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ABSTRACT The control of clamping force has a significant influence on the braking performance
of low-floor trams. However, the load torque variations, strong nonlinearity and complex structure of
electromechanical brake (EMB) systems present challenging the clamping force control issues. In this paper,
an EMB systemmathematical model is established. Then, an enhanced sliding-mode reaching law (ESMRL)
is investigated to address these issues. In addition, novel gap distance elimination and adjustment strategies
are proposed to improve the response quality and adjust the gap distance in a simple and low-cost way. Taking
advantages of minimal chattering and short reaching times, the proposed ESMRL enhances the dynamic
performance and tracking accuracy of the clamping force control. Finally, simulation and experimental
results are offered to validate the effectiveness and superiority of the proposed control strategy.

INDEX TERMS Electromechanical brake (EMB), sliding-mode control (SMC), sliding-mode reaching law
(SMRL), clamping force control, gap distance control.

I. INTRODUCTION
As an eco-friendly mode of transportation, low-floor trams
are vital components of urban rail transit systems [1]. Because
their operating routes interact with pedestrians and vehicles,
low-floor trams operating environments are complicated.
Hence, the safety and reliability of their brake systems are
of utmost importance [2], [3].

Conventional braking systems for low-floor trams can
divided into two types: air braking systems and hydraulic
braking systems [4]. With the development of mechatronic
servo system designs and high-performance control tech-
nologies, EMB systems have been gaining popularity in
train braking systems [5], [6]. Compared with a conven-
tional braking system, an EMB system has several advan-
tages: 1) faster response; 2) higher maintainability; 3) lighter
weight; 4) improved economy [7], [8].

EMB control relies on a mechatronic servo control of
the clamping force. The actual systems feature nonlin-
ear characteristics such as load torque variations, strong
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nonlinearity and complex structures [9], [10]. Therefore,
the strong nonlinearity is an important factor challenging the
control in industrial applications, and a conventional con-
trol strategy cannot obtain an ideal high-precision control
performance [11]–[13]. Over recent years, various control
strategies have been presented to improve the performance
of mechatronic servo systems, such as adaptive backstepping
control [14], adaptive linear active disturbance rejection con-
trol [15], adaptive terminal sliding-mode control [16] and
model predictive control [17].

As a nonlinear control method, sliding-mode con-
trol (SMC) has the merits of fast global convergence, strong
robustness and simplicity of realization [18]–[22]. Therefore,
SMC has been successfully applied in various fields, such
as robot control [23], [24], satellite attitude control [25],
electromagnet levitation control [26] and mechatronic servo
control [16]. However, due to the existence of switching
time delays, measuring errors and additional factors in prac-
tical application, the chattering phenomenon is an inherent
attribute of SMC [27]–[29]. This can influence the accuracy
of control and cause a system to oscillate. In previous studies,
various control strategies have been proposed to mitigate
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the chattering phenomenon and accelerate the convergence
rate. In [30], Feng et al. proposed a full-order sliding-mode
control strategy. Junejo et al. proposed an adaptive termi-
nal sliding-mode reaching law [31]. A nonsingular terminal
sliding-mode control strategy was suggested by Yi et al.
in [32]. YE et al. proposed a robust adaptive sliding-mode
control strategy [33].

When implementing these control strategies, the reaching
law approach can directly obtain command of the approach-
ing process to mitigate the chattering phenomena and accel-
erate the convergence rate. In [34], Gao et al. proposed a
constant-proportional rate reaching law for robot manipu-
lators. However, the coefficients of the reaching law were
constant, and the reduced chattering was not distinct. Based
on the conventional exponential reaching law, Wang et al.
introduced a system state variable and a power order term
of a sliding-mode function to propose a new reaching law.
The superiority of this reaching law approach was verified
in the permanent magnet synchronous motor (PMSM) speed
regulation system [35]. Brahmi et al. employed a damping
sinusoid to propose an adaptive reaching law to mitigate the
chattering phenomenon and shorten the reaching time of the
state variable to the sliding-mode surface. The reaching law
was applied in an electric cylinder, and experimental results
confirmed the feasibility and simplicity of this approach [36].
Tao et al. proposed a double hyperbolic reaching law to
achieve a fast converging and chatter-free sliding-mode con-
trol. The lack of experimental verification was a major draw-
back of this strategy [37]. However, most of the proposed
reaching laws have been verified by theoretical analysis and
simulation. There is a lack of relevant experimental studies.
Moreover, there are few studies applying the reaching law
approach in EMB systems.

