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ABSTRACT. In this paper, an improved variable rate power reaching law of sliding mode
control strategy is proposed for the position control system of electric control valve, which
can improve the rapidity and robustness of electric valve with friction. Firstly, a dy-
namic model of electric control valve with friction is developed for the control system.
Secondly, an improved variable rate power reaching law is proposed to keep high tracking
performance of electric control valve, which can dynamically adjust the convergence rate
of position tracking. In order to improve the performance in steady-state regime, the
boundary layer is applied to attenuate the chattering issue of sliding mode control out-
put. Finally, the effectiveness of the proposed reaching law control strategy is justified by
simulation study on electric control valve with friction. The simulation results show that
the control strategy not only ensures the better steady-state and dynamic performance of
the electric control valve system, but also a better anti-interference ability.

Keywords: Electric control valve, Friction, Sliding mode, Variable rate power reaching
law, Boundary layer

1. Imtroduction. Control valves are one of the most common automation devices, which
are widely used in aerospace, hydraulic engineering, petrochemical industry, environmen-
tal protection and other pipeline transportation systems [1]. The structure of electric
control valve is relatively simple, mainly composed of motor, mechanical transmission
mechanism, valve stem and spool unit. And the motor is its core control component.
Compared with pneumatic control valves, electric control valves have the advantages of
more convenient energy acquisition, faster response, higher adjustment accuracy, and
greater output torque [2]. Especially in scenarios where there are high requirements for
valve control accuracy, electric control valves have great advantages.

Friction is prevalent in nature and occurs in almost every mechanical device with mov-
ing parts [3,4]. Friction is highly nonlinear and may not only result in poor tracking
accuracy, large steady state errors [5], dead zone and poor control performance, but also
lead to slip jump phenomenon, unwanted oscillation and excessive wear [6]. The nonlin-
earity of electric control valves is mainly attributed to the friction generated by the valve
packing, which is formed of rings of composite materials acting as a dynamic seal between
the valve stem and the material flowing through the valve [7]. According to statistics,
about 20%-30% of the oscillations in control loops are caused by friction and hysteresis
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in control valves [8]. Therefore, reducing the effects of friction in electric control valves is
an important way to improve control performance.

In order to reduce the adverse effects of friction in control valves, researchers have pro-
posed many control strategies and compensation methods including PID control strate-
gies [9,10], adaptive control [11,12], machine learning and neural network-based methods
[13,14], state-observer-based compensating control [15,16], sliding mode variable struc-
ture control [17-20], and so forth. Sliding mode control (SMC) is mainly designed for
nonlinear systems, with the characteristics of simple structure and excellent robustness.
SMC can effectively overcome the nonlinear characteristics of friction and is insensitive to
parameters indeterminacy of control system, unmodeled dynamics, and unknown external
disturbances [21,22]. With respect to motor control of electric control valves, Utkin, one of
the founders of variable structure control, and his collegues have amply discussed the de-
sign methods of variable structure control in DC motors, permanent magnet synchronous
motors and induction motors in their work [23,24]. Therefore, SMC has great advantages
in the control of electric control valves with nonlinear friction. However, due to the switch-
ing characteristics of SMC, the output of the sliding mode controller is superimposed with
high-frequency oscillations, which is regarded as chattering phenomenon. Chattering may
eventually damage the motor and the mechanical transmission mechanism [25].

Scholars have conducted a lot of researches to alleviate the chatting. Gao first proposed
the reaching law method and summarized three classical reaching laws to improve the
dynamic response performance of the system and to attenuate the chatting by adjusting
the reaching law parameters [26]. However, the three classical reaching law methods still
have some shortcomings, such as slow reaching rate. Therefore, a double power reaching
law is proposed, which consists of two idempotence terms with the same form based on
the power reaching law. By setting the coefficient value of two idempotence terms to
adjust the speed of the reaching law, the convergence speed and the dynamic quality are
improved [27]. An enhanced exponential reaching law is proposed where the idempotence
term coefficient of the power reaching law takes a fractional form, and the denominator
polynomial is used to improve the dynamic response of the control system and reduce
the chattering [28]. A segmentation function design method is used to segment the power
reaching law, and the parameters of each section are designed separately to ensure that
the sliding mode control has a faster convergence speed and less chattering at different
stages [29]. A fractional order reaching law is designed using fractional calculus to cope
with the control system of the manipulator, and it can enhance the robustness and weaken
the chattering phenomenon of the control system by setting a suitable calculus operator
[30].

