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ABSTRACT

The nonlinear sliding-mode (SLM) controller based on the maximum jerk and time-optimal step response
has been developed for the control of servo-solenoid valves, which exhibits its performance advantages
when compared to traditional PID controller. However, the experiments shows the responses of the SLM
control under only jerk constraint will largely vary with different damping and loads, leading to the large
overshoot and breakdown under some working conditions (e.g., large viscous damping coefficient). Thus,
an improved SLM controller is developed in this paper to deal with the existing drawbacks, where a
novel nonlinear SLM surface is proposed by taking into account both spool’s acceleration and jerk limi-
tation. Firstly, the nominal model of servo-solenoid valve is built by linearizing the dynamics on the null
position, and the system identification is carried out to achieve the model parameters and their vari-
ation ranges. Subsequently, the valve constraints under the power limitation are analyzed through the
frequency response of the identified model, which comes out the maximum available velocity, acceler-
ation and jerk. Finally, the improved SLM control algorithm is proposed, where the novel SLM surface
considers the maximum plus jerk, the maximum minus jerk and the maximum acceleration. Experimen-
tal studies are conducted and the results show that the improved SLM controller under both acceleration
and jerk constraints can achieve the continuous and stable sliding mode state, realize the time-optimal
step response of the valve, and exhibit strong disturbance rejection abilities.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Servo valves have the advantages of high accuracy and fast
response, but the contamination sensitivity and high price hin-
der their wide application. The characteristics of the proportional
valves are the opposite, which are suitable for low requirements
for precision and response. Thus, servo-solenoid valves (SSV) which
own both advantages of servo valves and proportional valves, have
been successfully developed in these years and widely used in in-
dustrial applications [1-3]. A typical SSV shown in Fig. 1 is usu-
ally zero lapped, actuated by a high-performance solenoid, and
mounted with an inductive position transducer (e.g. LVDT) by
which the spool’s position can be measured as a feedback control
signal [4].

Besides the electro-mechanical converter, the dynamical perfor-
mance of SSV is usually limited by its feedback controller. Max-
imizing the hardware driving potential and dealing with the dis-
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turbances such as flow-force and friction are two challenging is-
sues for the high performance control design. Recently, various ad-
vanced control strategies such as backstepping control [5,6], H-
infinity control [7], adaptive control [8], disturbance observer [9],
adaptive robust control [10-12], predictive control [13,14], neural
network and fuzzy control [15,16] are developed for hydraulic or
relative mechatronic systems, and some of them are further ap-
plied to improve the servo-solenoid valve performance. Bu and
Yao [17,18] synthesize three types of controller including pole/zero
cancelation, full state feedback adaptive robust controller and out-
put feedback adaptive robust controller to improve the valve per-
formance, but the further improvement is restricted by the high
nonlinearity and fast time-varying unknown parameters. Ohsumi
et al. [19] design a disturbance observer to compensate the time-
varying load and friction, and significantly improve the valve re-
sponse to the range of 0.5% prescribed value. In [20], Boes et al.
introduce a new servo valve with integrated digital controller and
fieldbus interface. The fault diagnosis and the closed loop control
of spool’s position or pressure output could be realized easily by
the software tuning. Li et al. [21] propose a hybrid control scheme,
which consists of PID controller, feed-forward compensator and
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Fig. 1. Servo-solenoid valve: (a) Sectional drawing; (b) Equivalent diagram.

disturbance observer, to improve the performance of a voice coil
motor driving high-pressure pneumatic servo valve. Pan et al.
[22] exploit the variable structure method and sliding mode ob-
server to control the opening angle of a throttle valve with the ex-
istence of non-smooth nonlinearities, parameter uncertainties and
disturbance. A controller based on approximate model and uncer-
tainty compensation is proposed by Yuan et al. [23] and applied to
the control of electronic throttle valve. In [24], a robust nonlinear
control approach is utilized in the position control of a pneumatic
valve with unknown friction, and the limit cycling and hunting
phenomenon are successfully avoided. In [25], the power and con-
trol electronics are designed for the servo-valve actuated by piezo-
electric motor. Acceptable performance and low-consumption are
fulfilled together so that the valve is suitable for aeronautic ap-
plications. Miyajima et al. [26-28] develop a control algorithm for
pneumatic servo valve, including a calculation delay compensator
and a disturbance observer, which leads to the dynamic response
increasing up to 300 Hz. Gamble and Vaughan [29-31] employ the
sliding mode control method and propose a nonlinear switching
surface which represents the optimal trajectory for step input un-
der the jerk limitation. Some sliding mode control improvements
are introduced in [32] from the view of practical applications, in-
cluding integral element, velocity feedforward, high voltage sup-
ply, and LVDT modifications. The dynamic response and the distur-
bance rejection ability are improved effectively.

