ISSN 1392-1207. MECHANIKA. Vol. 29, No. 4, 2023: 285-191

Zero Point Compensation Control of the Proportional Valve with

Negative Overlap

Le ZENG*, Hongzhang Li*, Jianping TAN**, Jun YANG***
*Changsha Aeronautical Vocational and Technical College, Tianxingiao, Yuhua District, Changsha City, Hunan Prov-

ince, China 410124, E-mail: zenglewish@163.com

**State Key Laboratory of High Performance Complicated Manufacturing, College of Mechanical and Electrical Engine-
ering, Central South University, Chinalco technology building, new campus of Central South University, Yuelu District,

Changsha, China 410083, E-mail: jptan@163.com

***College of Engineering and Design, Hunan Normal University, College of engineering and design, Taozihu Road,
Yuelu District, Changsha City, China 410081, E-mail: yangcsu@126.com

https://doi.org/10.5755/j02.mech.29715
1. Introduction

In order to improve the accuracy of load flow com-
pensation control in the electro-hydraulic servo system, this
paper analyses the laminar flow and turbulent flow state of
the servo valve, and studies the load flow equation in the
laminar flow state with small opening or small pressure dif-
ference of the valve orifice. Based on the expected linear
flow equation and the laminar flow equation, a flow com-
pensator is designed to compensate the flow affected by
pressure difference, which makes the flow characteristics
linear. It can be used as an open-loop controller to resist the
nonlinearity of valve and form a composite control strategy
with closed-loop control strategies to improve the accuracy
of the system.

The electro-hydraulic system is widely used in in-
dustry, military, ocean and other fields because it has many
advantages, such as compact structure, small workspace,
large driving capacity, fast response speed and good posi-
tioning function. The system is affected by friction, the
overlap, oil-hydraulic contraction, internal leakage and
other factors. In [1, 2], a nonlinear sliding mode control
based on an extended disturbance observer is proposed to
track the desired position trajectory for electro-hydraulic
single-rod actuators. In [3, 4], the model of the electro-hy-
draulic servo system was linearized, and the resulting linear
model is used to synthesize an output-feedback Heo control-
ler to improve the performance of the system. In [5], a dou-
ble fuzzy control method with compensating factor was pro-
posed to solve the asymmetry problem caused by the asym-
metric cylinder, and the fuzzy PID controller is used to adapt
the mutative load.

The control method studied above is mainly aimed
at the servo valve control hydraulic cylinder system. These
nonlinear control methods have complex algorithms and are
difficult to be applied in industrial applications. In order to
reduce costs and maintenance difficulties, more propor-
tional valves are used in the industry. The manufacturing
accuracy of the proportional valve is relatively low, espe-
cially in the middle of the valve, which has a certain overlap
between the valve core and the valve sleeve. The overlap
will cause the zero point of the system to not be at the zero
position of the proportional valve, thereby affect the control
accuracy of the system. According to the size of the valve
core shoulder and the groove width of the valve sleeve, the

overlap of the valve can be divided into a positive overlap
valve and a negative overlap valve.