However, the reaching laws designed above are set with fewer parameters and used fixed
parameter values, which can only regulate the convergence rate and suppress chattering
within a limited range. In order to improve the above deficiencies, the state variables of the
control system can be introduced into the expression of reaching law, that is, to construct
a variable gain coefficient polynomial containing the state variables of the system, so that
the convergence rate can be dynamic adjusted by the change of state variables. A faster
convergence rate is achieved when the system state is far from the sliding mode surface,
and smaller chattering when the system is close to the sliding mode surface [31,32].

However, for the control system with particularly high control accuracy requirements,
it is necessary to further reduce the chattering and ensure fast convergence rate. In this
paper, a sliding mode control method with variable speed power reaching law is inno-
vatively proposed for the electric control system with friction. Particularly, by adding a
global variable gain polynomial term to the power reaching law, and introducing a poly-
nomial expression containing the state variables of control system into the exponent of the
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power term, the dynamic characteristics and robustness of the control system are greatly
improved. Based on the above method, this paper introduces the boundary layer method
and sets the appropriate value of the boundary layer, so that the control performance can
be guaranteed while the chattering can be further attenuated.

The main contributions of this paper are summarized as follows.

1) The composition and motion characteristics of electric control valve are comprehen-
sively analyzed. Taking the nonlinearity into account in the electric control valve model,
a dynamic model of electric control valve with friction is established. With a moderate
number of parameters, the model can better reflect the real dynamic characteristics of
the electric control valve. And it can be applied to general electric control valves, with
universality and practicality.

2) A novel improved variable rate power reaching law sliding mode controller is pro-
posed in this paper. By introducing the global gain and the state variables of the control
system in the reaching law, the controller not only makes the dynamic response of the
control system faster but also has better robustness. By combining the boundary lay-
er method, the chattering of the sliding mode control is significantly weakened, and the
control performance is guaranteed at the same time.

This paper is organized as follows. Section 2 presents the process model of an electric
control valve. The improved variable rate power reaching law sliding mode control is
proposed in Section 3. In Section 4, a numerical simulation is presented to illustrate the
advantages of the proposed method, and the results are depicted and discussed. Finally,
the conclusions are drawn in Section 5.

2. Problem Statement. In Figure 1, the structure of an electric control valve is pre-
sented. The symbols in the electric control valve are defined as in Table 1. The electric
control valve mainly consists of permanent magnet DC motor, planetary gear box, me-
chanical transmission mechanism, valve seat, and valve stem. The DC motor provides the
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| D7 Drear Motor, )T”‘ Ke Mg I n P, X
i m 1oy ) >

] : mechanical
i| Permanent magnet DC —1 planetary e . =
. | N —d transmission L |
motor — gear box ! . -
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Valve stem

FI1GURE 1. The composition of electric control valve

TABLE 1. The definitions of each symbol

Parameter Description
Vin The armature circuit voltage
Win The motor shaft angular velocity
T The torque constant
K, The reduction ratio of gear box
Mg The gear box efficiency
T, The output torque of gear box
wy The gear box shaft angular velocity
P, The lead of the screw
s The screw efficiency

x The relative stem position
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power source for the valve stem, and the planetary gear box is used to reduce the angular
velocity of the motor and increase the output torque. Then the mechanical transmission
mechanism converts the rotary motion of the gear box into linear motion and drives the
valve stem to make linear displacement, usually using a screw as the mechanism. A linear
position sensor is also installed at the valve stem for real-time feedback on valve position.

