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Abstract:  For the proportional directional valve controlled by two proportional solenoids, the normal control method (NCM)
energizes only one solenoid at a time. The performance of the valve is greatly influenced by the nonlinearity of the proportional
solenoid, such as dead zone and low force gain with a small current, and this effect cannot be eliminated by a simple dead-zone
current compensation. To avoid this disadvantage, we propose the differential control method (DCM). By employing DCM, the
controller outputs differential signals to simultaneously energize both solenoids of the proportional valve, and the operating
point is found by analyzing the force output of the two solenoids to make a minimum variation of the current force gain. The
comparisons of the valve response characteristics are made between NCM and DCM by nonlinear dynamic simulation and
experiments. Simulation and experimental results show that by using DCM, the frequency response of the valve is greatly
enhanced, especially when the input is small, which means that the dynamic characteristics of the proportional valve are

improved.
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1 Introduction

The electro-hydraulic proportional valves have
been widely used in the industry (vehicle, aircraft,
mining, etc.) in such applications as contamination
prevention and failure maintenance, including some
high-precision applications, as their performance is
very close to that of electro-hydraulic servo valves,
which are much more expensive and consume more
energy (Elmer and Gentle, 2001; Liu et al., 2011).
Many researchers are active in this field, attempting
to improve both the dynamic and static charac-
teristics of the proportional valve.

The performance of the proportional valve is
improved by improving hardware of the valve
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including mechanical structure and electronic
devices (Khoshzaban Zavarehi et al., 1999; Li et al.,
2001; Del Vescovo and Lippolis, 2003; Amirante et
al., 2006) or resorting to recently developed control
theories (Sampson et al., 2004). The latter approach
is investigated in this paper. Some dynamic
performance modeling and simulation studies have
recently been presented to predict the dynamic
response of proportional solenoid valves, which
forms the initial stage of a project aimed at
developing an improved controller for the valve
(Vaughan and Gamble, 1996; Elmer and Gentle,
2001; Yuan and Li, 2002; Devarajan et al., 2003; Liu
et al., 2011; Ruderman and Gadyuchko, 2013).
Gamble and Vaughan (1996) presented a comparison
between sliding mode control and state feedback and
PID control for proportional solenoid valves. The
sliding mode controller exhibited the best overall
performance in terms of the steady-state error,
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response time, overshoot, and symmetry. By taking
advantage of the solenoid’s attraction force
characteristic, Kajima (1993) developed a pre-
energizing method to energize the solenoid valve,
which is highly effective in speeding up the
operation of solenoid valves. Amirante et al. (2008)
used the peak-and-hold technique to achieve an
open-loop control of a single stage direct hydraulic
proportional valve. This method is characterized by a
significantly higher response rate with respect to a
standard open-loop control. Amirante et al. (2014)
proposed an effective methodology for fluid-
dynamic design optimization of the sliding spool of a
hydraulic proportional directional valve. This
method minimizes the flow force at a prescribed
flow rate to reduce the required opening force while
keeping the operation features unchanged, which
allows the operational range of direct driven valves
to be enlarged. Kong and Wang (2010) designed a
digital state observer feedback control system based
on the digital signal processor and the mathematical
model of the proportional valve. The accuracy of
spool displacement was enhanced and disturbance
can be restrained effectively. Bu and Yao (2000)
proposed three controllers, including an open-loop
compensator based on the pole zero cancellation
technique, a full-state feedback adaptive robust
controller (ARC), and an output feedback ARC
controller, to improve the performance of proportional
directional control valves, and showed the advantages
and limitations of each method by experiments.

Different from the above-mentioned normal
control strategies which energize only one solenoid
at a time, we develop a control strategy to energize
two solenoids simultaneously by differential signals,
which obviously enhances the response of the
proportional valve. By adapting this method, the
dynamic characteristics of the proportional valve are
much improved, as shown by modeling and
simulation analysis. Experiments demonstrate the
effectiveness of this method.

