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ABSTRACT Recently, with the emergence of electro-mechanical brake (EMB) devices, a control method for
an electric motor to replace the existing pneumatic actuator has been studied. The clamping force estimation
control method (ECM) from the rotor position of the motor is primarily used because sensor installation is
difficult owing to the temperature increase of the friction surface of the brake disk. However, to accurately
control the clamping force according to the change in the friction surface and hysteresis characteristics of
the motor, it is necessary to consider the installation of a force sensor. This study deals with the installation
of force sensors and the sensor compensation control method (SCCM) for the clamping force of an EMB
for high-speed train applications. To evaluate the proposed method, that is, the SCCM of the EMB, static
control with the wheel in the non-rotating state and dynamic control with the wheel in the rotating state were
performed. In addition, static control performance evaluation was performed under the maximum clamping
force reference and continuous step reference input. Comparing the two control methods, the error rate of
the SCCM was improved by up to 5%. The results of evaluating the dynamic braking performance with the
wheels rotating at 300 km/h showed that the SCCM had an improved deceleration pattern, and the braking
speed was more than 3 s faster than that of the pneumatic braking system and ECM of the EMB.

INDEX TERMS Brake-by-wire, electro-mechanical-brake, sensor compensation control, estimation control,
clamping force control, emergency brake.

I. INTRODUCTION
A railway vehicle braking system manufacturer recently
introduced an EMB product with a pure electric drive system
through a German railway fair, and announced that it would
be applied to urban railway vehicles by the end of 2022. The
EMB uses the rotational motion of the motor to move the
caliper and to create a clamping force on the brake disk.
Therefore, the main components of the EMB system are
the brake caliper, motor, and inverter for the motor control.
The EMB is being developed as an alternative to solve the
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complicated structure and management problems of air com-
pressors, compressed air storage reservoirs and air piping
used in the existing pneumatic brake system, aimed at the
airless train of railway vehicles.

The development of initial EMB has been actively
conducted in the automotive field to replace hydraulic
brake [1], [2]. Automotive hydraulic brake systems have a
complex hardware structure owing to oil pumps, solenoid
valves, hydraulic piping, and additional braking function
devices such as an anti-lock braking system (ABS) and elec-
tric parking brake (EPB), making maintenance increasingly
difficult. However, the EMB system is small, has a fast brak-
ing operation speed, and can accurately control the braking
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force through a cooperative function with the regenerative
control system, making it suitable for future electric vehi-
cles (EV) and hybrid electric vehicles (HEV) [3].

Owing to the development of motor and inverter manu-
facturing technologies, much research is being conducted to
improve the performance of EMB. In particular, clamping
force control and braking speed control are important factors,
and research has been conducted on various control methods
for motor actuators that provide faster and more accurate
response than hydraulic and pneumatic braking devices.

The clamping force control of the EMB was initially stud-
ied for cascaded loops by applying position, velocity, and
current controllers based on PI or PID control [4], [5], [6],
[7], [8], and study results on diagnosis and tolerant con-
trol for failure that occurs when using current, speed and
force sensors were presented [9], [10]. Recently, consider-
able research has been conducted on sensorless clamping
force control owing to the difficulty in sensor installation
and maintenance. A method to estimate the hysteresis char-
acteristic curve of the clamp force from the polynomial
function between the clamp force and motor position was
presented [11], [12], [13], [14], [15], and a sliding mode con-
trol method to control the nonlinear characteristics of friction
and deceleration performance for the entire vehicle system
was also studied [16], [17], [18], [19], [20].
A model-based predictive control method applying the

EMB state estimator and Kalman filter algorithm was studied
for clamping force control [21], [22], [23], and clamping
force control corresponding to the disturbance and nonlinear
structure of the EMB was also studied [24], [25]. Observer-
based techniques that estimated the clamping force based
on the position and force disturbance observer for robust
control [26] and data-driven method based on the motor
current and voltage without speed measurement was stud-
ied [27]. In addition, the control methods using extended state
observers were studied to reject disturbance such as unknown
variables of EMB system [28].
These model and observer-based control methods require

high-level processing hardware devices because much cal-
culation is performed in the controller. In addition, the
previously described control methods estimate the clamping
force from the rotor position of the motor and were mainly
applied DC motors, ball screws and gear structures with
low reduction ratios, and the simulation and hardware-in-the-
loop simulation (HILS) results were shown in a static state
in which the braking disk does not rotate. Therefore, it is
difficult to judge the validity because there are no cases of
application to actual dynamic tests.