There are many non-linearities, external disturbances and uncertainties in electric con-
trol valves, such as the backlash in the gear box, the friction of the valve stem seal packing,
the voltage fluctuations in the DC power supply, the unbalanced fluid forces and changes
in the parameters of the DC motor. These are generally ignored in the process of establish-
ing the dynamic mathematical model of the electric control valve. However, the friction
has a large impact on the electric control valve, which is difficult to ignore. In order to
improve the accuracy of the model, the friction is taken into account in this paper when
modelling the dynamic model of electric control valve. The dynamic modeling process is
described in detail in the following.

According to Kirchhoft’s voltage law, the DC motor’ armature voltage is defined as

di

Vin = Rl + dt+e (1)

where V., 4y, R, L, e, represent the armature circuit voltage, the armature current,
the armature resistance, the armature inductance and the motor back-emf voltage, re-
spectively. The motor back-emf voltage e,, = K,,w,,, where K,, is the back-emf voltage
constant, and w,, is the motor shaft angular velocity. It should be noted that for typ-
ical DC servo motors, L,, < R,,, and therefore the inductance can be neglected. The
armature current can be expressed as
im _ Vm - mem (2)
R,
According to the Newton’s second law, the gear box’s equilibrium load can be expressed
as
Jeqwl = T‘l - TL (3)
where J., represents the rotational inertia of the gear box. w; represents the gear box
shaft angular velocity. T} represents the output torque of gear box. T}, represents the load
torque. w; = %v where K is the reduction ratio of gear box. T; = T,,n,K,, where T,,
represents the torque generated by DC motor, and 7, is the gear box efficiency. Consider
the relationship between the DC motor torque 7,, and the armature current 7,,. The DC
motor torque can be written as T,, = Kq1,,, where K represents the torque constant.
(3) can be rewritten as

) Vi — K K w

Jogiy = K, K, ot -1y (4)

The dynamic equations of screw are defined as

2w
= — 5
w=p (5)

2

F=—nT 6
Phﬁ L (6)

where P, is the lead of the screw, x is the relative stem position, F' is the stem thrust,
and 7 is the screw efficiency.
For the sliding stem, the force balance equation based on Newton’s second law can be
written as
mi = I — Ffriction - Fﬂuid — Fyeas (7)
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where m represents the mass of moving parts, Fjyeion represents the friction force, Fpyq
represents the force due to fluid pressure drop, and Fj.,; represents the extra force required
the stem into the seat. Flq,q and Fi, can be negligible because they are two orders of
magnitude smaller than other forces.

According to [3], the friction force can be modeled as

#\2
Ffriction = Fc + (Fs - Fc)e_(”_S) ] sgn (l’) + FV{IZ' (8)

where F is the Coulomb friction force, F, is the static friction force, v, is the Stribeck
speed coefficient, and Fy is the viscous friction coefficient. The function sgn() makes
Equation (8) discontinue, but to design sliding mode controller, a smooth model is re-
quired. Therefore, sigmoid function tanh() is used to replace the sign function sgn().
Equation (8) can be rewritten as

5\2
Ffriction = [Fc + (Fs - Fc)e_(”i‘) ] tanh (,Ul') + Fvllj' (9)

where p is a positive constant which can adjust tanh() to approximate sgn(), as shown in
Figure 2.

friction model

F, . /N
friction = = = tanh() function fitting curve

v/m-s™!

FIGURE 2. Stribeck friction model

According to Equations (4)-(7), the dynamic mathematical model of electric control
valve is obtained as

7 2mE KTngng Krn,(K,)?K,, 27 b,
“p, R, " R, P, 2mn,
Let the variables 1 = x and x5 = & be the system states, where 1 is the speed of stem.

The space model of electric control valve with friction can be expressed as

(mx + Ffriction) (1O>

jfl = T2
: 1 | KK, QWKTﬂg(Kg)2Km b, (11)
L2 =7 Vm - To — —Ffriction

M Ry, R, P, 27N,

2 2m . K . .
where M = %, V. is the sliding mode control input, and y = x; is the system
output.
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3. Sliding Mode Controller Design. For the model (11), the position tracking error
of electric control valve is defined as e = y — y4 = 21 — y4, where yq is the position setting
value, and then é = x5 — 94.

