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ABSTRACT The performance of the pilot solenoid valve (PSV) has a significant impact on the efficiency
and service life of an automatic transmission (AT) in automobiles, and it is very difficult to achieve a
perfect pressure tracking performance due to the sophisticated combination of mechanical, hydraulic and
electromagnetic characteristics inside the PSV. In this paper, based on a nominal nonlinear dynamic model of
the PSV including uncertainties and an external disturbance, a fast terminal sliding-mode control (FTSMC)
method is developed to achieve tracking precision and robustness in the pressure control of the PSV.
To alleviate the chattering phenomenon in the control input signal, fuzzy logic rules are established to tune the
switching control coefficient of the control law in FTSMC controller. Compared with the trend-law-based
sliding-mode control (TLSMC) method and PID method, the developed fuzzy-type fast terminal sliding-
mode control (F-FTSMC) method achieves the shortest settling time, the smallest tracking error at steady
state and almost no chattering in the control input by intelligently changing the control law. Simulations and
experiments are demonstrated to verify the effectiveness and excellent advantages of the proposed controller.

INDEX TERMS Fast terminal sliding mode control, fuzzy control, pressure control, pilot solenoid valve,
automatic transmission.

I. INTRODUCTION
An automatic transmission (AT) is widely adopted in automo-
biles because of its superiority in continuous power shifting
and self-adjustment capability [1]. As one of the lower-
level actuators of the electrical control unit (ECU), the pilot
solenoid valve (PSV) receives a shift command from the
ECU, and controls the system pressure to move the shift spool
for automatic shifting in the AT. Thus, the PSV must have a
fast, precise and stable response to the command from the
ECU to ensure an optimum quality of the shift of the AT.
However, pressure control of the PSV is complicated because
its dynamic characteristic arises from three different systems:
the mechanical system of the spool and spring, the electro-
magnetic system of the solenoid and the hydraulic system of
the fluid [2]. In addition, the harsh working environment also
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has a great impact on the pressure control. There exist various
nonlinear factors, such as electromagnetic and friction force,
and parameter uncertainties and external disturbances, such
as the return-spring limp-home and the effect of the flow rate.
In summary, the development of an excellent control method
for pressure control of the PSV is very valuable.

Most research on solenoid valves has focused on modeling
and simulating the effect of their internal structural param-
eters on the valve performance [2]–[5] and further optimiz-
ing the valve structure [5]–[9]. Although some studies have
discussed the output control of the solenoid valve, in most
studies, the valve is just considered as a part of a system, such
as an electro-hydraulic control load system [10], a pneumatic
force-feedback system for an arm-exoskeleton [11] and oth-
ers in [12]–[14]. The research emphasis in these studies was
system control, not control of the valve. Therefore, the valve
control models were greatly simplified and could not truly
express the nonlinearity inside the valve.
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Few studies have focused on an output control method
for a solenoid valve based on a detailed nonlinear dynamic
model. In [15], for quick and precise pressure control of a
proportional pressure solenoid valve (PPSV) in a dual-clutch
transmission (DCT), a triple-step method was used to design
a nonlinear controller based on a controller-oriented model
of the PPSV. A flatness based feedback control method for
an automotive solenoid valve was studied to provide a conve-
nient control framework for meetingmany performance spec-
ifications on the end motion of valve incorporating voltage
constraints, nonlinear magnetic effects and various motion
uncertainties in [16]. In [17]–[19], valves were controlled
by different nonlinear controllers considering various influ-
encing factors. Among the nonlinear control methods similar
to the above studies, establishing an accurate mathematical
control model of a valve is difficult but essential, and the
control robustness cannot be perfectly guaranteed under time-
varying uncertainties and an external disturbance.