For the positive overlap valve, the proportional
valve has a certain flow dead zone. In [6], it proposed that
asymmetric cylinder system controlled by the positive over-
lap valve is prone to overpressure, and appropriately reduc-
ing the overlap of the proportional valve can eliminate the
overpressure phenomenon and improve the control perfor-
mance of the system. Deng W. X. [7] established a valve-
controlled symmetrical cylinder system flow model with a
dead zone, which has a certain reference for studying the
establishment of a valve-controlled cylinder system flow
model with overlap. Peng X. W. et al. [8] proposed a fuzzy
dead-band compensation algorithm to adjust the dead zone
compensation based on error and error rate of change ac-
cording to the variable dead zone characteristic of the sys-
tem. T. Zhijun et al. [9] designed asymmetrical dead zone
compensation for proportional valves to improve the posi-
tion control accuracy of the pre-bending machine. Coelho
[10] uses cascaded adaptive control based on genetic algo-
rithm to compensate the dead zone of the electro-hydraulic
system. Meng, D. et al. [11] employs the least square type
indirect parameter estimation algorithm with on-line condi-
tion monitoring to estimate the dead-zone parameters and
some other important model parameters. B. In [12], the pro-
posed controller has a parallel structure comprising an in-
verse generalized Prandtl-Ishlinskii (P-1) model-based
feedforward controller, with both hydraulic dead-zone and
flow saturation limits, for compensating asymmetric hyster-
etic behavior. Deng. W. X. [14] proposed a robust adaptive
controller with uncertain dead zone compensation to
achieve high performance position tracking of hydraulic
cylinders. Peng, X. W. [15] designed a fuzzy dead-zone
compensation algorithm that can adjust the amount of dead
zone compensation online based on error and error rate of
change, which effectively reduced the impact of nonlinear-
ity and time-varying of the system. Wang, L. [16] designed
output feedback controller based on model-free linear active
disturbance rejection theory for electro-hydraulic propor-
tional system with unknown dead-zone. In [17], dither com-
pensation technology is presented to compensate the non-
linear dead zone of electro-hydraulic servo valve. The ex-
perimental results shows that the linearity of the load flow
is improved obviously.

The current researches show that there are more
studies on the control of proportional valves with positive



overlap. There is no flow output in a large area near the cen-
ter of the valve, which also be called dead zone. However,
there are few researches on the proportional valve which
have a certain negative overlap and the flow in the center of
the valve is more complicated. This article mainly focuses
on the zero point control of the proportional valve with sym-
metric and unequal negative overlap.

2. Mathematical model of zero point

The diagram of the system is shown in Fig. 1,which
the proportional valve has the symmetric and unequal nega-
tive overlap A, and A,, X, isthe displacement of the spool

the proportional valve, L is the maximum displacement of
the spool the proportional valve, ps is the system pressure

from the pump, p; is the return pressure to the tank, p, is
the pressure of the rodless cavity, p, is the pressure of the
rod cavity, g, is the total flow of the rodless cavity, g, is
the total flow of the rod cavity, y is the displacement of the
rod, and the F is the external load.
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Fig. 1 The diagram of the proportional valve controlled
cylinder system with negative overlap

The zero point of the proportional valve system
with negative overlap changes with external load. In order
to derive the mathematical model of the theoretical zero
point, the flow of the proportional valve near the zero posi-
tion needs to be analysed.

According to the classic orifice equation, the flow
into the rodless cavity:

0 X, S-A;
s =1a(Ps—p)" (A, +%) —Ag<x <L-A . (1)
a(ps_pl)llzl- L_AJLSXV

(cf., Ref. [18]), which, a=C, a)\/z  isthearea
Yo

gradient of the valve, C, is generally a constant, about 0.65.
The flow out of rodless cavity:

0 —X, £-A,
Ge=1a(Pp—Ps) (A,-%) —A, <X, <L-A, . (2)
a(p1_pR)ll2L L-A, <-%

According to the Eq. (1) and Eq. (2), when the
valve is in the range of the overlap, the total flow of rodless
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cavity can be expressed as follows:

pl)llz (Xv +A1)_ a( P — Pr )1/2 (Az X )
Similarly, the total flow model of rod cavity can be
expressed as:

g, = a( Ps — 3)

a, =a(ps_p2)1/2(A2_Xv)_a(p2_ )1/2()(\/"'A ) (4)
When the speed of the system is zero, the output
flow is also zero. The Eq. (3) and the Eq. (4) satisfy the fol-

lowing formula:

|

two cavities can be calculated according to the Eq. (5):

)“2(A2—X\,)
)1/2()(\,+A)

(X\/+A) a(pl_
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a( ps -

)1/2
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Ignored the return pressure p, the pressure of the

(A +x )2
1 2 2 pS
(A1+x\/) +(A2_Xv)
) (6)
S )
2= S
(A, =% )2 +(A + X, )2
Supposed the ratio of the overlap y is:
Al
-1 7
x A, (7