2 Principle of the proportional directional
valve and the amplifier card

The hydraulic proportional directional valve
(Fig. 1) is a directly controlled component of sub-

plate mounting design. The solenoids controlled by
the amplifier card operate directly on the slide spool.
With both solenoids de-energized, the slide spool is
held in the central position by the compression
springs. Once one of the proportional solenoids (e.g.,
solenoid B) is energized, movement of the control
spool to the left, which is in proportion to the
electrical input signal, will take place. The valve is
equipped with a linear wvariable displacement
transducer (LVDT) which converts the motion of the
slide spool to a corresponding electrical signal. The
signal is sent to the amplifier card as spool position
feedback.
i

B

Fig. 1 Mechanical structure of the proportional valve
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e

The block diagram of the amplifier card is as
shown in Fig. 2. The LVDT is equipped and a
controller is proposed for the closed-loop position
control. A proportional-integral (PI) controller is
adopted for coils current, which can efficiently
improve static and dynamic characteristics of the
valve. The flutter signal generator, with the purpose
of reducing the friction hysteresis loop of the solenoid,
makes a great contribution to the performance of the
valve in the demanding application. At the current
power magnification stage, a pulse width modulation
(PWM) current signal is generated with a duty cycle
proportional to the input signal, and the current is
applied to the solenoid.

Flutter signal

urrent

Input Pl ower
signal controller po .
magnification
Current .
feedback Solenoid

LVDT Je—{ Valve |

Fig. 2 Block diagram of the amplifier card
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Since the amplifier card controls the entire
sequence and implements closed-loop position
control, a general purpose microcontroller with the
ARM (Advanced RISC Machines) core is used,
which is a powerful tool allowing the designer to
create design variations by simply modifying the
software. Thus, without adding expensive compo-
nents, our method can be realized on the above
firmware and structure.

3 Mathematical model

To present the differential control method, in
this section, the mathematical model of the
proportional valve is realized, with the characteristics
being governed by a couple of solenoid, mechanism,
and flow force equations.

3.1 Dynamic model of the subsystems

We have investigated different subsystems of
the proportional directional valve and derived the
governing equations in the form of a differential
equation. For simplicity and conciseness of the
equation, valve leakage, compressibility of the oil,
and the back electromotive coefficient of the coil are
neglected.

Solenoid modeling: The solenoid model that
consists of an electrical and magnetic circuit has to
handle the transformation of the input voltage to an
electro-magnetic force on the spool of the valve. The
electrical circuit is the actual coil which is
represented with a variable inductance L in series
with a resistance R of the coil. The voltage acting on
the solenoid is corresponding to the control signal.
The voltage-current relationship can be derived by
(Vaughan and Gamble, 1996)

u(ty= L.YD 4 iR, (1)
dr

where i(7) is the coil current and u(¢) is the control
voltage.

Although the solenoid used in the valve is
termed ‘proportional’, the linear force characteristic
can be maintained only for a portion of the full
solenoid stroke. Since the solenoid forces are bound
up with the coil current and the spool displacement,

the relationship between the three variables should
be determined for the modeling. The force-current
characteristic curves in every 0.0001-m interval of
spool displacement have been obtained through the
test system for a proportional solenoid (Fig. 3). The
data can be described in a table for 2D interpolation.
The forces of the solenoid corresponding to the
current and the displacement are determined by

interpolation within the constructed table. The
equation can be defined as
F (1) = f(i(0), x(2)), ()

where F(7) is the electro-magnetic force and x(¢) is
the displacement of the spool.

80

@
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Solenoid force (M)
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Fig. 3 Fitted surface of current-displacement-force

Valve modeling: The valve model consists of a
mass of slide spool, compression springs, and a
viscous damper under the effect of electro-magnetic
and flow forces. It can be represented by Newton’s
second law:

dx(?)

2
3O x(t)+Bv—dt +Kx()=F,(0)-F, - F,, (3)

d#?

in which m is the spool mass, B, is the viscous
damping coefficient, K is the spring stiffness
coefficient, and Fy and F, are steady-state and
transient flow forces, respectively.

