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Abstract

This paper presents an adaptive friction compensation method based on LuGre model for large

diameter electric-hydraulic proportional valves in which the valve core contains friction. A math-

ematic model of the electric-hydraulic proportional valve is established, and the friction characteris-

tics are described based on the LuGre model. The global asymptotic stability of the control system

with the adaptive friction compensation controller is guaranteed over Lyapunov theorem. The adap-

tive compensation of the friction on LuGre friction model is verified by simulation and experiment.
The steady-state error is about [ —=4.23 x10 "m, 5.91 x10 "m] and [ =2.5 x10 *m, 2.6 x

10 *m] on simulation and experiment, the position tracking accuracy is higher, and the lag time of

the main valve through the dead zone is shorter. The result proves that the adaptive friction compen-

sation method can effectively compensate for the negative effects of nonlinear friction.

Key words: electric-hydraulic proportional valve, pilot stage, LuGre, adaptive friction com-

pensation, experimental identification

0 Introduction

As the requirement for hydraulic control system
increases gradually, higher requirements are put for-
ward for the electro-hydraulic proportional valve'''.
Research institutions and scholars have promoted the
static and dynamic characteristics of the proportional
valve by improving the working principle and structure
all around the world. Due to the friction characteristics
of valve cores, the flow characteristics of valve port and
the hysteresis characteristics of coil of the proportional
valve, the proportional valve core cannot get accurate
displacement control and limits the precision of the
control system. Among them, the nonlinear friction
characteristic of the valve core is the most important in-
fluence factor. The existence of the nonlinear friction
leads to the limit cycle oscillation and low speed crawl
phenomenon, therefore the static and dynamic charac-
teristics of the proportional valve are affected badly.
Reducing the negative impact of the valve core friction

is an effective way to improve the proportional valve’s
dynamic and static performance.

Based on the structure of optimizing valve core,
the nonlinear friction compensation also attracts exten-

2) When the radial force of the propor-

sive attention
tional valve core is balanced, valve core and valve
body fluid port are completely concentric and the clear-
ance around is uniformly distributed between valve core
and valve body, only friction caused by Newtonian flu-
id shear force exists. However, in engineering, certain
shape error and deformation exists in valve core and
valve body fluid port, inevitably the valve core radial
hydraulic pressure distribution is not uniform, and a
large numerical friction is formed. Friction is a func-
tion of velocity discontinuity, and it is the main factor
of high precision motion control **'. Therefore, to im-
prove the performance of proportional valve, the appro-
priate control method must eliminate the influence of
friction.

Nonlinear PID control strategy is a common com-
pensation method. Adjusting the PID parameters by the
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working state is better to restrain friction, such as ana-
lyzing PID control for valve-controlled hydraulic motor
1 and friction compensa-
. With the integral ele-

tion for the electric cylinder'®’.
ment, PID control can eliminate system static error the-

positioning control system

oretically, but low speed friction nonlinear characteris-
tics, the memory of integral element will lead to the
emergence of the limit cycle in position control system.
In the following control system, when speed steering
happens, the integral loop will lead output torque and
static friction to get into the same direction, so as to in-

71 At present, domes-

crease the influence of friction
tic and foreign scholars put forward some adaptive fric-
tion compensation methods, one example is that the
coulomb friction is expressed as a function of time, and
making up for the defects of fixed coulomb friction
‘81 Another

method is to present the observer gain as a function of

model by improving the observer gain

velocity, and the constraint condition of gain function

! However, the

is deduced by Lyapunov function
friction model based on velocity function can’ t de-
scribe the nonlinear characteristic of friction in static,
and the control effect is limited. With the consideration
of Stribeck effect in compensation method, a more pre-

cise description of the friction phenomenon'"’

is given
to the ultra-low speed period. Since the above friction
model is the static one and its dynamic characteristic of
friction compensation effect is limited, its application is
restricted.