Supposed the dimensionless displacement of the
valve is as follows:

X, =% 1A, ©)

When the speed of the system is zero, the displace-
ment of the valve x, is within the range of (-A,A,). Ac-

cording to the Eq. (7) and the Eq. (8), the dimensionless dis-
placement of the valve satisfies:

-y <X <1l 9)

Supposed the dimensionless pressure of the rodless
cavity is P, = p,/ ps , and the dimensionless pressure of the

rod cavity is p, = p, / ps . According to the Eg. (6), the di-

mensionless pressure of the two cavities can be obtained as
follows:

p= ( K/) 2

(2+%) +(1-%)" 10)
b %)

(=% (2 +% )

Supposed the dimensionless load pressure of sys-
tem is as follows:



(11)

Which, 7 isthe area ratio of rod cavity and rodless
cavity.

Substituted the Eg. (11) into the Eg. (10), the rela-
tionship of the dimensionless load pressure and the dimen-
sionless displacement of valve can be obtained:

(r+%) -n(1-%)"
(2+%) +(1-%)

(12)

The dimensionless load pressure can be calculated
by the pressure sensors of the system. So when the speed of
the system is zero, the dimensionless displacement of the
valve can be obtained according to the Eq. (12).

_ n+P -2 L-P.

B EN

Supposed the displacement of the valve is X,

(13)

when the speed of the system is zero, which is also called
the theoretical zero point of the system. According to the Eq.

(8) and the Eq. (13), the theoretical zero point X, can be
calculated as following.

_ PP,

14
Jn+P+J1-p, -

0

The theoretical zero point of the system is related
to the asymmetry of the overlap y , the asymmetry area ratio

of the hydraulic cylinder  , and the dimensionless load
pressure P, . When the system is ideally symmetrical, that

is, the hydraulic cylinder is a symmetrical cylinder, the neg-
ative overlap of the spool valve is symmetrical and equal,
and the load pressure is OMPa, the theoretical zero point of
the system is at zero position of the valve. In the actual sys-
tem, the interference of the external load, the application of
the asymmetrical cylinder, and the asymmetric overlap of
the proportional valve will all cause the zero point of the
system to not be at the zero position of the proportional
valve. The offset of the zero point of the system will cause
a large steady-state error when the system adopted the con-
ventional control.

3. Verification of zero point model

The AMESIM simulation model of the valve con-
trolled asymmetric cylinder system with negative overlap is
shown in Fig. 2. The overlap value A;and A, are set 1 %

and 4 % of the total stroke of the proportional valve, and the
other parameters of the simulation model are shown in Ta-
ble 1. The position of the hydraulic cylinder was controlled
by the proportional control (P), and the proportional param-
eter is set to 0.12. In [6], the limit load of valve controlled
cylinder system was analysed. Through the AMESIM sim-
ulation model, the theoretical zero-point value and the error
of the zero point was analysed, when the system was is
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loaded with the maximum load, respectively 4000 N and -

2000 N.
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Fig. 2 The AMESIM simulation model of the valve-
controlled asymmetric cylinder system with negative

overlap
Table 1
The basic system parameters
Parameter, measurement unit Value
Pressure of the system, MPa 5
Speed of the pump, r/min) 960
Displacement of the pump, ml/r 16
p, kg/m3 850
Flow under the differential pressure of 1.5 MPa; L/min 9
Frequency of the valve, Hz 100
Radius of the hydraulic cylinder, mm 50
Rod diameter of the hydraulic cylinder, mm 28

Under the load force of 4000KN, the displacement,
response of the system is shown in Fig. 3a. Due to the influ-
ence of the negative overlap, the zero point of the system is
not at the zero position of the proportional valve, and the
zero-point offset results a steady-state error of the displace-
ment response, which is about 0.187 mm.

