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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 flexi-
bility 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 applications. In a typical operation, one actuator is
controlled using a four-way directional valve. Using

Owing to their high power-to-weight ratios,  this type of valve, the meter-in and meter-out orifices
hydraulic systems are widely used in many different  are mechanically connected, and such coupling
makes the actuator robust and easy to control, alt-
hough it results in a lack of flexibility in the system

¥ Corresponding author
" Project supported by the National Key Technology Support Program .
of China (No. 2014BAF02B00) and the National Science and Tech-  (Eriksson and Palmberg, 2011; Zhang et al., 2018). In

nology Major Project of China (No. 20122X04004021) addition, the pressure and flow demands of an actu-

ORCID: Bin ZHANG, https://orcid.org/0000-0002-2290-9915 t ionifi l d f il ti
© Zhejiang University and Springer-Verlag GmbH Germany, part of ator vary Signincantly an requently over time.

Springer Nature 2019 Through a mechanical connection, either the pressure


Administrator
新建图章

http://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A1800504&domain=pdf

Zhong et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(3):184-200 185

of the chamber or the flow through the orifice can be
controlled, but not both. Therefore, unnecessary en-
ergy losses at a meter-out orifice and poor flexibility
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 re-
generation. 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
connected 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 inde-
pendent metering control, an IMVCHS is more flex-
ible in terms of the control and structure than a con-
ventional 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 signifi-
cant potential for energy saving (Zhong et al., 2017).
Hansen et al. (2011) studied the anti-load fluctuation
performance of an IMVCHS using a dynamic pres-
sure 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
thereby enhance the control precision of the actuator
and optimize the energy-saving characteristics, a
programmable 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
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controllers. A spool position controller based on a
fuzzy PID (FPID) control algorithm is developed to
improve the valve performance. A two-level fuzzy
control 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

a4
U=&m4q§+%, (1)

where U is the driving voltage, R, is the equivalent
resistance, L. is the equivalent inductance, i is the
current in the coil, ¢ is the time, and e, is the back
electromotive force, which can be determined as

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

F. = BilL. 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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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

force. The state-space model of the pilot stage valve is
given as a canonical controllable form:

x=Ax+Bu + MF,,

Y=%
xzﬁl,uzU, @)
‘xl
[0 1
A= k, kg |s
L _;1
0 0
B=|cBL|, M=|-1|,
m, m

where x; is the displacement of the pilot spool, m; is
the moving mass of the pilot stage, &, is the equiva-
lent elastic load coefficient of the pilot stage, kq; is the
equivalent damping coefficient in the pilot stage, c; is
the linear equivalent gain of the current amplifier, and
Fy 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:

x=A x+B u+M _F,,

Y =X,

x=| "1, u=~P
x2

1 _Pza (5)
[0 1
Am = keZ kﬁ >
m,
0

L ",
K

B, =| S| M= -1]
m, m,

where x; is the displacement of the main spool, m; is
the moving mass of the main stage, k., is the equivalent
elastic load coefficient of the main stage, k4, is the
equivalent damping coefficient in the main stage, P,
and P, 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 Fp, is the flow force exerted on the main spool.
The flow force applied to a spool is given as
F,=-F,-F, (6)

Si
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where the subscript i (i=1, 2) represents the number
of stages of the pilot stage valve and main stage valve;
Fy and F, are the steady flow forces acting on the
pilot spool and main spool, respectively; Fy; and Fi,
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

F,=2W.C,C, cos(8)APx,, @)
and the transient flow force is given as
E, =W.Cyl\J2PARX,, ()

where W; is the area gradient, Cy is the flow coeffi-
cient, C, is the fluid velocity coefficient,  is the flow
angle, AP; is the pressure drop across the valve orifice,
l; is the total damping length of the fluid in the valve,
and p represents the density of the oil.

