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Simulation and experiment on
characteristics of cartridge
proportional lowering valve for
electro-hydraulic lifter!

SUIYING CHEN?, JIANJUN ZHAO?, YUEFENG DU?%3,
ENRONG MAO?, BIN XIE?, ZHONGXIANG ZHU?

Abstract. To improve the response characteristics and control precision of heavy-tractor
electro-hydraulic hitch system, a cartridge proportional lowering valve of heavy tractor electro-
hydraulic hitch was taken as the research object, and its internal structure characteristics and
working principle were analyzed in full consideration of the valid displacement range of each hy-
draulic part, and a nonlinear mathematical model of the proportional lowering valve based on
boundary conditions was developed using the state-space method. Then based on Matlab/Simulink,
the static and dynamic performances of the lowering valve were discussed by using the fourth-order
Runge-Kutta algorithm, and meanwhile, the experimental study on the proportional lowering valve
was carried out on a closed-center load-sensing hydraulic test rig. By comparing with the dynamic
simulation results, the average value of the steady flow error was less than 1.61/min, thus the
correctness of the nonlinear mathematical model of the proportional lowering valve was proved.
The results showed that the hysteresis error of steady flow rate of the lowering valve kept stable at
around 3 % with differential pressure 4 MPa between the inlet and the outlet, thereof, the maximum
flow could reach about 661/min. Moreover, the lowering proportional valve possessed good flow
response characteristics when it was subjected to a step change in the load and the valve opening.
Therefore, it can meet the performance requirements when used to control tillage depths of the
mounted implements.
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1. Introduction

As the core component of heavy-duty tractor electro-hydraulic lifts, the propor-
tional drop valve controls the lowering movement of mounted implements during
the plowing operation, to ensure the field work equality of tractor working unit. At
present, the cartridge electro-hydraulic proportional control valve has been widely
used in the field of agricultural machinery and engineering machinery, since it can
effectively reduce hydraulic shock and system heating phenomenon (Dobrinska et
al., 1981 [1], Lee et al., 2011 [2], Renn et al., 2005 [3]). Also, it has the advantages of
strong anti-pollution ability, safety stability when power off, and easy to install and
maintain. A wide range of studies have been carried out about the influence of the
structural parameters of proportional control valve on the operating characteristics.
Vaughan et al. (1996) [4], Canuto et al. (2014) [5] and Radpukdee et al. (2009)
[6] established the mathematical model and simulation model of the proportional
control valve based on the flow characteristics of different throttles, and obtained
the influence of valve structure and performance parameters on the dynamic charac-
teristics of flow in the opening and closing process. Liu et al. (2002) [7] established
an EASY 5 model for a two position solenoid operated cartridge valve. And the
model included the solenoid force, spring force, damping force, flow force and non-
linear mass flow rate, also it could be used to analyze cartridge valve as well as
simulate system or controller performance. Opdenbosch et al. (2007) [8], Opden-
bosch et al. (2013) [9] established a mathematical model used for analyzing the
dynamic characteristics of the components of the proportional solenoid valve for the
automatic transmission, and the coupling simulation was carried out, which could
lay the foundation for optimizing the design of the solenoid valve. Zavarehi et al.
(1999) [10] provided a step-by-step methodology for nonlinear modeling, parameter
determination, model validation, and performance evaluation of solenoid-controlled
pilot-operated spool valves. And the model considered such nonlinearities as pilot
spool dead band, spool friction, flow coeflicient variability, and leakage. Quan et
al. (2010) [11] and Fu et al. (2008) [12] applied the displacement-flow feedback
principle to the 3-position 4-way proportional directional valve, and established the
mathematical model of the whole valve based on the structure and working principle.

2. Mathematical modeling
The internal structure of the valve is shown in Fig. 1.
2.1. Valve port pressure-flow equation

The flow of the orifice of the pilot spool inlet oil passage grpvo is given by the
formula
CdPVO . Wdlz’VO 2
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Fig. 1. Diagram of the internal structure and modeling analysis of proportional
lowering valve

where Cypyv is the flow coefficient of the orifice of the pilot spool inlet oil passage,
p is the oil density, dpyo is the diameter of the orifice of the pilot spool inlet oil
passage, pr, is the inlet pressure of the main valve, and pypv is the inlet pressure of
the pilot valve.