However, under some working conditions (e.g., large viscous
damping coefficient), the existing sliding mode control of servo-
solenoid valve [29-31] based on the maximum jerk only may
show some performance drawbacks such as large overshoot and
breakdown in the experiment. The essential reason of these phe-
nomenons is that in here the acceleration constraint will also take
important effects for the system response. In this paper, the dy-
namic constraints of the valve’s movement including velocity, ac-
celeration and jerk are discussed and comprehensively analyzed by
the frequency responses of the SSV under two different situations.
To deal with the performance drawbacks of the existing controllers
in [29-31], an improved sliding mode control design by a novel
switching surface is developed which takes into account both the
spool’s acceleration and jerk constraints. Thus, the good dynamic

response and strong disturbance rejection ability of the SSV are
fulfilled under both situations. The experimental results show the
better performance and verify the effectiveness of the proposed
control method.

2. Nominal model of SSV and identification

The linearized model of the servo-solenoid valve around null
position can be expressed in the following [29]. The equivalent di-
agram of SSV is shown in Fig. 1(b).

1 . [ Kro
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where x, is the spool displacement; Au is the incremental volt-
age acting on the solenoid; Kry is the electromagnetic-force gain
coefficient at null position; Ly is the inductance of the coil at null
position; R is the equivalent resistance of the coil; m is the com-
bination mass of the spool and armature; b is the viscous damp-
ing coefficient; k is the stiffness of return spring; F; represents the
external disturbance force, mainly including the coulomb friction,
transient flow force, and steady-state flow force which is the main
load of the spool movement.

Thus, the transfer function of the servo-solenoid valve from Au
to Xy is

x(s)  Kro . 1
Au(s) = (s+R/Lp) = (ms2 4+ bs +k)

Since the SSV adopts the structure of single solenoid and return
spring, the return spring should be with a considerable preload
force when the spool is at the null position. The preload force
is measured to be 90 N, and the corresponding current in the
solenoid needed to balance this force is about 2 A, which is re-
ferred to as standing current. Assume the resistance of the solenoid
and the wire is 3€2, and the power voltage supply is 24 V, then
the incremental voltages Au in two directions around the null po-
sition are 18 V and 30 V respectively [32]. Obviously, Au in two
directions are asymmetrical, so in the controller design, it can only
conservatively choose the smaller value.

The sliding mode control method based on the relay on-off
switching control is used in this study. The voltage exerted on
the solenoid is similar to the PWM wave. The voltage will pro-
duce ripple in the driving current, which has chatter effect and
can eliminate part of the hysteresis. Therefore, the effect of hys-
teresis is ignored in the above model. The electromagnetic-force
gain coefficient Kr and inductance L are strong nonlinear, and they
are both the functions of flux linkage W and spool displacement x,
(equivalent to the length of air gap). The curves which reveal these
functional-relationships could be found in Fig. 2, according to the
experimental results. These curves illustrate the linearized value
of Kr and L around the null position, and also indicate the varia-
tion ranges of parameters between two limited spool displacement
(+£2 mm) when exclusively considering the spring force. Note that
the variation ranges will become wider if the external loads are
taken into account.

In the spool model, the mass m and the spring stiffness k can
be directly measured. The viscous damping coefficient b can be cal-
culated indirectly with the SSV simulation model, spool’s move-
ment measurements (displacement, velocity and acceleration), as
well as the above known parameter values. The viscous damping
coefficient is affected by several factors, such as the oil viscosity,
the volume of oil keeping in the solenoid chamber. When the oil is
added into the valve just for lubrication and the valve is unloaded,
b is calculated to be 40 Ns/m. When the chambers of solenoid and
valve are full of oil, b is calculated to be about 200 Ns/m.

The key parameters of SSV are shown in Table 1, which are ob-
tained in the practical experiments by linearizing the SSV model

Au(s) — Fd(s)] (1)

Xy(s) =

(2)
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