In recent years, due to its intrinsic robustness to uncer-
tainties and external disturbances, the variable structure with
sliding-mode control (SMC) has gradually become one of
the important control methods for very complex nonlinear
systems. The method was proposed originally by Utkin [20].
Different from the traditional SMC method in which a linear
sliding surface function is adopted and the deviation between
the system state and the given trajectory is asymptotically
convergent, terminal sliding-mode control (TSMC) improves
the convergence characteristics by introducing a nonlinear
term in the sliding surface function, and the system state
can converge to a given trajectory in a finite time [21].
In [21]–[23], it was proven that a TSMC controller can
exhibit strong robustness to system parameter uncertainties
and external disturbances since the sliding-mode motion
is independent of these effects. However, sliding-control
methodwill cause chattering in the control input of the system
due to its inherent discontinuous switching characteristics,
and some methods must be used to reduce this chattering.
For example, in [22], a robust adaptive TSMC controller
was developed by limiting the control inputs despite the
presence of inertia uncertainties and unknown external dis-
turbances. In fact, research on anti-chattering in SMC con-
troller has attracted increasing interests, and many studies
have proposed solutions from the perspective of controller
design. In [24], [25], researchers either changed the switching
function or changed the thickness of the boundary layer to
effectively reduce the chattering by a quasi-sliding-mode
controller (Q-SMC). In [26], [27], filters of various structures
were designed to smooth the control input signal to reduce the
chattering. In [28], [29], state observers were used to elimi-
nate uncertainties and external disturbances because they are
the main source of chattering in SMC controllers. In prac-
tical applications, intelligent algorithms such as fuzzy logic
algorithms [30], [31], neural network algorithms [32], [33]
and genetic optimization algorithms [34], [35] are popular
because of their simple structures and fewer parameters.
These algorithms can be used to approximate the nonlinear

part of the SMC controller or directly implement on SMC
control due to their strong nonlinear approximation and
smoothing ability.

Currently, an improved SMC controller is usually used to
control the actuator in a system that includes valves. With this
controller, the relationship between the input and the output
of the valve itself cannot be shown exactly. In this paper,
a fuzzy-type fast terminal sliding-mode control (F-FTSMC)
method is developed to study the relationship between the
input voltage signal and output pressure. A fuzzy logic con-
troller is adopted to tune the switching control coefficient of
the TSMC controller and, as a result, mitigate the chattering
of the control input signal. In addition, to compensate for the
time spent due to querying fuzzy rules, a fast terminal sliding
surface function can be chosen in the TSMC controller to
speed up the convergence time of the sliding motion [36].
The rest of this paper is organized as follows: Sect. 2 pro-
vides detailed descriptions of the nominal dynamic nonlinear
model of the PSV. The proposed F-FTSMC controller is
described in Sect. 3. Simulations are implemented and the
results are discussed for two cases in Sect. 4. In Sect. 5,
experimental results are shown to verify the advantages of the
proposed controller. Finally, the conclusions are summarized
in Sect. 6.

FIGURE 1. Pilot solenoid valve: (a) Sectional drawing. (b) Equivalent
diagram.

II. NOMINAL DYNAMIC MODEL OF PSV
A sectional drawing and equivalent diagram of the PSV stud-
ied in this paper are shown in Fig. 1. The supply pressure (Ps)
is compressed in chamber 1 (V1) and chamber 2 (V2) through
a damping orifice. The input voltage (Vs) generates the elec-
tromagnetic force to move the spool that slides in the valve
horizontally to adjust the flow rate and pressure. The spring
is used to react to the movement of the spool. It can be easily
seen from Fig. 1 that the valve comprises fluid dynamics,
mechanical dynamics and electromagnetic dynamics.
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The movement of the spool is balanced by the fluid pres-
sure force Fp, spring force Fs, friction force Fr and elec-
tromagnetic force Fem, which can be described based on
Newton’s second law [5]:

Fp + Fem + Fs + Fr = mvẍv + dvẋv (1)

where mv represents the equivalent mass of the valve spool,
xv < xmax is the displacement of the spool, and xmax is 7.8mm
in this paper. The damping coefficient of the valve damping
orifice is dv.
Fp is the control pressure acting on the left of the spool

in V1, and which can be expressed as:

Fp = PcA1 (2)

where Pc is the control pressure of the valve, and A1 is the
area of the left end on the spool.

The electromagnetic force of the solenoid valve is actuated
by the applied voltage and can be expressed by simplified
as [3], [6]:

Fem = −
kf L
R
u (3)

where kf is the gain coefficient of the electromagnetic force,
L and R are the equivalent inductance and resistance of the
coil, respectively, and u = Vs is the control input voltage.
The spring force acting on the spool can be described as:

Fs = −k(x0 + xv) (4)

where k is the spring constant, and x0 is the initial compres-
sion of the valve spring.