The flow of the pilot valve orifice gp,py is given as

2
qupv = CapvArLpy ’ (pLpv —Po), TPy —Zrmy >0, (2)

where Cypy is the flow coefficient of the pilot valve orifice, x1,pv is the displacement
of the pilot valve spool, x1,mv is the displacement of the main valve spool, and Ay py
is the cross-section area of the pilot valve orifice that is given by the formula

Appy = mdpy (zLpv — TrMmv) sinfpy . (3)

Here, dpvy is the diameter of the orifice of the pilot valve seat and fpvy is the half
cone angle of the pilot valve spool.
The flow of the main valve orifice qr v is expressed by the formula

2
qmv = CamvArmy (TLmv) ;(pL — Do), (4)

where Cgnv is the flow coefficient of the main valve orifice, and Ay is the cross-
section area of the main valve orifice given as

0, 0 < zrmv < 2mvo,
Arvv =< wmv(ZLmyv — ZMvo)s 0 <zpmv — 2Mmvo < Tmvi,
wamvemvi + Tduv (TLvy — TMvo — TMvi),  TLMV > EMvo + EMvi-
(5)

Here, dyv is the diameter of the orifice of the main valve, zyvo is the overlap
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of the main valve opening, z\ry1 is the maximum opening of the main valve small
rectangular opening, and wyy is the area gradient of the valve port when the main
valve is of small rectangular opening. Its value is

wyy = nS = ndyy arcsin(L/dyy ) (6)

where n is the number of small rectangular openings in the main valve, L is the width
of the small rectangular opening in the main valve, and S is the corresponding arc
length of the width of the small rectangular opening in the main valve.

2.2. Flow continuity equation

The basic equation reads

wd? m(d? — d? .
qrevo — quev = | Vevo — ——~-aLpy — MCﬂLMV PLpv/Be —
wd3,, . m(d? —d%y) .
- IV TLpy — MQTLMV7 (7)

where . is the volume elastic modulus of oil, dyyvy is the diameter of main valve
spool guide section, and Vpyq is the oil volume in the front chamber of pilot valve
before the pilot valve closes.

The total oil inflow of the oil inlet of proportional drop valve gry, is given by the
formula,

qLL = qupvo + qumv + m(dyyy — dipy)Enay /4. (8)
2.8. Force balance equation of valve core
The balance of forces in the system is described by the equation

Frpvp — mdpy (pLpv — po)/4 = mpviLpy + Bevivpyv + Bupv (iLpv — Znmv) +

+ kpv(zLpv + @pvo) + FLpvs, Zrpv —2omv > 0, ZLpv < Zpvm 9)

where the electromagnetic force Fipyp acting on the pilot valve spool caused by
proportional electromagnet is given as

Frpyp = (u — kvErpv)ks . (10)

Here, u is the driving voltage of proportional electromagnet, k¢ is the driving
coefficient of the electromagnet, k, is the back electromotive force coefficient of
velocity, mpy is the total mass of pilot valve spool and its connectors, Bpy is the
viscous damping coefficient of the movement of electromagnetic core, and Bypy is
the viscous damping coefficient of the movement of pilot valve spool relative to the
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main spool. These two damping coefficients are given by formulas

Bpy = mudpvilpyvi/opvi , (11)

where g is the dynamic viscosity of hydraulic fluid, dpy; is the diameter of pilot valve
electromagnetic core, py; is the lead length of pilot valve electromagnetic core, and
dpy1 is the radial mating clearance between the pilot valve electromagnetic core and
guide hole, and

mudpvalpve (

_ ZTLpv — $LMV)
dpve

TLPV — SCLMV)
lpve

lpva

Bupv = 1 = Bupvo(l — (12)

Further, in (9)—(12) dpy2 is the radial mating clearance between the pilot valve
spool and guide hole, kpy is the spring stiffness of pilot valve, xpyq is the pre-
compressing of pilot valve spring, rpyy, is the maximum displacement of pilot valve
spool and Fppvs is the steady-state fluid force acted on the pilot spool that is given
as

Fipvs = CapvCypyvmdpy (zLpv — ZLmv) sin (20pv) (pLpv — po) - (13)

where Cypy is the flow velocity coeflicient of the orifice of pilot valve.
Another force equation is

w(d2, —d2 w(d2, —d2 w(d2, —d3
( MVZ MV)pL _|_ ( MV4 PV)pO _ ( MVi1 PV)pLPV —

= muvZLmv + Buviimy + Buey (Envmv — upv) + Fuvvs,
0 <zrmv < 2Mvm and zppyv > TLmv

or

w(dE v, —diy) wd? wd?
MM pr, + Y po — S pLpv + FLpvp =

(mpy + mmv) Eovy + (Bpy + Buv) 2omv + kpv (umy + zpvo) + FLmvs,
0 <zrmv £ 2Mvm and Tppy = TLmv.-