The LuGre friction model is a relatively complete
dynamic friction model. All kinds of static and dynam-
ic characteristics of friction can be accurately de-
scribed, which has become a hotspot in the research of
[11-13]

theory and application Basically, the adaptive
control strategy of friction is designed on the basis of
Layapunov stability proved in this paper, which ena-
bles adaptive compensation of the friction on LuGre

friction model.

1 Mathematics model of electro-hydraulic
proportional valve

1.1 Mathematics model of hydraulic proportional
valve

The hydraulic principle diagram of large diameter
electro-hydraulic proportional valve is shown in Fig. 1.
It comprises of a proportional amplifier, a pilot stage,
a relief valve and a main stage. According to the prin-
ciple diagram, the mathematical model of the compo-
nents is established.

1) The proportional amplifier: The proportional
amplifier is used to regulate the electro-hydraulic pro-

portional valve which is an important unit. The mathe-
matical model is described by

i = (ke +%£edt " Td%)+u,- + )k, (1)

where, 1 is the driven current of the proportional elec-
tromagnet, k_ is proportional coefficient, e is the input
deviation signal, T’ is the integration time constant, T,
is the differential time constant, k, is the power amplifi-
cation coefficient, u, is the bias current, u, is the am-
plitude of chatter signal.

T 5
o=t A
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1 The pilot stage; 2 The main stage; 3 The relief valve;
4 The proportional amplifier
Fig.1 The hydraulic principle diagram of large diameter

electro-hydraulic proportional valve

2) The pilot stage: The pilot stage uses direct
proportional direction throttle valve in this paper. The
valve core of power level is driven by the proportional
electromagnet directly, and the flow rate and direction
are controlled.

The proportional electromagnet is described by

F, =kt (2)
where, F, is the force of the proportional electromag-
net, k, is the conversion coefficient of the proportional
electromagnet.

The force equilibrium equation of pilot valve is
described by

d’x dx

F dtzp +B,

ph

— P
=m, + kakxp + Fps + Fp, + pr

de
(3)
where, m, is the pilot valve core and the equivalent
mass in the pilot valve, x, is the displacement of the pi-
lot valve, B,
pilot valve, k, is the centered spring rigidity of the pi-

is the viscosity damping coefficient of the

lot valve, F, is the steady-state fluid force of the pilot

valve, F, is the transient flow force of the pilot valve,

and F, is the friction force of the pilot valve.
According to the pilot valve core and valve body

dimension relations, the pilot valve opening degree is

described by
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x/} + ‘xpil - xps = xp =- xpiv
X, = 0 x, <l x| (4)

pi

X, = X, Ky =X, S X,

pi

where, x ; is the opening degree of the pilot valve port

pi
i, x,, s the overlap degree of the pilot valve porti, x

s Vpiv

is the maximum displacement of the pilot valve.

ps

The flow equation is described by

q, = kx,; —kp, (5)
where, ¢, is the load flow of the pilot valve, p, is the
load pressure of the pilot valve, k, is the flow gain, £, is
the pressure gain.

3) The main stage: The flow continuity equation
of the main valve is described by

dx V. dp,

q, = Am E + Ctppl, + 4ﬁ{, dt (6)

where, A, is the efficient working area of the main

valve, x,, is the displacement of the main valve core,
C,, is the integrated leakage coefficients, V, is the total
compressed volume and B, is the effective volume elas-
tic modulus.

The force equilibrium equation of the main valve

is described by

d’x,, dx,,
AmpL =m, dt2 + Bmp dt + kmk‘xm + ka() + Fms
+le +me (7)

where, m is the main valve core and the equivalent
mass in the pilot valve, B, is the viscosity damping co-
efficient of the main valve, k,, is the centered spring ri-
gidity of the main valve, F ,, is the pre-tightening force

of the centered spring, F,. is the steady-state fluid

ms

force of the main valve, F_ is the transient flow force of

mt

the main valve and F,  is the friction force of the main

valve.