The friction force considered here comprises the viscosity
friction force and static friction force, and the equation of the
friction force can be described as [2]:

Fr = −f Rẋv − fssign(ẋv) (5)

where fR and fs are the viscosity friction coefficient and the
static friction coefficient, respectively. sign(ẋv) is a symbolic
function.

In addition, the following expression can be derived by
applying the continuity equation to chamber V1 [13]:

ṖcV1
βv
= Qs − Qex − A1ẋv (6)

where Qs and Qex are the supply flow rate and exhaust
flowrate of the valve, respectively. βv is the effective bulk
modulus, which varies because of the changes in pressure and
temperature.

To summarize the overall dynamic control model of
the PSV, expressions (1) and (6) are combined with expres-
sions (2)-(5) by eliminating xv considering the mechani-
cal dynamics, fluid dynamics and electromagnetic dynamics
together. The equation is eventually yielded as follows:

kf L
R
u =

dvV1
βvA1

P̈c +
mvV1
βvA1

Ṗc + A1Pc + Fs + Fr

+
mv(Qs − Qex)

A1
(7)

For obtain the nominal model of valve, expression (7) can
be rewritten simply as [14]:

aP̈c + bṖc + cPc + F sn + Frn + Fqn = u (8)

where

a =
dvV1R
βvA1kf L

, b =
mvV1R
βvA1kf L

,

c =
A1R
kf L

, Fsn =
−kR(x0 + xv)

kf L
,

Frn =
−R[f Rẋv + fssign(ẋv)]

kf L
,

Fqn =
mvR(Qs − Qex)

A1kf L
(9)

The vibration caused by a flow rate variation usually has a
greater influence on the performance of the solenoid valve
than the flow rate itself, and when the supply flowrate Qs
is determined, the value of Fqn generally fluctuates within a
small certain range. Thus, Fqn will be considered to be a part
of the external disturbances later and is not included in the
uncertainties of the valve here. As a result, the uncertainties
above can be expressed as:

a = a0 +1a, b = b0 +1b, c = c0 +1c,

Fsn = Fsn0 +1Fsn, Frn = Frn0 +1Frn (10)

where a0 =
dvV10R0
βv0A1kf L0

, b0 =
mvV10R0
βv0A1kf L0

, c0 =
A1R0
kf L0

, V10,
R0,βv0, and L0 are the nominal values of the valve parameters.

Frn0 =
−R0[f Rẋv+fssign(ẋv)]

kf L0
, and Fsn0 =

−kR0(x0+xv)
kf L0

are the
nominal values of friction force and spring force.1a,1b,1c,
1Fsn = 11 +12xv, 1Frn = 13ẋv +14sign(ẋv) denote the
unknown bounded uncertainties of the control parameters of
the valve. So, expression (8) can be written as:

a0P̈c + b0Ṗc + c0Pc + Fsn0 + Frn0 = u+ Flum (11)

where Flum represents the lumped uncertainty of the PSV
and is bounded by a constant δ. By combining expression (8)
and (11), it can be derived as:

Flum = Fqn −1aP̈c −1bṖc −1cPc −1Fsn −1Frn
|Flum| ≤ δ, (δ > 0) (12)

Finally, the nominal model of the PSV can be given as:

a0P̈c + b0Ṗc + c0Pc + Fsn0 + Frn0 = unom (13)

where unom is the nominal control signal.
Remark 1: It is easily seen from expression (12) that the

lumped uncertainty of the PSV is complicated, consisting
of the parameter uncertainties of the valve and the estima-
tion errors of the effective bulk modulus, spring force and
friction force. The flow rate variation will also be included
in the external disturbance, which is discussed later in this
paper. It exhibits complex nonlinear dynamics in the pressure
control of the PSV because of the sophisticated combination
of mechanical, electromagnetic and hydraulic characteristics.
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Considering these factors, it is very difficult for linear con-
trol algorithms to obtain a sufficiently perfect performance.
Among the nonlinear control methods, the TSMC controller
is usually a popular choice. The TSMC controller has a very
good ability to handle nonlinearities and good robustness to
uncertainties and external disturbances. However, the inher-
ent chattering characteristics make it very challenging to use
this controller.