Flow force: Flow induced forces are of two
types, steady-state and transient. The formula for the
steady-state flow forces is (Yuan and Li, 2002)

£ =pQvcosb, (4)

where
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O =C,A(x)\J2AP/ p, (5)

v=C,\2AP/ p. (6)

From the above equations, the steady-state flow
forces are derived:

E, =2C,C,A(x)APcosé. @)

In the above equations, AP=P;,—Py, P, and Py, are
inlet and outlet pressures, respectively, Cy is the
discharge coefficient, C, is the velocity coefficient, p
is the density of the hydraulic liquid, Q is the flow
rate through the orifice, v is the velocity of the orifice,
0 is the flow angle through the orifice, x is the
displacement of the spool, and A(x) is the orifice area
corresponding to the opening position.

The transient flow forces are reaction forces on
the spool as the fluid in the annular valve chamber
accelerates in response to variations in the flow rate.
The formula for the transient flow forces is (Yuan
and Li, 2002)

d dA(x
F=-pl 0=z i

where [ is the length of the fluid columns for the
chamber measured from the port center. Orifice area
A(x) is determined by the spool displacement x,
which will be illustrated later.

Orifice area: The following equations show the
cross-section of an orifice with variable round holes:

max ? 9
0, O<x<a, ®)

A(x)z{dz(e—sine)/& a<x<x
in which
f=2arccos[l -2(x— )/ d], (10)
d is the hole diameter of the orifice, « is the orifice
initial opening, x is the spool displacement from the
initial position, and x.x is the maximum spool
displacement.

3.2 Dynamic model of the valve

For analysis and simulation, the transfer
function of the valve model must be derived. In this

study, the friction hysteresis loop of the solenoid is

neglected, for the flutter signal of a triangular wave
with a tiny amplitude, and a frequency of 220 Hz is
used. The nonlinearity of the solenoid forces,
however, must be taken into consideration.

For the orifice area, x=0.0006 m is selected as
the equilibrium point for the Taylor series expansion.
A(x) is turned into

{KAx,
A(x) =

0, O<x<a.

a<x<x

max

(11

Thus, the steady-state and transient flow forces can
be described as follows:

F, =2C,C, A(x)APcosd = B.x, (12)
R N e E )

where B; is the stiffness of the steady-state flow
forces and B; is the damping coefficient of the
transient flow forces.

By Laplacian transformation of Egs. (1)—(3),
(11)—(13), the transfer functions are derived:

Coil current transfer function:

U(s
I(s)= ﬁ. (14)
Electro-magnetic transfer function:
E,(s) = F(I(s), X (s)). (15)
The force executed on the spool:
Fo(8)= Fpy(5) = Fp (9). (16)
Valve transfer function:
X(s)= Fus) (17)

ms®> +(B, +B)s+(K+B,)
The block diagram of the valve system is shown

in Fig. 4.

3.3 Presentation and analysis of DCM

As shown in Fig. 4, the force exerted on the
spool is the composition of the solenoid forces, which
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Fig. 4 Block diagram of the valve system

can be derived in the form of
F(i(1),x(2)) = F,, (i, (), x(2)) = F,,, (i (1), x(2)), (18)

where Fp4(?) and Fp,5(¢) are the forces of solenoids 4
and B, respectively, Fy(¢) is the composite force of
the solenoid exerted on the spool, and i4(f) and ip(¢)
are the control instructions outputted to solenoids A
and B, respectively.

The composite force is the main factor affecting
the performance of the valve. It is quite different in
the normal control method and our proposed control
strategy. The normal control method (NCM) of the
valve needs to be described first.