The simulated pressure response of the two cham-
bers of the hydraulic cylinder is shown in Fig. 3b. Due to the
influence of the inertia force and damping force of the hy-
draulic cylinder during the starting process, the load pres-
sure has certain fluctuations. When the hydraulic cylinder is
close to zero speed, the load pressure of the system is about
2.0 MPa. According to the pressure of the system and the
pressure of the two chambers, the dimensionless load pres-
sure is obtained according to Eq. (11), and the theoretical
zero point of the system is calculated according to Eq. (14),
which is shown in Fig. 3, c. In the simulation model, when
the hydraulic cylinder is in the zero-speed state, the input
signal of the valve is about 1.97%, and the value of theoret-
ical zero point is about 1.88%. There is a certain error of
4.5% with the simulation zero point and the theoretical zero
point.

Under the load force of -2000 KN, the displace-
ment response is shown in Fig. 4, a, and the steady-state er-
ror of the displacement is about 0.08 mm. The theoretical



zero point of the system can be calculated through the pres-
sure shown in Fig. 4, b, and the theoretical zero point is com-
pared with the simulated signal of the valve, as is shown in
Fig. 4, c. When the system is close to the zero-speed state,
the actual zero point is about 0.80%, while the theoretical
zero point is about 0.94%. The error of the theoretical zero
point is shown in Fig. 4, d. When the system is stable, the
error is about 17.5%.

As the load changes, the zero point of the system
will shift, and the calculation error of the theoretical zero
point is relatively large in some certain pressure states. In
order to compensate the steady-state error caused by the
zero point, a compensation controller needs to be designed.
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Fig. 3 The simulation results of P control under 4000 KN.
a) Displacement response; b) Pressure; c¢) Input
signal of the proportional valve and the theotetical
zero point; d) Error of the zero point
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Fig. 4 The simulation results of P control under — 2000 KN.
a) Displacement response; b) Pressure; c) Signal,
d) Error of zero point

4. Design of compound controller

Due to the influence of the overlap, the system has
a large steady-state error. The use of conventional propor-
tional and integral (P1) controller to eliminate the steady-
state error will also cause a large overshoot. In order to com-
pensate the offset of the zero point, zero compensation con-
trol is added when the error of the system is gradually stable.
In order to judge the error trend, the moving average of the
absolute error is adopted, as is shown in Fig. 5. When the
moving average MA <y, the system starts the compensa-

tion of the zero point.
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Fig. 5 The error line of the system

The error of the average line is shown in Eq. (15):

MA = & +[ecr|+le o |+'”+‘et—(n—1)T‘ |

nT (15)

which: et is the error in the current period; et is the previous
period error; T is the sampling time; n is the number of sam-
ples.

Because there is a certain error between the theo-
retical zero point and the actual zero point, the zero point
compensation controller integrates the feedback error on the
basis of the theoretical zero point, so that the steady-state
error is gradually reduced. The zero-point compensation
function is shown in Eq. (16):

Au(t):(uo+kjedt)-(||v|;\|<y), (16)

which: Au(t) is the compensated signal of zero point; uo is
the input signal corresponding the theoretical zero point
X,,; kisthe integral constant.

According to the Eq. (16), the block diagram of the
compound controller is shown in Fig. 6.
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Fig. 6 Block diagram of compound controller for the zero-
point compensation and the proportional control
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5. Simulation of compound controller
5.1. Simulation of controller parameter

The controller was built according to the simula-
tion model in Fig. 2, and the external load is set to ON, the
number of samples was set to 20. To study the law of the
value of y on the response of the system, the displacement
response was simulated when the value of k was set to 0.7
and the value of y was respectively set to 1, 2.5, 5 and 10.
The simulated response is as shown in Fig. 7.

According to the Fig. 7, b, when the value of y is
larger, the zero-point compensation start earlier and the sys-
tem response is faster, but the larger value of y will cause
larger overshoot. When the value of y is less than the moving
average of the steady-state error, the zero-point compensa-
tion control cannot be started. So, the value of y should be
set in the optimal range to ensure the performance of the
system.
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To study the law of the value of k on system re-
sponse, the displacement response was simulated when the
value of y was set to 2.5 and the value of k was respectively
set to 0.3, 0.7, 1.4 and 2.1. The simulated response is as
shown in Fig. 8.