4) The displacement sensor: The linear variable
differential transformer ( LVDT) and modulation-de-
modulation measuring and amplifying circuit are adopt-
ed in this paper. The mathematical model is described
by

u = k%, (8)
where, u, is the feedback voltage of the displacement
sensor, k,, is the conversion coefficient of the displace-
ment amplifier circuit.

According to the mathematical model of compo-
nents, the block diagram of large diameter electro-hy-
draulic proportional valve is concluded and shown in
Fig. 2.

The pilot valve controlling main valve is the typi-
cal valve control cylinder model with elastic load, the
spring- quality-damping system is composed of hydrau-
lic spring, centralizing spring and the mass of main
valve. The simplified model of the main valve output
displacement is shown in Eq. (9).

X =

m

k])A m Vl

1
kmk " kmk(l ¥ 4ﬁekm
22
(i + 1)(3—2 +és + 1)
wl’

Wy Wo

+ ij')

mi

S)(ka() + Fms +F

(9)
where, k_, is the flow-pressure coefficient, k, = k, +
Clp ’

ing frequency of the pilot valve controlling main valve,

k, is the pressure gain, k, =k, /k, , w,is the turn-

ce

[, is the integrated damping ratio of the pilot valve con-
trol the main valve.

Eww+F, +F, + Fm/

2
8" +B,,s+2k,

. 1 %%

m,s* +B,,s +k,. [

FLUTTER
SIGNAL

k

[ 1
‘md

Fig.2 The block diagram of the piloted large diameter electro-hydraulic proportional valve block diagram

1.2 The LuGre model

From relatively static to the relative motion, four
experienced stages of the friction of the main valve core
are the stage of interface elastic deformation, the stage
of boundary lubrication, the stage of partial fluid lubri-
cation and the stage of completely fluid lubrication. In
these four stages, the friction and the relative velocity
are in steady-state corresponding relationship between

contact surfaces, namely the Stribeck model, and the
curve is shown in Fig. 3.

The steady-state of the LuGre model is consistent
with the Stribeck model, which is a relatively complete
dynamic model, and the static and dynamic character-
istics of nonlinear friction can be described and predic-
ted accurately, and the dynamic compensation effect of

14]

the friction is better'*’. In dynamic the LuGre model
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>

Vs v

Fig.3 The curve of the Stribeck

regards the friction contact surface as elastic mane with
stochastic behavior in microscopic' ™',

The friction of LuGre model is produced by the
mane of deflection, the parameters of which are shown

in Eqs(10) ~ (12).

F, :a'0z+0'1$+0'2v (10)
dz [ vl

dz _ 11
d =" g(0)” ()
gog(v) = F, + (F, = F)e " (12)

where , o is the friction rigidity coefficient, z is the av-
erage deformation of the bristle, ¢ is the damping co-
efficient of the friction, o, is the viscous friction coeffi-
cient, F_is the coulomb friction force, F is the static
friction force, v, is the critical velocity of Stribeck, v is
the valve core velocity, g(v) is a bounded function

more than zero.

2 Design of the friction compensation con-
troller

The large diameter electro-hydraulic proportional
valve control system monitors the performance and pa-
rameters of a controlled object with friction compensa-
tion controller, and feeds back acquisition data to the
controller, then makes the proportional valve system
work in optimal state. When the friction compensation
controller is designed, this paper assumes that the spe-
cial-shaped composite non-circular opening valve has
reduced the fluid force of the main valve, and viscous
damping coefficient is neglected. Eq. (7) has been
simplified, thus the force equilibrium equation of main
valve is described by

d2
m d L2

By linking Eq. (13) with Eqs(10) and (11),

the LuGre model is described by

A,p, = c ok, v F 0+ F,, (13)

EAN
g(xlll)

m,x, = Fm/l -oXx, ~ kmkxm — 02 + g, - Fm/iO

m

(14)
where, o = o, + o, > 0.