III. F-FTSMC SCHEME
The fast terminal sliding-mode control (FTSMC) method can
make the system state converge gradually in a finite time
by quickly approaching the equilibrium state of the sliding-
mode motion. The control law of the FTSMC controller in
this paper is designed based on the switching control method
and the equivalent control method. The switching control
method is utilized in many classes of systems or issues,
such as a stochastic switching system or a piecewise affine
system. However, due to factors such as the system inertia,
system delay or measurement error, a high-frequency chat-
tering often occurs with the FTSMC controller, which will
significantly affect the dynamic performance of the valve.
To alleviate this chattering phenomenon, fuzzy logic rules
are designed in this section to tune the switching control
of the FTSMC controller. Finally, to accelerate the settling
process of the pressure control and mitigate the chattering of
the control input in the PSV with a lumped uncertainty and
external disturbance, the F-FTSMC controller is proposed.

A. FTSMC CONTROLLER
Firstly, the tracking error between the actual output pres-
sure Pc and the reference pressure Pr of the PSV is defined as:

ep = Pc − Pr (14)

Given the system model in (11) and taking the second
derivative of ep, we have the tracking error dynamics of the
PSV pressure as:

ëp =
u+ Flum − Fsn0 − Frn0 − b0(ėp + Ṗr )

a0
− P̈r (15)

For robust control of the PSV, the following sliding surface
is adopted to represent the terminal sliding mode [29], [36]:

s = ėp + c1ep + c2e
q/p
p (16)

where c1 and c2 are design parameters of FTSMC controller,
c1 > 0, and c2 > 0. Besides, q and p are both positive odd
numbers and satisfy q < p < 2q.
Lemma 1:Assume that the system state reaches the sliding

surface, that is, s = 0 in expression (16). Then, the time spent
from ep 6= 0 to ep = 0 is:

tep =
p

c1(p− q)
ln

c1e
1−q/p
p + c2

c2
(17)

Proof: s = 0 means that:

ėp + c1ep + c2e
q/p
p = 0 (18)

It can be rewritten as

e−q/pp ėp + c1e
1−q/p
p = −c2 (19)

In order to simplifying the calculation, let w = e1−q/pp ,
then, expression (19) changes to:

ẇ+
p− q
p

c1w = −c2
p− q
p

(20)

When ep = 0, w is equal to 0, and the time is defined as
t = tep , the result of solving the differential equation (20) is:

c2
c1
e−

p−q
p c1tep + w(0)e−

p−q
p c1tep = −

c2
c1

(21)

where w(0) is the initial value corresponding to ep(0). Take
the logarithm of both sides of expression (21):

Tep =
p

c1(p− q)
ln

c1w(0)+ c2
c2

(22)

Substituting w(0) = ep(0)1−q/p yields:

tep =
p

c1(p− q)
ln

c1ep(0)1−q/p + c2
c2

(23)

which completes the proof of the lemma.
Theorem 1: The system state will arrive at the sliding

surface and the pressure tracking error ep will converge to
zero in finite time if the control law of the FTSMC controller
is designed as [37], [38]:

u = ueq + un (24)

that

ueq = (b0 − a0c1) ėp −
a0c2q
p

e
q
p−1
p ėp

+a0P̈r + b0Ṗr + Fsn0 + Frn0
un = − (δ + γ ) sgn (s) (25)

where δ is the upper bound of the lumped uncertainties
mentioned above, γ is a control parameter, and γ > 0.
Here, ueq represents the equivalent control part and is used
to maintain the system state on the sliding surface, and un
denotes the switching control part and is used to force the
system state to slide over the sliding surface.

Proof: Consider a Lyapunov function V = s2/2 and its
time derivative along (15-16, 24-25):

V̇ = sṡ

= s
(
ëp + c1ėp +

c2q
p

e
q
p−1
p ėp

)
=

s
a0
[u− Fsn0 − Frn0

−a0

(
P̈r − c1ėp −

c2q
p

e
q
p−1
p ėp

)
+ Flum]

=
s
a0

[
Flum − (δ + γ )sgn(s)

]
=
|s|
a0

(|Flum| − δ)−
1
a0
γ |s|

≤ −
1
a0
γ |s| < 0, (∀ |s| 6= 0) (26)
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in which |Flum| − δ ≤ 0 can be easily obtained. Expression
(26) implies that the system state will arrive at the sliding sur-
face in a finite time, and this finite time can be expressed as:

ts = −
a0
γ

√
2

∣∣∣V(0)1/2∣∣∣ (27)