The sliding surface is selected as

s=¢e+Ce (12)

where C' is a strictly positive constant.
Differentiating the sliding surface, we have

s=é+Ceé (13)
Substituting position tracking error e and its first-order derivative é into (13) obtains
§$ =129 — g+ C(x2 — Ya) (14)
Combining (11) and (14), the first-order derivative of sliding surface yields as
1 [Kmm,K, 2 Krny (K,)2 K, P
S = — M‘/ - T T,r]g( g) To — i Ffriction + C(x2 - yd) (15)

M R,, " R, P, 2mn

3.1. SMC design with improved variable rate power reaching law. The tradi-
tional sliding mode control does not know the sliding process, and can lead to a high
control activity, known as chattering. To gain a better control performance, the sliding
mode control can use the reaching law strategy.

Mozayan et al. [28] proposed an enhanced exponential reaching law (EERL)

. k2 A
§$=—kis — N(s) |s|*sgn(s) (16)

N(s) =6+ (1—8)e sl
where k1 >0,k >0, 0<A<1,0<d<1,v>0,p=1.

If the initial value of s is large, the value of N(s) converges to 0, EERL is —k;s —
E2|5|7sgn(s), which is faster than conventional power reaching law —kis — ka|s|”sgn(s).
When s converges to sliding surface, the value of N(s) converges to 1, and EERL is
equivalent to the conventional power reaching law.

EERL can bring a fast convergence rate and reduce chattering, but the dynamic perfor-
mance of electric control valve needs to be faster and in the steady state it is necessary to
avoid stem chattering in order to prolong the valve life. To solve above mentioned issues,
an improved variable rate power reaching law (VRPRL) is proposed with the following
expression )

§= NG [—k1s — ko|s|7@2) sgn(s)]
N(s) =6+ (1 —8)e sl
o(z2) = a+ (A — a)e Pl
where k1 >0,k >0, 0<A<1,0<d<1,vy>0,p>0,a>\ 8>0.

As shown in Equation (17), the VRPRL introduces a global variable gain N(s), relative
to the EERL. If the initial s is large, the value of N(s) converges to 0, and then the
VRPRL converges to 3 [—kis — ko|s|7®2)sgn(s)], which is faster than EERL under the
same parameters. This means that the dynamic response is faster than EERL method.
When s converges to sliding surface, the value of N(s) converges to 1, and the variable
rate power reaching law is equivalent to the conventional power reaching law.

The VRPRL also introduces the speed of stem z, in the exponential term of |s| to
control the convergence rate of s.

(17)
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At the initial moment of the control system, x5, = 0, o(z3) = A, as x increases,
the value of o(xs) increases and then reaches its maximum value. During this period,
ko|s|7@2) > ky|s]*, VRPRL is faster than EERL, under the same parameters. In the
middle and later stages of the dynamic response, |xs| gradually decreases and eventually
converges to 0, o(zy) decreases and converges to A, at the same time. Introducing xs can
dynamically adjust the reaching speed.

According to the above analysis, the innovative introduction of the global variable gain
N(s) and stem speed x5 improves the dynamic response performance from two aspects. On
the one hand, the global variable gain N(s) enables the system to obtain a faster reaching
rate than EERL method; on the other hand, the changing value of x5 can accelerate the
dynamic response rate in the initial stage and has smooth transition in the later stage.
This is precisely the difference between VRPRL method and EERL method.

Finally, substituting the variable rate power reaching law (17) into Equation (15), the
sliding mode control law u is obtained

R,, M 2 Krn, (K )2Km
= — ks — kolg|o®2) g\"g
wm i f A s = sl sgn(s)] + SR,
P .
+ F;;S friction — C ($2 - yd)} (18)

Lyapunov stability theory is an important tool for control system analysis and design.
The system stability analysis is performed by introducing Lyapunov equation.

Theorem 3.1. Under the effect of the variable rate power reaching law (17), the control
system will converge to the equilibrium point s = 0.