The observer equation is described by

dz, %, |

=0y 1 Tm 15

dt X g(x.m)z() + l() ( )

dz, | %, |

=Ly L Tm 16

dt xm g(xm) 1 + l] ( )

The observer error equation is described by

dz, | %, |

Y _ _ m - _ l 17

e T g(a,) (7

dz, | %, |

bt B m_ - l 1

TEER R (e
where, z, =z -2%,,2 =2z -4

where, e = x, —x, & = ¢ + Ae.
By linking Eq. (19) with Eq. (14) , the equa-
tion is described by
. F | x.m | .
m,¢e = F, g(x,,,)zl - 0%
-m(i -Aé) = F (20)

The estimated value of o, o,, o is 0y, 0, O,

— 003 + (2] - kmkx/n

m

and the adaptive law is described by

. A~
m,é& = = ke + 008 — 04z - 0 !
g(x,)
I %, | R
+o0,———~z + 0%, - 0%, (21)
g(%,)
where, k >0, 0, =0y -0y, 0, =0, -0,,0 =0
-0, 2% =3 —4, % =z —%.
Define the Lyapunov function for the system
1 B 1 5 | 1 _,
V="me + 0z + 07 +~0y +=0
2" 2 2 2r, 2r,
1
o’ (22)
2r2
where, r,, r;, r, is the adaptive gain, r,, r,, r, > 0.
i [ %, |
V=—-ke - -0, — 27
(xﬂl) g( ln)
_ ) ( %, | )
g - & . %
g(%,)

(
o(gxm +La') oozo(s +1,)

o
T
_ | %, |
o o - (23)
The control rate is described by
7y = - oty (24)
: | %, |
(o =r1821(Tm) (25)
O, =~ nhex, (26>
ly =-¢ (27)
| %, |
I, = . (28)
LT ()

By linking Eq. (20) with Eqs(21) - (25), the
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equation is described by
L%, 1, I %, 1,
2R g (29)
where, £ >0, 0 >0, 0, >0, o, >0, g(x

| %, 1 =0.
=

V=-ke -0

m ) > 0 9
14
the closed-loop system is asymptotically stable.

0, the matrix is negative semi-definite, and

Therefore, according to the Lyapunov theorem,
the adaptive control rate can guarantee global stability
for the system.

3 Parameters identification of the friction
model

Through the method of experimental identifica-
tion, the static and dynamic parameters of the LuGre
friction model are obtained.

3.1 The static parameters identification of the
friction model
When the system works in steady state (dz/dt =
0), by Eq. (13), static friction F, is described by
= Foo (30)

The main valve core moves in different speed

Fjﬁw = pLAm - kmkx

{v} ,\:1 with velocity closed-loop control, the static fric-
tion { F | 11 is obtained by Eqs(10) ~ (12), and the
relation between static friction and velocity is deter-
mined, namely the Stribeck. So, the static friction pa-
rameters F., F., v, and g, are estimated by the physi-
cal meaning of the Stribeck. Fitting the test results with

the least square method, the results are shown in Fig. 4
and Fig.5, the static friction parameters are shown in

Table 1.

*

Friction-speed point
LS curve fitting

Steady friction (N)
=
(=}
T

135 -
130 -
125 1 | F—| | !
0 5 10 15 %

Speed (mm/s)
Fig.4 Fitting curve of the static friction model

in positive direction

-HOA
-120 -
= |
£
S =
E -130
>
g L
E 140 -
*  Friction-speed point
. — LS curve fitting
-150 L M I
-15 -10 -5 0
Speed (mm/s)

Fig.5

Fitting curve of the static friction model

in negative direction

Table 1 Identification parameters of the LuGre static friction model
Direction The static parameters
F, (N) F, (N) v, (mm/s) o, (N/(mm/s))
Positive 151.0767 122. 1845 10. 69 0.5475
Negative - 141. 0647 -102. 6461 -9.89 0.5475

3.2 Dynamic parameters identification of the fric-
tion model

In the region of the static friction at low speed,
the main valve has no apparent movement, and the
dz/ dt =
%, , by Eq. (10), the main valve friction F, is de-
scribed by

F.p=ow, + (0 +0,)%, (31)

When the motion stops

friction type is the coulomb friction. z = x

m

F’nfsgnxln
oo =T (32)

where, x, is the steady-state displacement in the region
of static friction.