2.2 Flow dynamics model

The flow rate through a valve orifice is calcu-

lated by
’ZAP.
0 =C4 719 )]

where A4; is the orifice area.
For the pilot stage, the differential pressure
through the orifice is detailed as follows:

P -PB, x>0,
AR, = (10a)
PI_I)H x1<09
ap =)0 =0 10b
IR Rj_f)z’ x1<0, ( )

where P, is the supply pressure for the pilot valve, P
is the pressure of the oil tank, AP 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 APy 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

Ps _PA’
AP,=
B~ P,

x, <0,

x, 20,

(11)

where P; is the supply pressure for the IMVCHS, Py
is the pressure of the chamber connecting to port P of
the proportional throttle valve in the hydraulic bridge
circuit, and Py 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

Pl=sign(5c2)£ C,4 /2APlL - S%, |,
" P
Pz:Sign(xz)ﬁ sz_CdAu,% )

M P

where VL and Vy are the volumes of the left and right
control chambers of the main stage valve, respec-
tively, and £ is the oil bulk modulus.

(12)

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

. B 2AP,
R)__ CdAz _2_QPT >
Ve P

. 2AP,
Pr:ﬁ 2 ,
1%

VT
where Vp and V't are the volumes of the chambers that
connect to ports P and T of the proportional throttle
valve, respectively, Pp and Pr are the pressures in the
two chambers, respectively, and QOpr is the flow
through the throttle valve. The selection of a positive

(13)

{QPT - CdAZ
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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

isplacement |PWM1

Di M
loop XN AIIe1]

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

U=Qu-1HU,, (14)
where u is the duty ratio of the PWM, and U 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
P.: pressure error; Q.: flow rate error; Qe,: real flow rate; Qe target flow rate; Dyyen: target displacement of valve 1; Dygpep:
target displacement of valve 2; D,.,: real displacement of valve 1; D,,,: real displacement of valve 2
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Fig. 4 Programmable lower controller

Power

| "
1= =
VCM
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inverter ||
DSP PWM ]

Fig. 5 Block diagram of VCM driving circuit

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;
Acuna-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).

Fuzzy

controller 1
adoui adi adi
. PID |PWM Ve ’Main‘s?ool Displacement
, controller 1 t}-—u ]
dr

Fig. 6 Spool position control structure
D, is the displacement reference

Ulk)=a,,, {kped (k)+k Zk:[adied @]

(15)
tay ke (k) —e (k- 1)]} s

where eq(k) is the displacement error, k,, &;, and kg4 are
the parameters of the PID controller, and ooy, @i, and
oq4q are the outputs of the displacement fuzzy con-
troller. The on-line optimization of 044, 1S @ com-
promise between the dynamics and stability of the
valve motion. In addition, the choice of ag; incurs a
conflict between the control accuracy and stability of
the valve. Similarly, the changing process of ag4 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 e4q(k) and
Aeqy(k), which can be equivalent to spool displacement
x, and spool velocity x,, respectively, are consid-
ered 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:



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

E —E. e +te. . E_+E .
F = Zmax min | ,_ “max min |, ““max min ,
emax - emin 2 2’
AE  — . Ae_ +Ae .
AE = max min | Ao _ emax emm (1 6)
Aemax - Aemin 2
E Amax TAE, min
T

where e is the control error, Ae is the change rate of
the control error, ey, and ey, are the minimum and
maximum values of the control error, respectively, £
is the control error after scale transform, AE is the
change rate of the control error after scale transform,
and E.;, and E,, are the minimum and maximum
control errors after scale transform, respectively.

During the fuzzy process, [Emin, Emax] and [AE i,
AEna] 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 ogou, @i, and agq, Which are the key pa-
rameters of the FPID controller used to solve the
contradiction between the stability and dynamics in a

Data base and

ifi
rules base By

Membership function value

e E Pout
Scale [—* Fuzzy * Fuzzy [ Defuzzy | o Scale |a;

Ae | transform |AE interf transf >
Ae process interface process | ap _| transform | ay

Fig. 7 Structure of fuzzy controller
aour, o1, and ap are the outputs of the defuzzy process; aqu, i,
and a4 are the outputs of the fuzzy controller

191

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:

R': if e,(k)=A4,and Ae, (k) = A4}, (17
then Y=E,,

where R' is the ith fuzzy rule, 4 and 4! are the

variable inputs, Y is the result of the fuzzy rule, and

E, =[E, E,, E,]" is the output of the ith fuzzy rule.