To prevent friction between the brake disc and pad when
the low-floor tram is running, an adequate gap distance must
be maintained.With increased use, worn brake disks and pads
will lead to an increased gap distance. This can lead to a slow
braking response in the system, and the different response
time may lead to side slippage, derailing or other hazardous
conditions. In [38], Shin et al. crafted a mechanism to carry
out an adjustment strategy, which led to increased installa-
tion space. With limited installation space, this is difficult to
implement in a low-floor tram. Few studies have focused on
the elimination of gap distance.

Motivated by the above work, and in order to further
improve the dynamic performance of the EMB system,
an ESMRL is proposed. The proposed ESMRL can not only
suppress the chattering phenomenon but also accelerate the
state variable to reach the sliding-mode surface. Meanwhile,
to ensure the reliable operation of a low-floor tram EMB
system, this paper proposes strategies related to gap distance
control. The main contributions of the proposed article are as
follows:

1) Amathematical model of an EMB system is established.
2) An ESMRL is proposed to mitigate the chattering

phenomena and accelerate the convergence rate of the state

variable to the sliding-mode surface. In addition, the superi-
ority of the ESMRL is verified by theoretical analysis.

3) A sliding-mode clamping force controller based on the
ESMRL is designed for the EMB system.

4) Novel elimination and adjustment strategies of gap dis-
tance are proposed to improve the response quality

5) To adjust the gap distance without an extra mechanism,
a gap distance adjustment control strategy is proposed.

6) The proposed control strategies are verified in simula-
tions and experiments.

The remainder of this article is organized as follows:
Section II illustrates the mathematical model of the EMB
system. The performance analysis of the proposed ESMRL is
elaborated in Section III. Section IV outlines the gap distance
elimination and adjustment strategy. Then, the simulation and
experimental results are presented to verify the superiority
and effectiveness of the ESMRL in Section V. Section VI
finally summarizes the paper and addresses the directions to
further work.

II. MATHEMATICAL MODEL OF EMB SYSTEM
The EMB system of the low-floor tram investigated in this
paper is shown in Fig. 1. The EMB system is composed of
an electromechanical actuator (EMA), a brake disc, a brake
clamp structure, and an EMA controller.

FIGURE 1. EMB system of low-floor tram.

As the major driving element of the EMA, the brush-
less DC motor (BLDCM) drives the screw nut through the
planetary gear, which transforms the rotational motion into
linear motion. Then, the ball screw pushes the lever, which
makes the brake pad produce friction torque with the brake
disc under the action of thrust. The common, emergency and
parking braking modes of urban rail trains will be realized.
The structure of the EMA is shown in Fig. 2.

To facilitate the analysis, the following assumptions are
made:
Assumption 1: The saturation of the motor stator core is

ignored, and the cogging effect and armature reaction are
omitted.
Assumption 2: There is no eddy current or magnetic hys-

teresis loss.
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FIGURE 2. Structure of the EMA.

Assumption 3: The armature winding is regarded as evenly
distributed in the stator inner surface.

The mathematical model of the BLDCM can be expressed
as follows: {

Ud = Rmi+ Li̇+ Keωm
J ω̇m = KT i− TL − Bvωm

(1)

where, Ud represents the armature voltage. Rm represents
the stator resistance. i represents the armature current. J
represents the rotary inertia. ωm represents the actual motor
speed. TL represents the load torque.Bv represents the viscous
friction coefficient. KT represents the torque constant. Ke
represents the EMF constant.