With NCM, in proportion to each signal input, a
certain balance point between the spring and the
force of one solenoid determines a particular spool
stroke and spool position. The input signal of the
valve could be either positive or negative. However,
only one of the solenoids is working at a time. That
is to say, if one solenoid is energizing, the other
solenoid will be in the de-energized state. The
solenoid controller in Fig. 4 can be represented as

ifu_(£)>0,

{uA(t)==MCU), uy (1) =0, 1 (19)
ifu (t)<0,

u, () =0, uy(6) =u. (),

where u4(f) and up(¢) are the control instructions of
solenoids 4 and B, respectively, and u.(¢) is the
control instruction converted from the displacement
controller.

Since the current control signal is in proportion
to the control signal u(z), we have

(0)= ke (1), (20)

in which k. is the proportionality coefficient between
i(?) and u(2).

Thus, Eq. (19) can be formulated in current
form:

i,()=1i(t), i,(t)=0, ifi ()>0, )1

i,(0)=0, i,(t)=1i(r), ifi (r)<O. @1
Eq. (18) can be transformed to

. [F, G 0.x(0), i) >0,
ﬂ”m”m*{ﬂauaam,aw<o 22

By this kind of control strategy, the force
exerted on the spool is supplied by only one of the
solenoids. The total force output of the two solenoids
is shown in Fig. 5. The current force gain is very
small and has a rather large change within the whole
working space. Thus, in the whole solenoid stroke,
nonlinear characteristics obviously and directly affect
the dynamic performance of the valve. If the current
operating point is over 500 mA, the current force gain
would stay between 0.028 and 0.052 N/mA.

100 . . . .
-2000 -1500 -1000 -500 0
Current (mA)

. 1 1 0
500 1000 1500 2000

Fig. 5 Current-force characteristic and current-gain curve
of solenoid
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To solve this problem, DCM is proposed to
avoid the disadvantages induced by the alternate
energizing and small current force gain. A basic
signal is applied to both solenoids and the control
signal u.(f) works differentially on each solenoid;
hence, both solenoids work in their linear regions.
The solenoid controller in Fig. 4 can be defined as

u,)=u,+u,(t), uy(t)=u,—u,(t). (23)
It can also be formulated in current form:
i@ =i, +1.(t), i;(0)=i,—i (). (24)

up and iy are the quiescent operating points.

Consequently, both solenoids are energized if
the valve is in an active state. The composition of
solenoid forces is

F,(,x)=F,, (i, +i.(2),x(2)) — F,z (i, —i,(1),x(2)).
(25)

In this way, the composition of the solenoid
forces is related to the current control signal and the
displacement of the spool. Thus, the current-force
characteristic for a certain iy and x can be obtained.
As shown in Fig. 6, at any displacement of the spool,
characteristics of the composition force are deter-
mined by the characteristic of the solenoids and the
quiescent operating point #y. That is to say, a good
selection of the quiescent operating point makes a
good characteristic.

The current force gain is

oF, (i, x)
N Dm 4
gy =—"—, (26)
Oi
100——— ; ; ; ; . . 0.10
80 h 40.09
60 40.08
Z 40+ +0.07 T
8 20} . 10.06 €
Sof ——=—— " J0.05 2
— —— c
3 ol i £
g 20 e R 0.04 &
3 4ot R Fins {0.03
60} — Fm J0.02
—-—- Gain
-80F 40.01
0 1

-10 L L . . . . 0
-2000 -1500 -1000 -500 0 500 1000 1500 2000

Current (mA)

Fig. 6 Current-force characteristic and current-gain
curve of the composite force at {(7=600 mA, x=0.001 mm

and the variation of the gain is

£ = max (g(1)) —min (g (1))
max (g (7))

@7

When the quiescent operating point iy is
changed, the gain curve of current force will be
changed, so does ¢ The results are shown in Fig. 7.
The minimum variation of the current force gain
standing for better linearity characteristics of the
composite force is achieved at ;=500 mA. Addi-
tionally, in view of the single solenoid characteristic,
at i7=500 mA the drawbacks of the dead zone can be
overcome. Thus, the result should be acceptable and
can be used in the following simulations and
experiments.

0.12 . ; . . :
0.11F (a) E
0.10F
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‘é 0.08
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O o0s5f -3
0.04 f—
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-1500
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-
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10=300 mA 1

-1000 -500 0 500
Current (mA)

1000 1500

0.8

06} . .