Using the product inference engine, a singleton fuzz-
ifier, and a center-average defuzzifier, the output of
the fuzzy system can be given as

»
 X|men e E,
[pour> Uprs Opp | = » » (18)

Z [ﬂA{ (e ),UAé (Ae, ):|

i=1

where apour, @p1, and app are the outputs of the de-
fuzzy process of the displacement fuzzy controller,

U, (e;) and u, (Ae;) are the membership function

NB NM NS V4 PS PM PB

0.5

-1 -08 -06 -04 -02 0 02 0.4

Input value/maximum value of input

06 08 1

Fig. 8 Membership functions of the inputs

Table 1 Rule base of position fuzzy controller

ApouT> ¢DI> ADD eak)
NB NM NS V4 PS PM PB
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,Z2,Z M,VS,Z M,B,M S,B,M M, B, S M,Z,Z S,Z,Z
Aey(k) 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,7Z
PM S,Z,7Z M, Z, 7 M, M, M M, VB, B B, VB, B B, VS, Z M,Z,7Z
PB S,Z,7Z M, Z,Z B,M,B B,VB,VB VB,VB,VB VB,S,Z M,Z,7Z
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values of e4(k) and Aey(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.

g, Z Vs S M B VB
'T;:

£

2

05

&

'{:ﬁ

g

£0

2 o 02 04 06 08 1

Input value/maximum value of input

Fig. 9 Membership functions of the outputs

The scale transform of the fuzzifier is given as

Qo = K10y

ay =kay,,

(19)

Qs = ks,

where ki, k», 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 illus-
trated in Egs. (16)—(19) and Figs. 8 and 9.

Load
Target [~~~ |
. 'Positi
displacement! Displacement ! Position Pressure
| closed-loop |
[ —— 1

Fig. 10 Chamber pressure control structure
P 1s the pressure reference

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

Ax(k) = Ao {kpep (k) +k, i[ocpiep )]
o (20)
+apdkd [ep (k) - ep (k - l)]} B

where ep(k) is the pressure error, Ax(k) is the spool
position increment, and Gpou, @pi, and apq 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

x(k) . = x(k),, —Ax(k), 21

ref rel

where x(k),| 1s the current spool position, and x(k),.r 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

kifP(k—nJrl)

Pl =, (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 # 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 cylin-
der velocity or motor speed. However, this requires an
additional sensor and cannot adapt all types of loads
because it cannot be directly measured to calculate the
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flow. In (Liu and Yao, 2008) and (Xu et al., 2015), a
calculation flow rate feedback control algorithm was
presented; in addition, the control voltage was
equivalent to the spool displacement, and was used as
the input of the calculation flow rate algorithm. Alt-
hough a time delay and errors occur between the
control voltage signal and the corresponding 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 perfor-
mance of a flow closed-loop control. Considering the
effects from the valve dynamics, this study employs a
calculation flow rate feedback control algorithm
based on the pressure and spool displacement feed-
back 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
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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).

200
150
1004

50"

Flow rate (L/min)

100

40
ressure drop ' bar)

Fig. 11 Flow mapping of experimental valve (1 bar=
0.1 MPa)

Table 2 Rule base of pressure fuzzy controller

apouts Opl, GpD ep(k)
NB NM NS V4 PS PM PB

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, 7 M,Z,Z

NS M,Z,Z B,VS,Z B,B,B 7,7,7 B,B,B M, Z,Z M, Z,Z

Aey(k) Z M,Z,Z B,VS,Z B,B,M 7,7,7 B,B,M B,VS,Z M,Z,Z
PS M, Z,Z M, Z,Z B,B,B 7,7,7 B,B,B B,VS,Z M,Z,Z

PM M, Z,7Z M, Z,7Z B,B,B VS, B, Z VB, VB, B B,S,Z M, Z,Z

PB S,Z,7Z M, Z,7Z B, M, VB S,B,Z VB, VB, VB B, M, Z M, Z, 7

apout, Op1, and app are the outputs of the defuzzy process of the pressure fuzzy controller
Table 3 Rule base of flow fuzzy controller
2QOUT, 2Ql, QD 0
NB NM NS Z PS PM PB