According to the Fig. 8, b, when the value of k is
more than 0.7, the overshoot and oscillation of the system
increases accordingly. When the value of k is 0.5, there is a
small overshoot about 2.5 % and the response time is about
1.0 s, which is less than when the value of k is 0.35.
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5.2. Simulation of compound controller under load inter-
ference

In order to test the displacement response of the
controller under load interference, transient load interfer-
ence and sinusoidal load interference were set respectively.

The position of the hydraulic cylinder was con-
trolled by the proportional control (P), and the proportional
parameter is set to 0.08. In order to get the best response of
the system, the value of 1 was set to 2.5 and the value of k
was set to 0.5 according to the simulation results in Section
5.1.

Fig. 9 showed the displacement response and the
signal of the valve under transient load interference, which
the load was added at 0 s, 1.5 s and 2.5 s, and the force was
respectively 4000 N, O N and -2000 N. As is shown in Fig.
9a, when the system is under the load force of 4000 N, O N,
-2000 N, there are steady-state errors of 0.25 mm, 0.15 mm,
and 0.10 mm respectively with the P controller. However,
through the compound controller with the zero-point com-
pensation, the steady-state error of the system is within
0.01 mm under different load forces. As is shown in Fig. 9,
b, the signal of the zero-point compensation coincides with
the output signal line of the compound controller, indicating
that the zero-point compensation controller can quickly find
the zero point of the system.
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Fig. 9 The simulation results of zero point compesation
control with £ = 0.5, A = 2.5. a) Displacement
response; b) Signal

Fig. 10 showed the displacement response and the
signal of the valve under sinusoidal load interference,
which the average load is 3000 N, the amplitude is 1000 N,
and the frequency is 1 Hz. In order to make the controller
find the zero point quickly under variable load, the value of
k was set to 3.0, and the value of 1 was also set to 2.5.

As is shown in Fig. 10, a, there is a steady-state
error of 0.23 mm, and the error fluctuates in the range of
0.05 mm as the load fluctuates with the P controller. While
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there is nearly no steady-state error and the error fluctuates
in the range of 0.03 mm with the compound controller. As
is shown in Fig. 10, b, the signal of the zero-point compen-
sation follows with the output signal line of the compound
controller, indicating that the zero-point compensation con-
troller can find the zero point when the system is under the
variable load.
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Fig. 10 The simulation results of zero point compesation
control with k=3, A=2.5. a) Displacement response;
b) Signal

6. Conclusions

In order to improve the control accuracy of the neg-
ative overlapped valve controlled asymmetric cylinder sys-
tem, a theoretical zero-point model was established. And
based on the theoretical mathematical model of the zero
point, a compound controller with the proportional control
and the zero point compensation was designed. Through the
simulation results of the controller parameters, the setting
rules of the control parameters are obtained. With the opti-
mal control parameters, the simulation results show that the
compound controller with the P controller and zero point
compensation controller can find the zero point quickly and
greatly improve the positioning accuracy of the system un-
der transient load and sinusoidal load.
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L. Zeng, H. Li, J. Tan, J. Yang

ZERO POINT COMPENSATION CONTROL OF THE
PROPORTIONAL VALVE WITH NEGATIVE
OVERLAP

Summary

In order to improve the performance of the nega-
tive overlapped valve controlled asymmetrical cylinder sys-
tem, a theoretical zero point model of the valve with sym-
metric and unequal negative overlap was established. The
simulation results showed that the zero point of the system
will shift as the load changes, and the error of the theoretical
zero point is relatively larger in some certain pressure states.
In order to find the zero point quickly and steadily and im-
prove the positioning accuracy of the system, a zero point
compensation controller based on theoretical zero point plus
error integral control was designed. Compared the pure P
controller with the compound control of P controller and
zero point compensation controller, the control accuracy of
the system has been greatly improved under transient load
and sinusoidal load interference.

Keywords: electro-hydraulic servo system, negative over-
lapped valve, zero point compensation.
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