Proof: Construct the Lyapunov function as

1
V=38 (19)
Differentiating the sliding surface and substituting Equation (17) yields
. 1
V=58 = g [Pl = alsl 7] (20)

Obviously, V < 0, and there is V = 0, if and only if s = 0. Therefore, the system is
asymptotically stable.

Remark 3.1. The variable rate power reaching law can let the sliding mode function s
reach the sliding surface s = 0, i.e., the control system output can track the setting value.

3.2. Boundary layer design. To further improve the steady-state performance and
reduce the chattering of the control system output, this paper uses the boundary layer
combined with the reaching law sliding mode control.

The boundary layer uses the saturation function sat() instead of the sign function sgn()
in the sliding mode control law, and the saturation function is shown in Equation (21).
According to the expression of the saturation function, the normal sliding mode control
is used outside the boundary layer, while the continuous state feedback control is used
inside the boundary layer. This method is relatively simple and easy to implement.

If the boundary layer is too small, it will make the control gain too large to enhance
the chattering although the control effect can be excellent. If the boundary layer is too
large, the control effect becomes weak, and the dynamic performance and robustness
of the control system will be adversely affected [24]. Therefore, it is necessary to pay



410 Y. YUE, X. BAI AND X. ZUO

attention to the setting of the boundary layer to balance the relationship between control
performance and the weakening of the chattering to obtain desired performance.

sgn(s) |s| > A
sat()—{s/A 5| < A (21)
4. Simulation Results. This section validates the effectiveness of the proposed SMC
algorithm in the electric control valve with friction by simulation. The parameters of
the DC gear motor and screw, produced by DONGZHENG MOTOR and Nanjing spring
letter automation equipment company respectively, are shown in Table 2. The friction
parameters are shown in Table 3. By conducting simulation experiments with these pa-
rameters, taking account of the limitation of DC voltage amplitude and the constraint of
maximum output speed of the gear box, finally the setting of the values of reaching laws
is obtained, shown in Table 4, so that the simulation results are close to the actual oper-
ation and more convincing. The classical power reaching law, the enhanced exponential

TABLE 2. The parameters of planetary gear motor and ball screw

Parameter Description Value
R, The armature resistance/(§2) 4.5
K, The back-emf voltage constant 8.007 x 1073
Kr The torque constant 7.67 x 1072
Jeq The rotational inertia of the gear box/(kg.m?) 37.04
K, The reduction ratio of gear box 422
Mg The gear box efficiency 0.72
P, The lead of the screw/(m) 0.005
Ns The screw efficiency 0.78

TABLE 3. The parameters of Stribeck friction

Parameter Description Value
m Mass of valve stem and plug/(kg) 1.6
F, Coulomb friction/(N) 684
F, Striction friction/(N) 773
Fy Viscous friction coefficient 2.32 x 10*
Vs Stribeck velocity/(m/s) 2.54 x 1074
i tanh() coefficient 10000

TABLE 4. The values of reaching laws

Parameter (a)  (b) ()

k1 0.1 0.1 0.1
ko 0.016 0.016 0.016
A 0.07r 0.07 0.07
« — — 1.5
15} — — 5)
) — 0.01 0.01
vy — 1 1
P — 0.1 0.1
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reaching law, and the variable rate power reaching law are respectively simulated and the
results are compared with each other.
(a) The classical power reaching law (PRL)

. k2 A
T 929
$ kis N(s) |s|*sgn(s) (22)
(b) The enhanced exponential reaching law (EERL)
: ks
§ = —kis — ——|s]*sgn(s
5= lsPsan(s) )

N(s) =0+ (1 —§)e k"
(c) The improved variable rate power reaching law (VRPRL)

1
§ — — | — — o(x2)
$ NGs) [—k1s — ko|s|7*2) sgn(s)]

N(s) =6+ (1 = §)e~ (24)
o(x3) = a+ (A — a)e Pl

The reaching laws (22) and (23) are put into Equation (15) to obtain the sliding mode
control laws, respectively. The initial states of the control system simulation are y = 0,
x9 = 0, the valve stem travel range is from 0 to 0.1 m, the parameter of sliding mode
function (12) C' = 3.933, and the stem setpoint is 20% of the stem travel range.