The ball screw converts the rotational motion of the
planetary gear into axial motion. Regardless of the elastic
deformation, the kinematic equation is designed as follows:

xEMA =
θmL0
2πGR

(2)

where, xEMA represents the displacement of the ball screw. θm
represents the rotation angle of the motor shaft. L0 represents
the lead of the ball screw. GR represents the reduction ratio
of the planetary gear.

Considering the brake pad deformation and the clearance
of the system, the stiffness curve of the EMB system is shown
in Fig. 3.

To avoid friction between the brake pad and disc, a suffi-
cient gap distance should be maintained between them. The
gap distance is a significant factor in the mathematical model
of the EMB system.

By fitting the experimental result, the approximate math-
ematical relationship, which considers the gap between the
brake pad and disc, between the displacement of the ball
screw and the clamping force is as follows:{

FEMA = ks (xEMA − D) , (xEMA ≥ D)
FEMA = 0, (0 ≤ xEMA < D)

(3)

where, D represents the gap distance between the brake gap
and disc.

FIGURE 3. Stiffness curve of the EMB system.

The clamping force on the brake disc is driven by the ball
screw, and the load of the drive motor can be represented as

FEMA =
2πGR
L0

Tl (4)

III. PROPOSED ENHANCED SLIDING-MODE
REACHING LAW
A. CONVENTIONAL SLIDING-MODE REACHING LAW
A routine design method of a sliding-mode controller
involves two steps: designing the sliding-mode surface and
designing the reaching law. An appropriate reaching law
design can reduce the chattering phenomenon and accelerate
the convergence rate of the system.

For the most part, a conventional sliding-mode reaching
law (CSMRL) can be used in engineering applications, which
can be expressed as

ṡ = −ε0sgn (s) (5)

where ε0 > 0.
For the CSMRL, ε0 represents the reaching rate of the state

variable. This means that the state variable will reach the
sliding face at a constant speed.

The reaching time of the CSMRL is derived as

trtc =
|s (0)|
ε0

(6)

The discrete form of the CSMRL is expressed as

s (n+ 1)− s (n) = −ε0T0sgn (s (n)) (7)

where T0 is the sampling period.{
s (n+ 1) = −ε0T0, s (n) = 0+

s (n+ 1) = ε0T0, s (n) = 0−
(8)

Based on (8), the sliding boundary width of the CSMRL is
derived as

1CSMRL = 2ε0T0 (9)
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It can be seen from equation (6) that the reaching time of
the CSMRL is related to the reaching rate ε0. Nevertheless,
there is a contradiction between the system chattering and
reaching time. If the parameter ε0 increases, the reaching
time of the state variable to the sliding-mode surface will be
shorter, and the chattering phenomenon will be aggravated.

B. PROPOSED ENHANCED SLIDING-MODE
REACHING LAW
To achieve better speed control performance, a novel sliding-
mode reaching law (NSMRL) is proposed in [39]. It is given
by

ṡ = −
εN

δN + γN e−αN |s|
sgn (s) (10)

where, εN > 0, 0 < δN < 1, γN > 0 and αN > 0.
However, the disadvantage of the NSMRL is that the reach-

ing law cannot be adjusted.
Motived by the NSMRL, the ESMRL is proposed to

improve the dynamic and weaken the inherent chattering,
which can be expressed as

ṡ = −9 (x, s) sgn (s)− η |x|m s

9 (x, s) =
ε

δ +
(
1+ 1

|x|n − δ
)
e−α|s|

lim
t→∞
|x| = 0

(11)

where, s represents the sliding-mode surface. x represents the
system state variable. ε > 0, 0 < δ < 1, n ≥ 1, α > 1, η > 0
and 0 < m < 2.

When the state variable is far away from the sliding-
mode surface, |s| is sufficiently large, and the term e−α|s|

will be extraordinarily small. Therefore, the denominator of
9 (x, s) converges to δ, and 9 (x, s) is equal to ε

/
δ. It has

a faster reaching rate to make the state variable approach the
sliding-mode surface. When the state variable approaches the
sliding-mode surface, the value of s and x are approximately
equal to 0, and thus9 (x, s) is equal to 0. The reaching speed
will decrease gradually. This means that when the variable
reaches the sliding-mode surface,9 (x, s) converges to 0, and
the chattering phenomenon will be weakened. Considering
the second term of ESMRL, |x|n ensures a large reaching
rate at the initial state. As the state variable converges to 0,
the reaching rate also decreases to 0. It is obvious that the
ESMRL can improve the response and reduce the chattering
phenomenon of the system.