“n 04t » vt p

02} E

0 500 1000 1500
i (MA)

2000

Fig. 7 Variations of the current force gain at different
currents: (a) current force gain; (b) variation of current
force gain

4 Simulation and analysis

To verify the effectiveness of DCM, a simula-
tion model was established according to the transfer
functions of the valve system in Eqgs. (14)—(17).
Since the control algorithm is not the main point of
this study, the classical proportional-integral—
derivative (PID) controller and PI controller were
used. The PID controller was employed for closed-
loop control of the spool position. Simultaneously,
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the PI controller was used to control the coil current.
In view of the requirements for stability and good
transient performance, the orthogonal experimental
method (Jin ef al., 2013) was used for PID parameter
tuning. The main parameters of the simulation are
shown in Table 1.

Table 1 Parameters of the system

Parameter Value Parameter Value
L 0.01 H p 850 kg/m’
R 2.7Q l 0.012m
m 0.064 kg U 2V
B, 80 N-s/m io 0.5A
K 21000 N/m K, 0.00212 m
Cq 0.61 B, 3643.7 N/m
C, 0.98 B, 2.57 N-s/m
0 69 deg a 0.0004 m
d 0.007 m

The simulation model was developed based on
the diagram shown in Fig. 4. In NCM, a current
compensation, which can be figured out by Eq. (28),
is usually supplied by a step generator to skip the
dead zone where the force gain of the solenoid is
quite small with a small current, as shown in Fig. 5.
The solenoid controller is defined by Eq. (19). In
DCM, however, the solenoid controller is a
differential controller defined by Eq. (23) to energize
both solenoids. The compensation can be removed.

U,.,=sgn(U)U,

step min (28)
where Uy, 1S the minimum control voltage to skip
the dead zone, and Uk, is the compensation signal.

The current in the coil and the displacement of
the spool are the main factors that influence the
electro-magnetic force. In the simulation model, the
calculation of the solenoid forces through the
interpolation method is included in the solenoid force
block as shown in Fig. 3.

Fig. 8 shows the currents of the coil under
different methods at 50%/20 Hz sine wave input.
DCM made the valve serve around the quiescent
operating point, which was completely in the linear
region. The influence of nonlinear characteristics
was almost eliminated and the response of the valve
consequently enhanced. With NCM, however, the
solenoids sometimes worked with small currents

(less than 200 mA), and the solenoids outputted very
small force. Hence, the valve works more slowly.

1.0
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=4 ]

[}

£ 0.4} ~ - ~- -7

(@]
0.2l

0 , , ,
0 0.05 0.10 0.15 0.20
Time (s)

Fig. 8 Coil currents: (a) NCM; (b) DCM

This effect is shown in Fig. 9. When the input
was a sine wave at 1 Hz with 50% maximum
amplitude, the waveform distortion was diminished
using the compensation and eliminated by DCM.
Generally, the waveform distortion of spool displace-
ment as shown in Fig. 9a is caused by the current
dead zone of the solenoid. A small compensation
value is almost invalid for the distortion, while a large
value will cause instability in the valve. This is why
the waveform distortion cannot be eliminated
completely by step compensation (Fig. 9b).
Differently, the DCM method which serves out of
the dead zone can actuate the spool quickly without
waveform distortion (Fig. 9c¢).

In Fig. 10, by changing the amplitude and
frequency of the sine wave input, the frequency
responses of the spool displacement at different
inputs can be obtained. Obviously, the dynamic
characteristics of the system under DCM are better
than those under NCM.