NB B,Z,Z M, S, Z VB, VB, B B,M,Z M, S, B S,Z,7Z M,Z,7Z

NM B,Z,7Z M, VS, Z B, VB, B M, M, Z B,M,M M,Z,7Z B,Z,7Z

NS B,Z,7Z M, VS, Z B,B,M S,S,Z B,B,S M, Z,Z B,Z,7Z

Aegy(k) Z B,Z,7Z M, VS, Z B, B, VS S,Z,Z B, B, VS M, VS, Z B,Z,7Z
PS B,Z,7Z M, Z,Z B,B,S S,S,Z B,B,M M, VS, Z B,Z,Z

PM B,Z,7Z M,Z,Z B,M,M M, M, Z B, VB, B M, VS, Z B,Z,7Z

PB M, Z,Z S,Z,Z M, S, B B,M,Z VB, VB, B M,S,Z B,Z,7Z

aqouts, aqi, and aqp are the outputs of the defuzzy process of the flow fuzzy controller
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Fig. 12 Flow rate control structure
Oer: flow rate reference; Q.,: calculation flow rate; AP: dif-
ferential pressure

) =t b 0 11 S, 0

tagkyle, (k) —e,(k —1)]}, (23)

x(k), . = x(k),, +sign[x(k),, 1Ax(k),

ref rel

where eq(k) is the flow rate error, and ogous, 0gi, and ogq
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
AMESim software was used to model the hydraulic
unit, whereas MATLAB was used to model the pro-
posed 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.

Table 4 Structural parameters of IMVCHS

Parameter Value
Resistance of VCM coil () 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

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: k,=1.5, k=8.0, and ks~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 ver-
ify the simulation model, and k;, k;, and k4 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
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Fig. 14 Position frequency response: (a) 5 Hz; (b) 10 Hz

sinusoidal signal is close to the extreme value, and the
error can be controlled to within 20 pm. 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: k,=3.0,
k=17.5, and k=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 pm distance between the target spool
positions of 30 and 60 bar being smaller than the
300 pm 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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Therefore, the backpressure response is sufficient for
pressure control in the designed IMVCHS.
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Fig. 15 Backpressure control performance: (a) back-
pressure; (b) spool position of valve 2

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
driven using the position controller at a displacement
of 2000 um, and valve 1 is driven using the flow
controller. The parameters of the flow FPID con-
troller are set as: ky,=1.2, k=2.8, and k;~=14.0. The
results of the inlet flow dynamic characteristic are
given in Fig. 16a, and the corresponding chamber
pressure performance and spool position are shown
in Figs. 16b and 16c¢, respectively. Valve 1 starts with
a spool position of —1533 um, 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
accuracy of the flow controller. The time for the flow
to adjust from 30 to 70 L/min is 320 ms, and the
overshoot is approximately 3%. When the spool
position is stable at approximately —1810 um, 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.
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Fig. 16 Inlet flow control performance: (a) inlet flow; (b)
pressure of inlet chamber; (c) spool position of valve 1

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,
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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 approxi-
mately 270 um. 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 um 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 synchro-
nous 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 pm, 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 pm, respectively.

56

Flow reference (50 L/min)

(&)
N
!

Flow (L/min)

I
[
L

N
w
Nl
[$}

40

w
o
!

Pressure step reference

Pressure (bar)
N
o
T

10

1 2 3 2 5
Time (s)
(b)

2200 -1400
’E‘ —
3 / Valve 2 Valve 1 iE:_/
S 2000 {-1600 §
3 =
g g
o~ -
2 g
g 1800 - -1800§

2 3 4 5
Time (s)

(©)

Fig. 17 Compound control performance under a constant
flow rate: (a) inlet flow; (b) pressure of the outlet cham-
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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 um, 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 um,



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

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.
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Fig. 18 Compound control performance under a constant
backpressure: (a) inlet flow; (b) pressure of the outlet
chamber; (c) spool positions

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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