Thus, pressure tracking error of the valve will quickly
converge to zero on the sliding surface in a finite time tR, and

tR = tep + ts (28)

Remark 2: The FTSMC controller easily causes chatter-
ing due to defects of the sliding-mode variable structure
itself, which not only affects the accuracy of the system
control, but also excites the high-frequency unmodeled part
of the system and eventually destroys the system control
performance. In this paper, a set of fuzzy logic rules based
on equivalent control and switching control is proposed to
efficiently weaken the chattering phenomenon in the control
input. The basic purpose is to compensate for the influ-
ence of the unmodeled part by adjusting the control law in
the approaching process of the FTSMC controller in real
time, and to ensure that the pressure will quickly track the
desired value with less chattering and strong robustness to
uncertainties and external disturbances.

B. FUZZY LOGIC RULES
Due to the principle of the FTSMC controller, which con-
sists of equivalent control and switching control, the fuzzy
logic as follows: If s is zero then the control law is just the
equivalent control ueq; if s is not zero then the control law
changes to ueq + un, which combines equivalent control and
switching control. So to reduce the chattering phenomenon,
the control law of the F-FTSMC controller is modified by
anti-fuzzification method as:

u = ueq + µNun (29)

whereµN is added as the switching control coefficient and the
chattering will be weakened by tuning its value. The ampli-
tude of u is adjusted by a change of µN , thereby reducing
the chattering of the control input, especially near the sliding
surface. In addition, it can reduce the effect of improper selec-
tion of the upper bounds δ and the control parameter γ to a
certain extent. We choose the sliding variable s as the input
of the fuzzy logic controller, and the output is µN . The fuzzy
subset of both input and output variables is {NZB}, and these
linguistic values are: N-negative big, Z-zero, and B-positive
big. The degree of the membership functions of two variables
are shown in Fig. 2.

The inference rule is: If variable s is away from the sliding
surface, a larger µN is required to speed up the approach
process; if variable s is close to the sliding surface, a smaller
µN should be selected to reduce the chattering. The rule
base used in this paper is presented in Table 1. In addition,
the centroid method will be used for defuzzification in this
study.

FIGURE 2. Membership functions of s and µN .

TABLE 1. Rule base of fuzzy controller.

FIGURE 3. Diagram of proposed F-FTSMC scheme.

C. F-FTSMC CONTROLLER
Finally, a diagram of the proposed F-FTSMC controller
for pressure control of the PSV is established and shown
in Fig. 3 As stated above, fuzzy logic rules are used to tune
the switching control coefficientµN in the FTSMC controller
according to the value of s, and the control input u of the
PSV is given by the FTSMC controller. The excellent per-
formance of the developed controller will be validated by
simulation end experimental case studies in Sections 4 and 5,
respectively.

IV. SIMULATION RESULTS AND DISCUSSION
To demonstrate the effectiveness and advantages of the
proposed F-FTSMC controller, simulations for pressure
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TABLE 2. Nominal parameters of PSV.

control of the PSV are carried out in MATLAB/Simulink.
Here, we choose two kinds of reference commands Pr:
(1) step signals with changing amplitudes from 0 to
100 kPa, and (2) a periodical sinusoidal signal Pdes =
100+ 10sin(π t/2) kPa. The 2% uncertainty variations in
expression (10) and an external disturbance τd = 5sin(2π t)
kPa are considered to study the control robustness of the
proposed controller. In addition, for comparison purposes,
a TLSMC controller is designed by setting the sliding vari-
able to s = ėp + c1ep and the control law to utlsmc =

(b0 − a0c1) ėp + a0
(
P̈r + slaw

)
+ b0Ṗc + Fsn0 + Frn0) [39],

in which slaw indicates the trending law and slaw = ṡ. A PID
controller is also designed with upid = 10ep+0.8ėp+Fsn0+
Frn0 as a comparison. The nominal parameter values of the
PSV are listed in Table 2, then a0, b0, c0, Fsn0 and Frn0 can
be calculated. The parameters of the F-FTSMC controller are
selected as: c1 = 15, c2 = 20, q = 3, p = 5, and γ = 200.
Fig. 4 shows the pressure control performance of the PSV