(14)
Here, zyivim is the maximum displacement of main valve spool and Bypy is the
viscous damping coefficient of the movement of main valve spool given by the formula

Buv = mpdvvilvvi /v, (15)

where, [yyvy is the seal length of main valve spool guide section, dypyy is the radial
mating clearance between main spool and guide hole, and Fy vy is the steady-state
fluid force acted on the main spool. Its value is

0, for 0 < zLmv < zmvo,
2Canmv Cymvwnmy (Tnvy — mvo) (Pr — po) cos Oy
for 0 < zpmv — 2mvo < Tmvi,
2Camv Comv [wmvaemyvi + mdvy (Zovy — 2mvo — 2mvi)]-
“(pL — po) cos Oy
for zyvo + 2mvi < LMy < TMVm-

Fiavs = (16)
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Here, Cynv is the flow velocity coefficient of the orifice of main valve and Oyy is
the jet angle of the orifice of main valve.

2.4. State equation of proportional lowering valve
According to the above established mathematical model, the chosen state vari-

ables are r1 = prLpv, T2 = TLpv, T3 = TLMV, T4 = VLPV, £5 = VLMV, and the state
equations are obtained:

3 48
& = )
1 4Von—7fd§,Vl'2—"T(d§[v1_d%v)“
wd? 2 . 2
[Capvo—"1 /3 (pL — 21) — Capvmdpy (22 — x3) sinfpv /2 (21 — po)+
wd? (w1 —dpv)
. ra Z xs),
Ty = T4,
r3 = Ts,
0 T2 = Tpym and fyrpv >0,
Ta=12S formv re =23 and fiLpv < foLmv,
foLPV else,
i 0 z3 =0 and fyrpmv <0, or 23 = 2yvm and  fynmv > 0,
’ formv else.

(17)
In the above equation

d3 —
forpv = m=[FLpvp — =¥ (21 — po) — Bupvo (1 - %) (x4 —x5) —

—Bpvaa — kpy (22 + zpvo) — CapvCypymdpy (22 — 23) sin (20py) (21 — po)),

1 Tf(dlzvlw —di/w) ﬂ(dlz\/lv_dl%\/) W(d12v1v1 —d%v)
VY [ 1 pL + 1 Do — 1 T1—

—Buves — Bupvo (1 - M) (x5 — x4) — Fumvs) for

lpva
0<x3 <zymym and x9 > 23,
vaMV =

2 2 2 2
1 "T(de—de) Tdyry Tdyive
v | ) pL + —po — P + Fupvp—

— (Bpv + Buv) x5 — kpv (23 + xpvo) — FLmvs] for
0<z3 <zpmym and zo = x3.

(18)

The corresponding boundary conditions are: if x3 < 0, then 23 = 0. If 25 >

IMVm, then 3 = oyvm. If ©9 < 23, then x9 = z3. If 29 > Tpym, then 29 = xpym.

If 23 = 0and z5 < 0 or 3 = Tvym and x5 > 0, then z5 = 0. If 29 = z3 and
T4 < x5, then x4 = x5. Finally, if 2o = xpyy and x4 > 0, then x4 = 0.



SIMULATION AND EXPERIMENT ON CHARACTERISTICS 219

2.5. Steady-state characteristic equation of proportional
lowering valve

When the pilot valve orifice of the proportional lowering valve is closed, the orifice
of pilot valve tends to open due to the driving force generated by the oil pressure at
both ends of main spool and the steady-state fluid force it receives. Therefore, the
close state of the orifice of pilot valve can only be instantaneous existence and cannot
keep steady. When the proportional lowering valve is working in the steady state, the
orifice of the pilot valve is opened, prpy = 0, Zrpv = ZLmv = 0, Zrpy = Zrvmy = 0.

From equation (7), it can be obtained that grpyvo = qLpv, thus

pL, TPV = 0

c a2 2 )
pLPY = (M) pL+[Capvdpv (zLpv —zLMV )sindpv]®po (19)

N7 , zrpy > 0.
(%) +[Capvdpv (zLpv —2LMV )sinfpy]?