Figure 3 to Figure 5 show the simulation results of the system output tracking the
valve displacement setting under different reaching laws without introducing boundary
layer. Figure 3 shows the comparison of the position tracking result under the sliding
mode control with different reaching laws. As is exemplified in Figure 3, the sliding mode
control can effectively overcome the friction of the electric control valve. In the dynamic
response process, the valve position output converges the slowest under the reaching law
(a). Relatively, the reaching law (b) converges faster, and the reaching law (c) has the
fastest dynamic response. From Figure 4, it can be seen that the error convergence rate of
the reaching law (c) is faster than the other two reaching law methods. the PRL (a) has
the slowest dynamic response and the VRPRL (c) has the fastest dynamic response. From
Figure 4, it can be seen that the error convergence rate of the VRPRL (c) is the fastest
among these three reaching law methods. Figure 5 shows the variation curves of s with
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F1GURE 3. The position tracking result with different reaching laws
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FIGURE 5. The convergence of s with different reaching laws

different reaching laws. From comparison of the s convergence in Figure 5, the VRPRL
(c) can make the sliding mode variable s converge to the sliding surface faster than the
others, so that the tracking error of the electric control valve also has a faster convergence
speed. And the chattering still exists with three reaching laws, but the amplitude of
chattering is very small, and the value of |s| is less than 107 as can be seen in Figure 5.

The sliding mode control method based on the VRPRL (c) generates small-amplitude
chattering. Considering that chattering may cause hazards such as high-frequency un-
modeled dynamics of the control system, the boundary layer method is used to further
reduce chattering. In the simulation experiments using the boundary layer method, the
sign function sgn() in the reaching law (a), (b), and (c) is replaced by the saturation func-
tion sat(), and the model parameters and friction parameters of the simulation remain
unchanged. The stem setpoint is 20% of the stem travel range, and the boundary layer
A = 0.001. The simulation result is shown in Figure 6. Figure 6 shows the variation trend
of each reaching law after adding the boundary layer. It can be seen that the chattering is
substantially weakened after adding the boundary layer and the VRPRL (c) still has the
fastest dynamic response. At the same magnification as in Figure 5, the chattering phe-
nomenon can no longer be observed by using the boundary layer method, indicating that
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FIGURE 7. The convergence of s when the |s| > 1

the reaching law sliding mode control combined with the boundary layer has a stronger
inhibitory effect on chattering.

Therefore, the superiority of VRPRL (c) sliding mode control for the dynamic response
is verified in the simulation experiment, regardless of whether it contains a boundary layer
or not.

To comprehensively analyze the validity of the method proposed in this paper, the
initialization is set |s| > 1, and the convergence of s for each reaching law sliding mode
method is compared. The dynamic mathematical model of electric control valve and reach-
ing law sliding mode control parameters remain unchanged, and the condition of |s| > 1
is satisfied by changing the setpoint of the control system. From the simulation results
shown in Figure 7, it can be seen that when the initial value of s is about —2, the s
convergence speed of the VRPRL (c) is larger than that of the other two methods (a) and
(b), as a result the convergence time of this method to the equilibrium state is significantly
shorter. This indicates that the s converges faster with the variable rate power reaching
law when |s| > 1, which ensures the faster valve position tracking. Therefore, compared



414 Y. YUE, X. BAI AND X. ZUO

20F — N

—_
W
~
~
~
o
~

10.41,21.33)
10.31, 20.99)
10.30, 20.98)

—_
(=)
T

Stem position(%)

F1GURE 8. The position tracking result with boundary layer under disturbance

0.010

0.008

0.0080

0.006
0.0075

0.004

0.0070 !

0.0065 Lt

N
10.100 10.125 10.150 10.175 10.2¢

0.002

0.000

t/s

FIGURE 9. The convergence of s with boundary layer under disturbance

with methods (a) and methods (b), the VRPRL law (c) still ensures that the control valve
has the fastest dynamic response, when s is far away from the sliding surface.