Based on the identification results, x, =0.04029mm
is obtained by a small step signal response, then g, is
got.

Ap, = mi, + (o +0y)%, + (k,; +09)x,

(33)
By applying the Laplace transform, Eq. (34) is
described by
1
Gls) = m,s’ + (o, +0y)s +k,, +0, (34)
2
®

s+ 2bw,s + a),zl (35)

G(s)

where, w, is the natural frequency of second-order os-
cillation, £ is the damping ratio of second-order oscilla-
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tion, the best damping ratio is 0. 7.
By linking Eq. (34) with Eq. (35), the function
is described by
o+, =2¢ /m,(k, +0y) (36)
By linking Eq. (33) with Eq. (36), the dynamic

friction parameters as shown in Table 2.

Table 2 The identification parameters of the LuGre

dynamic friction model

Direction The dynamic parameters

o, (N/mm) o, (N/(mm/s))
Positive 3035.00 0. 6854
Negative 3035.00 0. 6854

4 Simulation and experimental analysis of
the friction compensation

4.1 Joint simulation model for the friction com-
pensation
The joint simulation model of AMESim and MAT-
LAB/Simulink for the piloted large diameter electro-
hydraulic proportional valve is shown in Fig. 6.

Three-position four-way pilot valve @

Proportional magnetic valve

= e
et ||
A T
LT \
Displacement sensor |
— = Speed sensor

Q)

_ ) P(oi)})nional throttle valve
<J4P E%!MA
fin i

Fig.6 Joint simulation model of AMESim and
MATLAB/Simulink

/], A
Friction plane system ,’j‘&“ M
\
T o

Spring force plane system "’

Three-position four-way valve

4.2 The simulation analysis of the friction com-
pensation

The low speed crawl phenomenon of the main
valve turns up in the process of low speed movement.
The paper contrasts the friction compensation effect of
the feed-forward compensation and the adaptive com-
pensation. The displacement of main valve core and er-
ror response to the sine input ( y =7.5 x10 sin0. 1)
are shown in Fig. 7 and Fig. 8.

As shown in Fig. 7 and Fig. 8, the low speed
crawl phenomenon of the main valve core is basically
eliminated to the sine input. Under the feed-forward
compensation control, the steady-state error is [ —1.51
x10*m, 0.76 x 10 *m]. The friction compensation
has a better effect. However, the main valve reversing

——— Sine signal
8.0x10° r - — — - Adaptive model response
6'0><10'3 C Feed-forward model response
7 40x10°
= aF
.5 2.0x10
b= 0
2 -3
F 2.0x10
-4.0x10°
-6.0x10° I
3
8O0,y o 1
0 5 10 15 20
Time (s)
Fig.7(a) The response to the sine input
— Sine signal
7.6x 10.3 - = — - Adaptive model response
7.5x10°
E 7.4x10”
=
] 3
£ 7.3x10
¢ 3
- 7.2x10
7.1x10° |-
7.0% 10'3 ! | L | 1 | I |
4.0 45 5.0 5.5 6.0
Time (s)
Fig.7(b) The enlarged drawing of [
g o t=]
-6.8x10° —
Sine signal
i - — — - Adaptive model response
~-7.0x10° - ___ Feed-forward model response
é 3
g
g -7.2x10°
2]
o
~
-7.4x10°
-7.6x 10'3 1 | 1 | 1 | 1 |
14.0 14.5 15.0 15.5 16.0
Time (s)
Fig.7(c) The enlarged drawing of [
4 —— Adaptive compensation
1.0x10" - - - - Friction compensation
g
5 0
5
o
g
-5 4
§ -1.0x10
=
22.0%10 4 I | I | L | L ]
0 5 10 15 20
Time (s)

Fig.8 The error curve

in the full scale position, the polarity of the proportion-
al valve has not changed. The main valve high pressure
is reduced to the level of the passivity force with the
corresponding throttle, and the valve core gets to the
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dynamic force balance. Therefore, the main valve has
a sensitive area, and forms the phenomenon similar to
At the same time, due to the “dead
zone” , the biggest tracking error appears at 10s.

a “flat top”.

