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Abstract: The solenoid valve system has strong nonlinear
characteristics. In order to overcome the nonlinear
characteristics, the controller is designed by linearization near
the operating point. This is because there is a difficulty that the
system mathematical model changes as the operating point
changes and the control gain also changes. The controller of the
solenoid valve system is constructed by using the back stepping
control technique which can obtain the asymptotic stability of the
system and can set the gain more simply than the gain of the
general PID controller. In order to estimate the non - observable
state of the controller configuration, it designed the Luenberger
state observer and estimate the state simply. This system improves
the tracking performance of the system and achieves asymptotic
stability. Since the position error of the state estimator is within
0.1 [mm], the result of accurate state estimation can be obtained,
and the back-stepping controller can obtain the result that the
steady state position error is within 0.1 [%].
Index Terms: Back-stepping, equilibrium, Nonlinear, Plunger,
Solenoid valve

I.

mathematical model of the solenoid valve system has a
nonlinear second-order nonlinear differential equation for
the position of the flange and a first-order nonlinear
differential equation for the current flowing through the coil.
The PID controller is most used in the industrial field. The
PID controller should be linearized around the operating
point for nonlinearities, and three controller gains for the
mechanical part and three gains for the electrical part. This
requires a lot of effort to obtain precise control performance.
In this work, a mathematical model of the system is
proposed to design a precise position controller of a solenoid
valve system with high nonlinear characteristics.
By using integral control with feedback linearization
technique, precise position control is possible. By setting
three control gains one by one for each state variable, it is
possible to obtain steady state response of the system by
setting control gain easily.

INTRODUCTION

II. BACK-STEPPING CONTROLLER

The solenoid valves are one of the simplest devices to
convert electrical energy into mechanical energy. The
solenoid valve is a device that regulates the pressure, flow
rate and direction of fluid by opening and closing the valve
by supplying or cutting off current by winding a coil around
the outside of the plunger, called a moving iron core. In
many places in the industrial field, it is widely used from
simple opening and closing operations to precise position
control. [1-13]
In an actual industrial field, an actuator composed of an
electric motor among the actuators used is mostly used for
precise position control, these structures are more
complicated than solenoid valves, and they are expensive to
manufacture and require maintenance costs. On the other
hand, the solenoid valve system is not complicated in
structure and has an advantage that it can be easily applied
where simple operation is required.
The simple ON / OFF control of the solenoid valve does
not require many units of the controller configuration, but
there is a great problem such as noise and vibration due to
the impact of the plunger during opening and closing
operation. The proportional solenoid valve is applied to the
solenoid valve with a position controller, which is a good
way to overcome the problem of noise and vibration.
Prior to designing the position controller, the structure of
the solenoid valve system includes a plunger with
mechanical motion, a coil wrapped around the plunger to
generate an electro-magnetic force, the support structure
(frame), and the spring. It provides a restoring force
corresponding to the magnetic force. Based on this, the

A. Position back-stepping controller design
The dynamic equation of the solenoid valve is expressed by
Equation (2.4) in the following equation (2.1).
(2.1)
(2.2)
(2.3)
(2.4)

Where x and v are the position and velocity of the plunger,
and i is the current through the coil. M is the mass of the
plunger, b is the coefficient of friction between the plunger
and the guide tube, a is the length of the gap, L’ is the
constant of the inductance, and gr is the gravitational
acceleration. And R is the resistance of the coil and U is the
input voltage supplied to the coil.
When the reference position for position tracking is xr,
the position error and the change rate with respect to time
are expressed by the following equation (2.5) and (2.6).
(2.5)
(2.6)
Using the equation (2.5), the evaluation function to judge
stability and the rate of change of time can be obtained by
the following equation (2.7) and (2.8).
(2.7)
(2.8)
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B. Current back-stepping controller design
The result for the position control of the plunger is
designed by Eq. (2.15). If the current reference is
constructed by using it, it is shown in the following equation
(2.17).

If the error is defined by using the virtual reference speed
vr, the virtual input vr, which is equal to the following
equation (2.9), and if the value of the equation (2.8)
becomes negative, the virtual reference speed vr is expressed
by the following equation (2.10).
(2.9)

(2.17)

(2.10)

Using the current reference in equation (2.17), the error
equation for the current and the rate of change with respect
to time are shown in the following equations (2.18) to (2.19).

Using the equations (2.9) and (2.10), the following
equation (2.11) is substituted for the equation (2.8).

(2.18)

(2.9)
(2.10)
Using the equations (2.9) and (2.10), the following
equation (2.11) is substituted for the equation (2.8).

(2.19)
Using the equation (2.18), by constructing the evaluation
function, the following equation (2.20) is obtained.

(2.11)
(2.20)
The gain kx of the equation (2.11) is set to an arbitrary
positive value. Next, the evaluation function to stabilize the
velocity equation is as shown in the following equation
(2.12), and the rate of change with respect to time is given
by equation (2.13).

If the evaluation function of Eq. (2.20) is changed to the
rate of change with respect to time, the following equation
(2.21) is obtained.
(2.21)

(2.12)
(2.13)

If the control input is designed so that Eq. (2.21) becomes
negative, the following equation (2.22) is obtained.