Taking the first term of the ESMRL into consideration,
we can obtain the simplified ESMRL as follows:

ṡ = −
ε

δ +
(
1+ 1

|x|n − δ
)
e−α|s|

sgn (s) (12)

Assumption 4: trtn is the required time for the error vector
to reach the sliding-mode surface, and s (trte) = 0.
Thus equation (12) can be written as follows:

ṡ
[
δ +

(
1+

1
|x|n
− δ

)
e−α|s|

]
= −εsgn (s) (13)

By integrating equation (13) from 0 to trte, the following
can be obtained
s(trte)∫
s(0)

1
sgn (s)

[
δ +

(
1+

1
|x|n
− δ

)
e−α|s|

]
ds =

trte∫
0

−εdt

(14)

Then

trte=
1
ε

δ |s (0)|−(1+ 1
|x|n
−δ

) s(trte)∫
s(0)

sgn (s) e−α|s|ds


(15)

If s ≥ 0, then

trte =
1
ε

[
δs (0)+

1
α

(
1+

1
|x|n
− δ

)(
1− e−αs(0)

)]
(16)

In contrast, if s ≤ 0, then

trte =
1
ε

[
−δs (0)+

1
α

(
1+

1
|x|n
− δ

)(
1− eαs(0)

)]
(17)

Combining equations (16) and (17), the expression can be
rewritten as

trte =
1
ε

[
δ |s (0)| +

1
α

(
1+

1
|x|n
− δ

)(
1− e−α|s(0)|

)]
(18)

Since 1− e−α|s(0)| < 1, it can be known that

trte <
1
ε

[
δ |s (0)| +

1
α

(
1+

1
|x|n
− δ

)]
(19)

Thus, if parameter α is chosen appropriately, equation (19)
can be derived as

trte <
δ |s (0)|
ε

(20)

Since δ is a strictly positive offset that is less than one, and
ε0 = ε, this means that

trte < trtc (21)

In summation, the reaching time of the first term is less
than the CSMRL. In addition, the second term of the ESMRL
can also accelerate the reaching speed of the ESMRL. Thus
the ESMRL has a faster dynamic response than that of the
CSMRL.

The discrete form of ESMRL can be written as

s (n+ 1)− s (n) = −
εT

δ +
(
1+ 1

|x|n − δ
)
e−α|s(n)|

× sgn (s (n))− η |x|m Ts (n) (22)

where T is the sampling period.
s (n+ 1) = −

ε |x|n T
1+ |x|n

, s (n) = 0+

s (n+ 1) =
ε |x|n T
1+ |x|n

, s (n) = 0−
(23)
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Thus, the discrete sliding-mode boundary width of the
ESMRL is as follows:

1ESMRL =
2εT |x|n

1+ |x|n
(24)

The selection of parameters satisfies the following rules:

ε0 = ε (25)

T0 = T (26)

Obviously, the following equation can be obtained:

1ESMRL < 1CSMRL (27)

Compared with the CSMRL, where the bandwidth is con-
stant, the bandwidth of the ESMRL can decrease as the value
of |x| decreases. Consequently, the chattering phenomena
can be effectively mitigated by the enhanced sliding-mode
reaching law.

IV. DESIGN OF CLAMPING FORCE CONTROLLER
BASED ON ESMRL
A. CONTROL STRATEGIES FOR THE GAP DISTANCE
1) ELIMINATION STRATEGY FOR THE GAP DISTANCE
The block diagram for the EMB control strategy is shown
in Fig. 4.

FIGURE 4. Block diagram of the EMB control strategy.

When the EMB controller receives the braking instruction,
the EMB system eliminates the gap distance rapidly. Then,
the EMB controller switches to the clamping force control,
and the control algorithm switching point is detected by the
position sensor.