5 Test rig and experiment validation

To wvalidate the proposed control method,
experiments were carried out on the test rig (Fig. 11).
The system included an internal gear pump (IGT-1-
10, working pressure 31.5 MPa) driven by an electric
motor, providing an output flow rate of 160 L/min.
Two relief valves (maximum working pressure 35 MPa)
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Fig. 9 Responses of 50%/1 Hz sine wave input: (a) NCM without compensation; (b) NCM with compensation;

(c) DCM
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Fig. 10 Bode diagrams at different inputs: (a) 25%; (b) 50%; (c) 100%

were used: one was to set up the system pressure,
and the other to set up the pressure of the oil return.
A manual valve (working pressure 31.5 MPa) was
used as the main switch of the rig, and two one-way
throttle valves (maximum working pressure 35 MPa)
were used to apply load pressure. In the apparatus,
the control signal, which was supplied by a low fre-
quency signal generator (LFSG), was used to control

the proportional direction valve through the amplifier
card. The LVDT (frequency>100 Hz, output DC £5 V)
was equipped to convert the spool displacement
signal to the voltage, which was actually sent to the
data acquisition unit (5 kHz, 12-bit resolution) of the
amplifier card. The input signal and displacement
signal were displayed and stored by the oscilloscope.
The picture of the test rig is shown in Fig. 12.
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Displacement signal In the experiment, the pressure differences
k,/o ’_‘Q_\'é between the valve inlet and outlet were adjusted to
eyt e BEESAN D> 7~ 1 MPa by the relief valves. The responses of
I | acquisition : Al [B different step inputs are shown in Fig. 13. Since PID
! ot i o >< o7 parameters were tuned with 50% input, both methods
| [ =1 : performed well. Obviously, the rise time of NCM
L Electronic card_ | P’Cj"_p"’?”a: = : was almost identical to that of DCM, but the settling
Irectiona [e)e)e) . .
Input | ===~ ~ 3 == e TRl L time of the normal method was much longer. That is
signal Oscilloscope .
3 to say, DCM has a better performance at different
Low inputs.
frequency ; . .
signal = Fig. 14 gives the responses of 50%/1 Hz sine
generator wave input to illustrate the effect of DCM on the
T: [ dynamic characteristics of the valve. The responses
P T . .
1 were the same as the simulation results. A large
Ly Tank control error occurred near the zero spool position

with NCM without compensation (Fig. 14a). This

error was greatly reduced by compensation
Fig. 11 Schematic diagram of the experiment system (Fig. 14b), and eliminated with DCM (Fig. 14c).
Note that the waveform distortion in the experiments
was much larger than that in the simulations because
of the friction, and the effect of compensation in
NCM was limited, but DCM still performed well.

By changing the amplitude and frequency of the
sine wave input of LFSG, the frequency responses of
spool displacement can be obtained (Fig. 15). The
amplitude attenuation under DCM was much lower
than that of the normal method at 25% and 50%
input. This is because the nonlinear characteristic is
manifest when the solenoid current is small; when
DCM is employed, the influence of the nonlinear
characteristic is almost eliminated.
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I N I T T I vy
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Fig. 13 Responses of different step inputs: (a) 25%; (b) 50%; (c) 100%
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Fig. 15 Bode diagrams of experiments at different inputs: (a) 25%; (b) 50%:; (c) 100%

6 Conclusions

This paper primarily presents a new control
strategy named the differential control method for
the proportional directional valve with spool position
feedback to improve its dynamic and static
characteristics. Comparisons were made between
DCM and NCM in a nonlinear model. According to
simulation results, the proposed method was analyzed
to explain why it is better than the normal ones, and
the quiescent operating point of DCM was shown to
make a minimum variation in the current force gain.

Experiments were conducted to prove that our
method is practical and effective.

Using the proposed method, the frequency
response of the valve can be enhanced, and the
waveform distortion greatly reduced. Therefore, the
proportional valve can be used in applications with
higher frequency responses and higher precision
requirements. Based on the experiment results, the
waveform distortion is apparently reduced using our
method, as the solenoids completely operate in the
linear region. Also, the implementation cost of the
proposed method is very low, mainly because the
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control theory is concise and straightforward to
implement in software. The process of the method
indicates that some advanced control theories and
methods can be combined, which means further
improvement could be achieved without much effort.
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