The rate of change of velocity error with respect to time
in the equation (2.13) is given by the following equation
(2.14).

(2.22)

(2.14)

In equation (2.22), ki is set to a suitable positive value as
the current gain. The designed input becomes the voltage
supplied to the coil. Equation (2.19) and Equation (2.22) are
substituted into Equation (2.21) and summarized as the
following Equation (2.23).

If this system designs the virtual input I so that (2.13)
becomes negative by replacing i2 = I in (2.2), then the
following equation (2.15) is obtained.

(2.15)
The equation (2.15) is a value designed to be negative in
the equation (2.13). The equation (2.16) is substituted into
the equation (2.13) by using the equation (2.14) and the
equation (2.2) together.

(2.23)
The three gains kx, kv, ki are the appropriate positive
values so that Eq. (2.23) is negative.
C. Current back-stepping controller design
In order to apply previously designed controllers, the
position x, velocity v, and the current i of the plunger must
be measurable. But this system does not measure the speed
of the plunger and design the state observer and apply the
estimated value to the controller. Using the Luenberger

(2.16)
If any gains kx and kv are set to positive values, (2.16) will
have a negative value. The equation (2.15) can be used as a
current reference for current control as a control input for
position control.
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observer as the state observer, it obtains from the following
equation (2.24) to (2.28).

The first figure in Figure 1 shows that the error estimated
from the actual current and the estimated current value is
within 0.1 [mA] of the error, the second figure shows that
the difference between the actual position and the estimated
position is within 0.1 [mm]. The third figure shows the error
between the actual speed and the estimated speed condition,
which is within 2 [m / s] maximum. Therefore, estimation of
the state of the observer can be obtained precise results. The
control gain is used when constructing the back-stepping
controller using the estimated state from the observer. The
control gains used at this time are shown in Table 3 below.

(2.24)

Table 3 The gain of the back-stepping controller
(2.25)
(2.26)

Gain

kx

kv

ki

value

10

100

100000

The results obtained by applying the control gain of Table
3 to Equation (2.22) are shown in Fig. 2. At this time, the
target position was set to 10 [mm] at the initial start, the
constant load was operated at 5 [Nm] at the time 2 seconds,
and the constant load was removed at the time 4 seconds.

(2.27)
(2.28)
By setting the appropriate gains L1, L2, and L3 of the
state observer above, the estimated state of position and
velocity can be obtained. Also, by setting the appropriate
gains M1 and M2, an estimated value of the current state
can be obtained. The estimated state is used in equations
(2.17) and (2.22) to construct the controller.
III. RESULT
The parameters of the solenoid valve used to verify the
designed controller are shown in Table 1.
Table 1. The Parameter of the Solenoid valve
Parameter N(turns) M(kg) b(Ns/m) K(N/m) R(Ω) L'(mH)
value

200

0.3

2

2667

1

23.69

The state estimation gain for the state estimation of the
observer of equation (2.24) with respect to the position,
velocity, and current state of the plunger is shown in Table 2
below.
Table 2 The gain of the observer
Gain

L1

L2

L3

M1

M2

value

3K

9000K

1G

200

10000

Fig 2 Output State of the back-stepping Controller I

The result of the state estimation of the observer is shown
in Fig. 1

In Figure 2, the first picture shows current control, and
overshoot occurs within about 5%. The second figure shows
that the position of the plunger is controlled and overshoot
occurs within about 5%. The third figure shows the result
that maximum 0.2 [m / s] of vibration occurs in the velocity
state and all of them reach the steady state within 0.2 second.
The steady state error occurs due to the constant load
operation at time 2 seconds, and the steady state error
disappears again due to the constant load disappearing at 4
seconds. In the previous results, the control gain set to
reduce the vibration of the position state is shown in Table 4
below.

Fig. 1 State estimation error of observer
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gain

kx

kv

ki

value

50

200

100000

3.

The first figure in Figure 3 shows the control result for 4.
the current, the second figure shows the position state, and
the third figure shows the state where the speed state is 5.
controlled. Compared with the results in Fig. 2, the gain of
the position error is increased 5 times, so that the overshoot
of the position state disappears and the critical damping 6.
becomes. Therefore, it can be judged that the impact and
noise will disappear due to the vibration of the plunger.
7.
8.

9.
10.

11.

12.

Fig. 3 Output State of the back-stepping Controller II

13.
14.

IV. CONCLUSION
The solenoid valve system generally uses a method of
designing a controller by linearizing the equilibrium point
with a system having a strong nonlinear characteristic. 15.
However, the proposed controller included feedback
linearization and designed in back-stepping control scheme.
The designed back-stepping controller proposed to estimate
the state using the Luenberger state observer and apply it to
the controller.
First, since the position error of the state estimator is
within 0.1 [mm], the result of accurate state estimation can
be obtained, and the back-stepping controller can obtain the
result that the steady state position error is within 0.1 [%].
As a result, it can be seen that the state observer can replace
the state measurement at low cost. The steady state error is
obtained when the constant load is applied, and the design of
the controller that can actively respond to the disturbance
should be supplemented.
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