with three controllers in case (1) and each step of the refer-
ence command lasts for 2 s, as shown in Fig. 4(a). Fig. 4(a)
also shows that the actual pressures with the three controllers
can track the desired pressure command well. The settling
time of either the rising edge or the falling edge is approxi-
mately 0.40 s with the proposed F-FTSMC controller, while
the settling time is 0.42 s with TLSMC controller and 0.48 s
with the PID controller, which is slightly longer than the value
for the F-FTSMC controller. The near-zero steady-state error
with the F-FTSMC and TLSMC controllers can be observed
in Fig. 4(b), but more tracking error is obviously observed
with the PID controller. The control input u shown in Fig. 4(c)
changes to track the desired pressure when the command
changes. There is severe chattering of the control input with
the TLSMC controller, which is greatly reduced with the
F-FTSMC and PID controllers.

Fig. 5 shows the variation of the sliding variables in the
F-FTSMC and TLSMC controllers. The sliding variable s of
the two controllers converges to zero at a very fast conver-
gence rate so that the control stability can be guaranteed.
Besides, whether the first derivative of s in the F-FTSMC
controller or the variation of slaw in the TLSMC controller is
negative at time 2 s to maintain consistency with the decreas-
ing trend of s, which is clearly displayed in the zoomed
picture. The other three times (4 s, 6 s and 8 s) are similar
to the one at time 2 s and thus are omitted here. The variation

FIGURE 4. Pressure control performance of PSV with three controllers
under case (1) in simulation, (a) tracking performance, (b) tracking
error ep, (c) control input u.

in the switching control coefficient µN in Fig. 6 is used to
show the adjustment ability of the fuzzy rules designed for
the F-FTSMC controller.
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FIGURE 5. Variation of sliding variables under case (1) in simulation,
(a) with F-FTSMC controller, (b) with TLSMC controller.

FIGURE 6. Changing of µN with F-FTSMC controller under case (1) in
simulation.

In case (2), a sinusoidal reference command is applied
to test the tracking performance of three controllers with
uncertainties and external disturbances, and the simulation
results are presented in Figs. 7-9. It can be easily found out
from Figs. 7-8 that the proposed controller still achieves the
shortest settling time (0.50 s) and the smallest steady-state
tracking error. Although the tracking precision can also be
ensured well by the TLSMC controller, serious chattering
will exist in the control input. Similar to case (1), the PID
controller achieves the largest tracking error at steady-state.

FIGURE 7. Pressure control performance of PSV with three controllers
under case (2) in simulation: (a) tracking performance, (b) tracking
error ep, and (c) control input u.

In addition, the sliding variable s in Fig. 8 can converge to
zero quickly to ensure a fast tracking speed, and always sat-
isfies sṡ < 0 and s · slaw < 0. As shown in Fig. 9, µN is well
tuned by fuzzy rules to reduce the chattering of the control
input u in the proposed controller. The simulation results
show that the proposed F-FTSMC controller can obtain faster
pressure tracking with stronger robustness and smaller chat-
tering against uncertainties and external disturbance than the
TLSMC and PID controllers.

V. EXPERIMENTAL SETUP AND RESULTS
To verify the simulation results in the previous section,
an experimental setup for pressure control experiments of
the PSV is designed in this section and shown in Fig. 10,
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FIGURE 8. Variation of sliding variables under case (2) in simulation
(a) with F-FTSMC controller and (b) with TLSMC controller.

FIGURE 9. Changing of µN with F-FTSMC controller under case (2) in
simulation.

in which only the fixture for fixing the valve is displayed
due to the space limitation. The fixture introduces oil flow
through different ports of the PSV, and a pressure sensor is
installed at the corresponding position to measure the control
pressure pc. Besides, the oil supplied to the PSV is actuated by
a motor and a pump to ensure a sufficiently large input pres-
sure ps. A current driving card receives the control input com-
mand and adjusts the input voltage of the PSV. In software,

FIGURE 10. Experimental setup for pressure control experiment of PSV.

FIGURE 11. Pressure control performance of PSV with three controllers
under case (1) in experiment: (a) Tracking performance, (b) tracking
error ep, (c) control input u.

NI LABVIEW is used for running the controller and data
acquisition, and BECKHOFF TwinCAT is adopted to control
the motor and hydraulic valve in the pipeline. The same
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FIGURE 12. Variation of sliding variables under case (1) in experiment:
(a) with F-FTSMC controller and (b) with TLSMC controller.