During the period of eliminating the gap distance, the load
of the drive motor is approximately nil. Therefore, the gap
distance elimination strategy adopts constant torque control,
which is based on a conventional PI control algorithm. This
can be realized through a strategy where the drive motor
can reach the maximum no-load speed quickly, and the gap
distance can be eliminated in the possible time. Meanwhile,
because the drive motor is characterized by low voltage and
high current, it has a large starting current when the EMB
system engages. This strategy can prevent the impact of an
excessive starting current on the power grid of the low-floor
tram.

2) ADJUSTMENT STRATEGY FOR THE GAP DISTANCE
The gap distance will increase as the brake pad and disc
degrade with use. This phenomenon will increase the time
required to eliminate the gap distance. The difference can
lead to the response time of the EMB system becoming
inconsistent in the same low-floor tram, which could lead to
low-floor tram derailments. The adjustment strategy of gap
distance is proposed and shown in Fig. 5.

FIGURE 5. The adjustment strategy of gap distance.

When the adjustment instruction of the gap distance is
received by the EMB controller, the system will track the
target value, which is set according to theoretical calculations.
Then, if the error of the system satisfies the desired error
band, the system will use constant torque to control the drive
motor reverse at a certain angle and adjust the gap distance to
the expected value.

The measured value of the external laser range finder is
taken as a reference, and the system can maintain the gap
distance at 2 mm. The relevant parameters in the test are
shown in Table 1, and the error curve is shown in Fig. 6.

TABLE 1. Parameters of the adjustment strategy.

In Fig. 6, we can see that the gap distance can be main-
tained at 2 mm for the drive motor at the backward 200 Hall
number, when the measured clamping force is in the error
band set for the adjustment of gap distance. This control
strategy does not depend on an external mechanical structure,
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FIGURE 6. The error curve of the adjustment strategy.

and it can make the EMB system compensate for the abrasion
of the brake disc and pad automatically. The approach is
simple and practical.

B. CLAMPING FORCE CONTROLLER BASED ON ESMRL
The clamping force controller of the EMB is used to track the
reference clamping force accurately and is robust to parame-
ters such as external load disturbance.

The status variables of the EMB system are expressed as:{
x1 = Fref − F
x2 = ẋ1 = Ḟref − Ḟ

(28)

where, Fref represents the reference clamping force and F
represents the actual clamping force.

When considering the contact state between the brake pad
and disc, the clamping force error equation is described as:{

ẋ1 = Ḟref − aωm
ẋ2 = F̈ref −

a
J
(KT i− TL − Bvωm)

(29)

where, a = ksL0/2πGR and TL represents the load torque.
To reduce the steady-state error and improve the robustness

of the system, the integral sliding-mode surface is designated
as

s = cx1 + x2 + ζ

t∫
0

x1dt (30)

where, c and ζ are positive constant.
Based on the ESMRL, the virtual control quantity i∗ can

be designed as:

i∗ =
J
aKT

[
cx2 + F̈ref +

a
J
TL +

a
J
Bvωm + ζx1

+9 (x, s) sgn (s)+ η |x|m s

]
(31)

To verify the stability of the designed clamping force con-
troller based on the ESMRL, the Lyapunov function is defined
as:

V =
1
2
s2 (32)

TABLE 2. Parameters of the EMB system.

Combined with equations (11) and (31), the derivative of
the Lyapunov function (32) can be expressed as

V̇ = sṡ

= s (ζx1 + cx2 + ẋ2)

= s
[
ζx1 + cx2 + F̈ref −

a
J

(
KT i∗ − TL − Bvωm

)]
= s

[
−9 (x, s) sgn (s)− η |x|m s

]
= −9 (x, s) |s| − η |x|m s2 (33)

In equation (33), due to ε > 0, η > 0, and 0 < δ < 1,
V̇ ≤ 0 can be established.
When there is an error in the system, we can do the follow-

ing analysis:
(1) If s = 0, the system error will converge to zero along

with the sliding-mode surface.
(2) If s 6= 0, V̇ < 0 can be established. The system will

reach the sliding-mode surface in finite time.
Therefore, according to the Lyapunov stability theorem,

the optimization controller is global asymptotically stable,
and it can guarantee the system reaching the sliding-mode
face.