The adaptive friction compensation tracking per-
formance is obviously better than the friction feed-for-
ward compensation, its steady-state error is near zero,
about [ =4.23 x10 °m, 5.91 x 10 °m]. The posi-
tion tracking accuracy is higher, and the lag time of
the main valve through the dead zone is shorter than
the feed-forward compensation control. By analyzing
the effect of the friction compensation method, the
adaptive compensation based on LuGre friction model
has obvious advantages in terms of friction compensa-
tion, which greatly improves the low speed tracking
performance of the position control system.

4.3 The experimental analysis of the adaptive
friction compensation
The nonlinear friction compensation hydraulic
principle diagram and test bed are shown in Fig.9 and
Fig. 10.

The friction characteristics change along with the
change of system operation conditions and environ-
ment, and the friction model parameters changes as
well. It is very difficult to achieve satisfactory effect for
the feed-forward compensation with fixed parameters.
The adaptive friction compensation is combined with
friction model parameters estimation and adaptive fric-
tion compensation controller, the changes of the fric-
tion model parameters and the object system model

16~
117
150 S 1534
11.6X 1;2 11.8X
14,
13.4? i15
133 42 46 14.3% 13.3
13 ?
I? S i
12 14.1
13.1
11.1 112 15
3
10.1 92
102Q
8
9.1

Sy Yoy |

Fig.9 The hydraulic principle diagram of the proportional

valve test bed

Fig.10 The test bed of the proportional valve

parameters can be compensated in real time. It
achieves satisfactory compensation effect and meets the
requirements of control accuracy, experiment curves of

which are shown in Fig. 11 and Fig. 12.
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Fig.11(b) The enlarged drawing of |
-6.8x10° —
L Sine signal
_ 7.0x10° - — — - Adaptive model response
g L
£ -7.2x10°
2
= 3
-7.4x10
7.6x10° |-
C 1 | 1 | 1 | 1 J
14.0 14.5 15.0 15.5 16.0
Time (s)
Fig.11(¢) The enlarged drawing of II
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0
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_3.0)(10‘4 [ L | ! | 1 | 1 |
0
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Fig.12 The error curve

As shown in Fig. 11 and Fig. 12, the actual loca-
tion tracking is essentially overlapped with the given
position under the adaptive friction compensation, its
steady-state error is near zero, about [ —2.4 x10 *m,
2.6 x10 *m]. The experiment results and simulation
results have certain difference due to the change of oil
temperature, oil elastic modulus, abrasion of valve
core and so on in experiment. The result of the experi-
ment still proves that the adaptive friction compensation
method can effectively compensate for the negative
effects of nonlinear friction. It is able to achieve loca-
tion tracking quickly with good stability. Compared
with the feed-forward friction compensation method,
the compensation effect is better, and it is suitable for
high precision positioning control and frequent revers-

ing conditions.
5 Conclusion

Based on the Lyapunov stability the adaptive law
of the friction parameters is designed, and the adaptive
compensation model based on LuGre friction model is
built. The accurately joint simulation model of large di-
ameter electro-hydraulic proportional valve is estab-
lished, and the effectiveness of the friction nonlinearity
compensation strategy is analysed.

The adaptive friction compensation based on
LuGre friction model gives full consideration to the dy-
namic friction problem of large diameter electro-hy-
draulic proportional valve core. The adaptive friction
compensation method can accurately compensate for the
negative effects of nonlinear friction, and it is able to
achieve location tracking quickly with good stability. Tt
is a feasible solution to improve the dynamic control
performance of large diameter electro-hydraulic propor-
tional valve.
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