In order to verify the robustness of the VRPRL (c) in the valve position control system,
an external disturbance is applied to the control system at the steady-state output period
for simulation. The setpoint of valve position and other parameters are kept unchanged,
the external disturbance is applied at t = 10 s, and the magnitude of the disturbance is
d = 0.1 m/s%. Figures 8 and 9 show the response of different reaching law sliding mode
control for disturbance rejection. It can be easily seen in Figure 8 that the maximum
value of the valve output with the PRL (a) is 21.33%, which is 1.33% larger than the
steady state value after adding the disturbance, and the maximum values of the valve
output with the EERL (b) and VRPRL (c) are 20.99% and 20.98%, respectively. The
methods (b) and (c) consume less time to return to the steady state. Figure 9 shows the
variation of s for each reaching law under the effect of disturbance. From Figure 9, the
s of the VRPRL (c) converges to the equilibrium state relatively faster and the PRL (a)
converges relatively slower under the effect of the disturbance. Therefore, the VRPRL
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(c) has a better anti-disturbance ability and shorter recovery time, which ensures the
robustness of the valve position control of the electric control valve.

The introduction of the boundary layer can further suppress the chattering, but it
will reduce the control performance, which further weaken the robustness of the system.
Therefore, it is necessary to analyze the robustness of the sliding mode control under the
frame of VRPRL (c) both with and without the effect of boundary layer. Figure 10 shows
the simulation results of the boundary layer on the disturbance rejection capability of the
electric control valve position control system, in which the amplitude and introduction
time of the disturbance remain unchanged. As can be seen in Figure 10, under the effect
of disturbance, the valve tracking output of the VRPRL with boundary layer is larger
than that without the boundary layer. It is verified that the introduction of the boundary
layer impairs the control performance, but the difference between the two peak outputs
is only 0.009%, indicating that the boundary layer setting is reasonable, which has little
effect on the system, and ensures the robustness of the valve position control system with
VRPRL (c) method.

In summary, the simulative experiment of the control of electric control valve with fric-
tion verifies that the variable rate power reaching law (VRPRL) sliding mode control has
the fastest tracking speed, in comparison with the other two methods. It also verifies that
the introduction of the boundary layer method can significantly weaken the chattering
and improve the steady state output of the valve. The simulation with the external dis-
turbance verifies that the variable rate power reaching law (VRPRL) sliding mode control
has a better ability to suppress the disturbance. Finally, the simulation examines whether
the inclusion of boundary layer has influence on valve position control, which verifies that
the boundary layer value is set reasonably so that the valve position control system not
only has excellent chattering reduction ability but also has a good robustness.

5. Conclusions. In this paper, a sliding mode control method based on the variable
rate power reaching law has been proposed for the valve position control system. Accord-
ing to mechanism analysis, a dynamic model of electric control valve is established for
simulation. A variable rate power reaching law method is proposed, and its asymptot-
ic stability is proved theoretically. This method integrates the power reaching law and
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the enhanced exponential reaching law, and introduces the system state variable. Com-
pared with the power reaching law and the augmented exponential reaching law SMC,
the variable rate power reaching law SMC makes the dynamic response of the system
output faster. The boundary layer is introduced to improve the steady-state performance
and alleviate the chattering of the traditional sliding mode control algorithm. By using
simulations of an electric control valve model with friction, the control performance and
robustness of variable rate power reaching law SMC and the other two reaching laws are
compared. The simulation results show that the variable rate power reaching law SMC
can effectively overcome the adverse effects of friction, and has faster dynamic response
and better robustness.

This paper focuses on friction compensation of electric control valve based on sliding
mode control strategy, so that the parameters of the electric control valve model, which
actually vary in a small range, are set to constants. Meanwhile, the sliding mode control
algorithm proposed in this paper is only simulated and has not been applied on the actual
device. In order to make the research better, in the future, the time-varying characteristics
of the parameters will be studied, the experimental platform will be set up and the control
algorithm will be applied to the actual control valve for verification.
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