From the formulas (14) and (16), it can be calculated that

(i1 — diav) + ™ (v — div) T (BRivi — dBv)
4 pL 4 Po 4

1) When

pLev = Fimvs . (20)

2 2 2
Cdeodeo de - de

0<zrmv <omvo or 0 <zrpv < 2Mmvo + -
4Cdpvdpvslngpv d12\/[V1 — di/IV

then

2 2 g2
Capvodpyg d2MV drz’v

1 — b)
apvdpvsinfpy dyrvi —darv

0 for TLPV S ic

TIMV =0 Capvodivg Bry—ddy g (21)
v 4Cdpvdpvsln9pv d§1v1_d12\1v
__ Capvodpyg Ry —dpy <
< TLpV 4C3pvdpvsinfpy dil\/l_di/IV = TMmvo-
2) When 0 < zpmy — 2mvo < amvi, then
2
_ Capvodpyg
TLPV — TLMV = — :
4Cdpvdpvbln9pv

m(d2;, —d3y,)
=PV 2C vy Comvwmy (TLvy — Zmvo) €os Oay (22)

m(d3 iy, —d2y)
w — 2Cqmv Cymvuwny (xLMV - xMVO) cos Oy
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3) When xyvo + 2vvi < 2rvv < Tvvm, then

w(d2,\, —d?
CdPVOdl%vo ( Mv4 PV) +W

4Cdpvdpvsin9pv m(dRpyy —dFyy) -W
4

TLPV — TLMV = ) (23)

where

W = 2CquvComv [wmvamvi + mdmv (Tovy — Tavvo — Tavvi)] €os Oy -

By formula (8), the oil flow flowing out from hydraulic cylinder when the pro-
portional lowering valve works in a steady state can be obtained in the form

Capvomd?
qLL = qLpvo + qLMV= Y 5
4\/1+ ( Capvoddy, )

4Cgpvdpv(zLpv —ZLMV )sinfpy

2
—(pr. — po) +
p(

0 for 0 <zrmv < 2mvo,
2
Camvwmy (Trmv — Tamvo) ;(PL —po) for 0 <zrmv —2mvo < v,

Camv [vaxMw + 7Tde(ﬂﬁLMv — IMV0 — !EMV1)] %(pL - po)

for zpmv > TMvo + TMvi-

3. Simulation analysis

The custom function module of Function in MATLAB/Simulink is used to es-
tablish the simulation model of the proportional lowering valve.

Given the driving voltage of 3.8V, load pressure of 0 MPa, and the simulation
time of 20s, the dynamic response characteristic curve of the flow rate of propor-
tional lowering valve, when the load pressure steps from 5 to 10 MPa, is shown in
Fig. 2, upper part. As is shown in Fig.2, upper part, when the load pressure is
5MPa, the flow of proportional lowering valve stabilizes at about 21.51/min after
rapid adjustment. With a step change of the load pressure to 10 MPa, the system
flow increases rapidly and reaches 28.51/min after stabilization. The adjustment
time is about 0.2s, and overshoots about 7%, which can meet the requirements of
the steady-state flow output characteristic of proportional lowering valve when the
electro-hydraulic lifter of heavy-duty tractor is in the field operating environment.
Given the load pressure of 10 MPa, oil return pressure of MPa, and simulation time
of 20s, the dynamic response characteristic curve of the flow rate of proportional
lowering valve, when the driving voltage steps from 3.4 to 3.8V, is shown in Fig. 2,
bottom part. As is shown in Fig. 2, bottom part, when the driving voltage is 3.4V,
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the flow of proportional lowering valve stabilizes at about 51/min after rapid adjust-
ment. As the driving voltage increases, the main spool opening increases. With a
step change of the driving voltage to 3.8V, the system flow increases rapidly and
reaches 22.51/min after stabilization. The adjustment time is about 0.15s, and
overshoots about 6.7 %, which can meet the requirements of the dynamic speed
regulation characteristic of the proportional lowering valve.
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Fig. 2. Flow rate of proportional lowering valve under a step change in drive
voltage: up—step change in load, bottom—step change in driving voltage

4. Test of the proportional lowering valve

The indoor test platform of proportional lowering valve load-sensing hydraulic
system is constructed.

The throttle valve is connected to the outlet of load-sensing variable pump and
used to regulate the flow rate of the hydraulic system. A proportional relief valve
is set in parallel to the throttle valve to provide the required load pressure for the
proportional lowering control valve. Meanwhile, through the throttle valve outlet the
load pressure can be fed back to the flow control valve of load-sensing variable pump
for pressure compensation. The safety relief valve is used for overload protection of
the hydraulic system and the opening pressure of the valve is 20 MPa. Moreover, the
opening pressure of the proportional relief valve and the valve core opening of the
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proportional lowering valve can be timely controlled by electrohydraulic proportional
controller and proportional control amplifier, respectively.