FIGURE 13. Changing of µN with F-FTSMC controller under case (1) in
experiment.

parameters of the F-FTSMC controller and the same refer-
ence commands used in the simulations are applied.

In case (1), Fig. 11 shows the pressure control performan-
ce of the PSV for the three controllers. It is obvious that the
proposed controller achieves a smaller settling time than the
other controllers: the settling time is approximately reduced
from 0.4 s in the TLSMC controller and 0.5 s in the PID
controller to 0.35 s in the F-FTSMC controller. Compared
to the tracking errors of the TLSMC and PID controllers,
the proposed controller achieves the smallest steady-state
tracking error. By setting a value range of ep ∈ [−10, 10], the

FIGURE 14. Pressure control performance of PSV with three controllers
under case (2) in experiment: (a) Tracking performance, (b) tracking
error ep, and (c) control input u.

root mean square (RMS) values of the steady-state tracking
error are calculated with the data in Figs. 11(b), and the RMS
values are 0.5516, 0.9149 and 1.1694, respectively. In addi-
tion, although the tracking error in the TLSMC controller
is smaller than that in the PID controller, the control input
still exhibits a chattering phenomenon that will affect the
performance and even the service life of the current driving
card. As shown in Fig. 11(c), this chattering is apparently
mitigated by the proposed controller. The variation of the
sliding variables in the F-FTSMC and TLSMC controllers
are also shown in Fig. 12, which all satisfy the convergence
condition of sliding-mode control, that is, sṡ < 0. In Fig. 13,
the switching control coefficient µN is well adjusted by the
F-FTSMC controller.
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FIGURE 15. Variation of sliding variables under case (2) in experiment:
(a) with F-FTSMC controller and (b) with TLSMC controller.

FIGURE 16. Changing of µN with F-FTSMC controller under case (2) in
experiment.

In the experiment in case (2), the settling time of the pres-
sure with the F-FTSMC controller is about 0.38 s, while the
settling times are 0.42 s and 0.60 s for with the TLSMC and
PID controllers as shown in Fig. 14(a). The RMS values of
the steady-state errors are 1.1033, 1.3625 and 1.5689 for the
different controllers shown in Fig. 14(b), respectively. Like-
wise, more intense chattering appears in Fig. 14(c), which is
reduced by the adjustment of the fuzzy rules in the proposed
F-FTSMC controller. Figs. 15-16, which show the variation

of the sliding variables and switching control coefficient,
all demonstrate the effectiveness of the proposed controller.
Combining the results of the simulation and experiments,
it has been demonstrated that the proposed F-FTSMC con-
troller has shorter adjustment time, smaller steady-state error
and less control input chattering than the TLSMC and PID
controllers.

VI. CONCLUSION
In this paper, to improve the pressure tracking performance of
the PSV used in the ATs of automobiles, an F-FTSMC con-
troller is proposed to accelerate the convergence speed and
eliminate the chattering of the TSMC controller. Considering
the sophisticated coupling of the mechanical, hydraulic and
electromagnetic characteristics inside the valve, a nominal
control model of the PSV is developed to analyze its dynamic
nonlinearity in the presence of uncertainties and an external
disturbance. First, a fast terminal sliding surface function is
designed for the TSMC controller to speed up the conver-
gence of the sliding motion. Then, a set of fuzzy logic rules
is used to tune the switching control coefficient in the control
law of the FTSMC controller. Finally, the F-FTSMC con-
troller is proposed. Although the PSV is a multidisciplinary-
hybrid system, the computational complexity is reduced, and
the entire controller design is organized well by analyzing
different subsystems separately and some reasonable assump-
tions. Two different cases are studied in simulations and
experiments. All the results demonstrate that the proposed
F-FTSMC controller not only is highly robust to the uncer-
tainties and external disturbance but also greatly alleviates the
chattering of the control input signal. Moreover, the settling
time of the pressure tracking with the proposed controller
is smaller than the settling times of the other controllers
considered in this paper. Future research will focus on further
improving the convergence speed of the F-FTSMC controller
because the convergence speed may decrease due to query-
ing the fuzzy rules. Using local linearization techniques to
express fuzzy relationships may be of interest because it can
reduce the number of fuzzy control rules and thereby improve
the real-time performance. In addition, other methods such as
designing a state and fault observer in the switching system
will be considered in the future.
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