the 30 L/min reference, the flow adjusting time 
is 90 ms, and an overshoot is avoided, as shown in 
Fig. 18a. However, the step changes in the flow cause 
an instantaneous increase in the backpressure, as 
shown in Fig. 18b. At this moment, valve 2 increases 
the spool displacement, as shown in Fig. 18c, reduc-
ing the throttle loss and maintaining the backpressure 
at 40 bar. The adjustment time of the backpressure is 

70 ms. Valves 1 and 2 remain at positions of −1624 
and 1618 μm, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similarly, the results of the flow rate step control 

from 30 to 40 L/min are also presented. The flow 
adjustment time remains at 90 ms, as shown in 
Fig. 18a, which is almost the same as the adjustment 
time of the flow step from 20 to 30 L/min. Because 
valve 1 operates within the linear working area, which 
means under the condition of a constant differential 
pressure, the spool moving distance required for each 
10 L/min increment is basically the same, and is ap-
proximately 90 μm, as shown in Fig. 18c. It can be 
seen that the two flow step control experiments 
achieve the same dynamic response. Finally, valves 1 
and 2 remain at positions of −1714 and 1700 μm, 
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respectively. Because valve 2 moves for a longer 
period of time under a flow step control of 30 to 
40 L/min, the adjustment time of the backpressure 
increases to 100 ms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
5  Conclusions 
 

A programmable control system for an IMVCHS 
was proposed in this paper to realize pressure and 
flow compound control functions. A FPID control 
algorithm was applied to the spool position controller, 
and a two-level fuzzy closed-loop algorithm was 
adopted in both the pressure and flow controllers to 
achieve fast dynamics and stable statics. A feedback 
control algorithm for calculating the flow rate based 

on the pressure and spool position was employed to 
improve the flow rate control accuracy, the error of 
which can be controlled to within 2%. Experimental 
results demonstrated the effectiveness of the devel-
oped position, pressure, and flow controllers. The 
adjustment time of the spool position reaches 40 ms 
for 50% full strokes. The pressure adjustment time for 
30 bar step control (backpressure of 30 to 60 bar) 
reaches 180 ms. The flow adjustment time for a 
40 L/min step control (flow rate of 30–70 L/min) 
reaches 320 ms. The pressure and flow compound 
adjustment times are generally less than 200 ms, oc-
casionally reaching less than 100 ms. The compound 
control experiments indicate that the proposed control 
system improves the response speed, control accuracy, 
and robustness of the IMVCHS under disturbances. 
Therefore, the IMVCHS can widen the real applica-
tions of independent metering control technology. 
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中文概要 
 

题 目：基于两级模糊控制器的独立负载液压系统的压力

流量复合控制特性研究 

目 的：常规负载口独立控制研究多采用商业阀进行，因

其阀芯位移控制器为封闭式结构，所以阀芯位移

的动态特性难以调整，进而影响了系统的压力和

流量控制性能。本文旨在探讨负载口独立控制系

统中阀芯位移特性对系统压力和流量控制的影

响，并研究提高系统压力和流量控制性能的方

法。 

创新点：1. 设计基于两级模糊比例积分微分（PID）的压

力和流量控制器；2. 设计基于阀芯位移反馈的流

量控制器；3. 建立试验模型，成功实现液压系统

高动态压力流量复合控制。 

方 法：1. 通过理论分析得到影响系统压力和流量的关键

因素（公式（9）和（13））；2. 提出位移控制为

内环、压力和流量控制为外环的两级模糊 PID 控

制算法，并开发相应的控制系统（图 2~4）；3. 通

过仿真和实验分析，验证本文提出的控制器所具

有的阀芯位移、系统压力和流量的控制效果（图

13~18）。 

结 论：1. 两级模糊 PID 控制器具有较好的系统压力和流

量控制效果；2. 基于阀芯位移反馈的流量控制器

具有较高的流量控制精度；3. 运用本文设计的可

编程控制系统进行液压系统的压力流量复合控

制，稳定时间小于 200 ms，使系统动态特性得到

提高。 

关键词：独立负载系统；压力流量复合控制；计算流量反

馈；模糊 PID；两级闭环控制 

 