By setting the input voltage of proportional lowering valve to 3.8V, and the
opening pressure of proportional relief valve controlled by electrohydraulic propor-
tional controller stepping from 5 to 10 MPa at the time of 10s, the dynamic response
characteristic curves of the return oil pressure of proportional lowering valve, load
pressure and outlet pressure of load-sensing pump are shown in Fig. 3, upper part,
while the system flow characteristic curve is shown in Fig. 3, bottom part.
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Fig. 3. Dynamic response curves under a step change in load of proportional
lowering valve: up—pressure, bottom—flow

As can be seen from Fig.3, upper part, the return oil pressure of proportional
lowering valve nearly maintains at 0.5 MPa. When the load pressure steps from
5 to 10 MPa, the pressure built and pressure relief time of the system is about
0.5s, meanwhile, the load pressure and the outlet pressure of pump change almost
simultaneously during the process. Besides, the compensation pressure of load-
sensing variable pump increases with the increasing of system flow and line pressure
loss, averaging approximately 1.5 MPa. It can be seen from Fig. 3, bottom part, that
the system flow increases from 20.3 to 271/min in a parabolic manner when the load
makes a step change, and the adjusting time is about 6.5s. Comparing with the
simulation curves, it can be seen that with the increase of system flow, the internal
leakage of pipeline and variable pump increases, and the steady flow error increases
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from 1.2 to 1.51/min, which satisfies the requirements of the proportional lowering
valve output flow with load changing when the electrohydraulic lifter operates in the
field.

By setting the opening pressure of proportional lowering valve to 10 MPa, and
the input voltage of the valve stepping from 3.4 to 3.8V at the time of 10s, the
dynamic response characteristic curves of the return oil pressure of proportional
lowering valve, load pressure and outlet pressure of load-sensing pump are shown in
Fig. 4, upper part, the system flow characteristic curve is shown in Fig. 4, bottom
part.
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Fig. 4. Dynamic response curves under step change in valve opening of
proportional lowering valve: up—pressure, bottom—flow

As can be seen from Fig.4, upper part, the return oil pressure of proportional
lowering valve nearly maintains at 0.7 MPa when the valve spool opening makes a
step change. The load pressure, affected by the fluctuation of the system flow, makes
a step change from 9.5 to 10.3 MPa. Meanwhile, the pressure built and pressure relief
time of the system is about 1s, the load pressure overshoot is less than 1.9 %, and the
average compensation pressure is about 1.2 MPa. From Fig. 4, bottom part, it can be
seen that the system flow, affected by the spool opening, makes a step change from
4 to 211/min and the adjustment time is about 7s. Comparing with the simulation
curves, it can be seen that with the increase of system flow, the internal leakage
of pipeline and variable pump increases, and the steady flow error increases from 1
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to 1.51/min or so, which satisfies the requirements of the dynamic speed regulation
characteristic of proportional lowering valve when the electrohydraulic lifter operates
in the field.

5. Conclusion

After full consideration of the effective travel ranges of the internal hydraulic
components in proportional lowering valve of the electro-hydraulic lifter, a nonlinear
mathematical model of the valve is established based on the boundary conditions,
which makes a much more detailed description of the working characteristics of the
valve.

The simulation results of the proportional lowering valve show that, with the
increasing of pilot spool lift amount, the throttle opening of the main spool becomes
larger and the spool moves smoothly, thereby the hydraulic impact is small. Besides,
the displacement difference between the two spools is mainly determined by factors
such as the diameter of the pilot valve inlet orifice, the diameter of the pilot valve
seat orifice, the diameter of the main valve orifice and the diameter of the guide
part of main valve spool. And the value of the displacement difference is almost the
same, the main spool follows the movement of the pilot spool and the system flow
can be indirectly controlled by the pilot valve, so the system has a good load speed
regulation characteristic.

By comparing the test and simulation results of the dynamic characteristics of
proportional lowering valve, the average error of the steady-state value of the system
flow is less than 1.61/min, which verifies the correctness of the nonlinear mathemat-
ical model of the proportional lowering valve. Due to the factors such as the inertia
of the load-sensing variable pump mechanism, the internal leakage and the oil com-
pression of the hydraulic system pipeline, the overall inertia of the hydraulic system
increases, resulting in slow system flow response. When the input voltage keeps
constant, the proportional lowering valve can adjust the steady-state output flow in
real-time as the load pressure changes. Besides, when the pressure difference between
the two ends of the valve port remains unchanged, the dynamic speed regulation can
be achieved by changing the input voltage. And this can meet the control require-
ments of the proportional lowering valve during the process of the electro-hydraulic
lifter operating in the field.
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