V. SIMULATION AND EXPERIMENT RESULTS
A. SIMULATION RESULTS AND ANALYSIS
The MATLAB(2019a)/Simulink platform is utilized to illus-
trate the superiority and feasibility of the proposed control
strategy in the EMB system. Meanwhile, the parameters of
the EMB system are shown in Table 2, which are used in the
simulation.

The parameters of the proposed control strategy are ε =
1200, δ = 0.6, n = 1, α = 60, η = 100 and m = 1.5.
The parameters of the CSMRL controller are ε0 = 2000.
The parameters of the NSMRL controller are εN = 1500,
δN = 0.6, γN = 5 and αN = 40. The parameters of
sliding-mode surface is set as c = 100, ζ = 45. The
parameters of the clamp force PI controller are kPf = 4,
kPf = 0.2. The parameter of the current PI controller are the
same as kPc = 1.25, kIc = 0.1.
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FIGURE 7. Simulation results of the step clamping force signal tracking
with different control strategies.

FIGURE 8. Simulation results of sinusoidal clamping force signal tracking
with different control strategies.

Case 1: To verify the dynamic response of the ESMRL,
simulations of the clamping force step response are per-
formed. The gap distance of the EMB system is set as 2 mm,
and the reference clamping force signal is 28 kN.

In Fig. 7, it can be seen that the clamping force of the
three control strategies are finally stable. The clamping force
response time of the ESMRL is 235 ms, which is faster than

TABLE 3. Simulation results of the step response.

the other control strategies. Therefore, compared with other
control strategies, the proposed control strategy can achieve a
stable state quickly and possesses excellent dynamic response
performance. Table 3 shows the simulation results of the step
response.
Case 2: In this case, a comparison of the dynamic tracking

performance is performed. Fig. 8 shows the simulation results
for tracking of the sinusoidal clamping force signal tracking
and simulation results with different strategies. The reference
clamping force signal is set as F∗ = 28 sin (4π t)kN.
Due to the existence of a gap distance and the different

dynamic tracking performances, the brake pad will leave the
brake disc at different degrees. This is the reason why there
is a dead zone at 0 in the sinusoidal reference clamping
force signal. As seen in Fig. 8, the proposed control strat-
egy achieves a superior tracking performance of sinusoidal
clamping force signal than the other control strategies. Com-
paring the simulation results with different control strategies,
the proposed control strategy provides better tracking of the
reference signal and ensures the disappearance of the dead
zone at the critical point. Therefore, the ESMRL has fewer
clamping force dynamic tracking errors than the other two
control strategies under the same conditions.

B. EXPERIMENTAL RESULTS AND ANALYSIS
To further illustrate the effectiveness of the proposed control
strategy, experimental tests based on the EMB system of the
tram are performed.

FIGURE 9. Structure of the EMA.
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TABLE 4. Experimental results of the step response.

Experiments are conducted on an EMB system static test
platform whose parameters are consistent with Table 2. The
experimental platform of the EMB system is shown in Fig. 9,
which consists of an EMB bench, EMA controller, EMB
control platform, data storage oscilloscope and DC power
supply. The DC power supply is available at 24 V. The
detailed information of the EMA controller is as follows: the
main control chip is a TMS320F2812 digital signal processor
(DSP); a UCC27211 half-bridge driver is selected as the gate
driver; the three-phase inverter bridge circuit consists of the
N-channel MOSFET transistor CSD19506KCS with a fre-
quency of 10 kHz. In the experiments, the reference signal is
generated by a RIGOL DG1022U function generator, and the
actual clamping force signal is converted into a voltage signal
by the EMA controller, which is measured by a Tektronix
TPS2014B oscilloscope. A Tektronix A622 current probe is
used to measure the busbar current. The gap distance of the
static test is set as 2 mm.

The parameters of the proposed control strategy are ε =
765, δ = 0.6, n = 1, α = 13, η = 137 and m = 1.5.
The parameters of the CSMRL controller are ε0 = 1175. The
parameters of the NSMRL controller are εN = 943, δN =
0.6, γN = 3 and αN = 37. The parameters of sliding-mode
surface are set as c = 67, ζ = 29. The parameters of the
clamp force PI controller are kPf = 25, kIf = 0.0025.
The parameters of the current PI controller are the same as
kPc = 3, kIc = 0.01.
Case 1: In this case, the response rate and steady-state

error of the EMB system are compared based on PI con-
trol, CSMRL control, NSMRL control and ESMRL control,
which is achieved through the step response experiment.
Experimental conditions: (1) The gap distance between

the brake pad and disc is adjusted to 2 mm. (2) The reference
signal of the step response is set as 28 kN.

The experiment results with different control strategies are
shown in Fig. 10 (a)-(d).

As shown in Fig. 10, the maximum overshoot of the
ESMRL control is less than other control strategies. It can
also be seen from the busbar current that the current fluctu-
ation is minimal when the ESMRL control is adopted in a
steady state. It is obvious that the ESMRL control improves
the control precision of the EMB system, and the energy
utilization efficiency of the low-floor tram, which reduce the
frequency of adjustment. A comparison of the response rates
are shown in Table 4.

The results in Table 4 show that the ESMRL con-
trol achieves the fastest response rate under the minimum
overshoot. This shows that the proposed control strategy has
good response performance.

FIGURE 10. Experimental results of the step clamping force signal
tracking with different control strategies. (a) Experimental results under
PI controller. (b) Experimental results under CSMRL controller.
(c) Experimental results under NSMRL controller. (d) Experimental results
under ESMRL controller.

Case 2:To verify the dynamic performance of the ESMRL,
the reference signal is set as F∗ = 28 sin (4π t)kN. The track-
ing trajectories of the four methods—PI, CSMRL, NSMRL
and ESMRL—are shown in Fig. 11.
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FIGURE 11. Experimental results of the sinusoidal clamping force signal
tracking with different control strategies. (a) Experimental results under
PI controller. (b) Experimental results under CSMRL controller.
(c) Experimental results under NSMRL controller. (d) Experimental results
under ESMRL controller.

As shown in Fig. 11 (a)-(d), it can be seen that the proposed
method has a smoother clamping force and bus bar current
trajectory compared to the other control strategies. At the
critical point of contact between the brake pad and disc,

the hysteresis is notably improved, when the ESMRL control
is adopted. It obvious that the proposed control strategy can
perfect the dynamic performance of the EMB system. The
release of the brake pad from the brake disc is avoided when
tracking the sinusoidal reference signal.

According to above experiments, it is verified that the
proposed method achieves a high position tracking accuracy
and good anti-interference performance.

VI. CONCLUSION
In this paper, a novel clamping force sliding-mode control
strategy and gap distance control strategies are proposed for
an EMB system with the characteristics of load torque vari-
ations, strong nonlinearity and complex structure. The main
contributions of this paper are as follows:

(1) A mathematical model is established that focuses on
the EMB system of a low-floor tram.

(2) An ESMRL is proposed to improve the clamping force
control performance of an EMB system. Compared with
the CSMRL, the ESMRL can decrease the convergence of
reaching time to the sliding-mode surface and mitigate the
chattering phenomena.

(3) A novel gap distance elimination strategy is proposed
to shorten the response time of the EMB system.

(4) The proposed adjustment strategy accurately controls
the gap distance and ensures the response time after the
degradation the brake pad and disc.

Furthermore, the effectiveness and superiority of the pro-
posed approach are validated by both simulations and exper-
iments; the results show that the control strategy proposed in
this paper can improve the dynamic performance and tracking
accuracy of the clamping force control.

In future work, we will design different EMB systems for
different railway vehicles. With a focus on the differences
among different systems, we will summarize the tuning rules
of ESMRL parameters for different nonlinear systems and
improve the efficiency of parameter modulation.
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