In the initial EMB development stage, it is necessary to
select the capacity of the motor according to the required
braking force of the train and the development of the
algorithm is primarily performed in a static state. If the
algorithm is validated in the static state, a dynamic braking
test is conducted. A general mechanical brake is a principle
in which a brake pad attached to a caliper and a disk con-
tact each other to convert the kinetic energy of a train into

thermal energy to reduce the speed of a train. Because the
frictional surface of the caliper generates a high temperature
of over 400◦, the material hardness of the pad and disk
becomes soft and wear continues to occur; thus, the clamping
force is reduced compared with the reference value in the
dynamic state of the wheel.

Therefore, sensorless estimation control alone has certain
limitations, and feedback from a sensor that measures clamp-
ing force is required for accurate braking control. However,
it is difficult to install a sensor that can withstand high tem-
perature conditions and high pressure on the friction surface,
and can easily fail even after installation.

In this study, a method for controlling the clamping force
of an EMB caliper was proposed using the clamping force
sensor compensation control method (SCCM) as a comple-
ment to the clamping force estimation controlmethod (ECM).
To minimize the failure of the force sensor, a sensor installa-
tion position was proposed. After the estimation control is
performed using the position data of the motor rotor, and the
motor position control is stabilized, the final motor position is
compensated by the force sensor. It is experimentally shown
that the performance is improved in terms of the error range of
the clamping force in the static state test and deceleration time
in the dynamic state test. This paper is organized as follows.
The sensor compensated control procedure is introduced in
Section II, and the performance evaluation of clamping force
control in the stationary state is presented in Section III.
The emergency brake test results for the dynamic state are
presented in Section IV. Finally, conclusions are presented in
Section V.

II. SENSOR COMPENSATED CONTROL
PROCEDURE FOR EMB
In a conventional pneumatic braking systems, the pressure
in a brake pipe is maintained based on a set of pneumatic
reference values. If the pneumatic actuator is replaced with a
motor, the motor must perform position, speed, and torque
controls in the stall state. In addition, a force estimator is
required to convert the position information of themotor rotor
into clamping force. The PI controller was applied to the
position, speed and current controllers, and the input current
control reference value was calculated for efficient current
control, as shown in Fig. 1.
The voltage equation of the synchronous d-q axis frame

for a three-phase interior permanent magnet synchronous
motor(IPMSM) is expressed as follows [29]:

υrds = Rsirds + Lds
d irds
dt

− ωrLqsirqs (1)

υrds = Rsirqs + Lqs
d irqs
dt

+ ωr (Ldsirds + ψf ) (2)

whereωr is the angular velocity,Rs is the resistance of the sta-
tor, Lds and Lqs represent the d-q axis inductance of the stator,
irds and i

r
qs are the synchronous d-q axis current of the stator,

and ψf is the flux linkage from the permanent magnets.
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FIGURE 1. IPMSM control concept of EMB system.

From (1) and (2), the output torque of the IPMSM can be
expressed as follows:

Te =
P
2

3
2
[ψf irqs + (Lds − Lqs) irds i

r
qs] (3)

where P is the number of poles
The relationship between the synchronous d-q axis frame

current and angle β can be expressed as follows [30]:

irds = Is cosβ , irqs = Is sinβ (4)

where Is is the input current.
From (3), the output torque is expressed as Is and β, and

its derivative with respect to the β is as follows:

Te =
P
2

3
2
[ψf Is sinβ +

(Lds − Lqs)
2

I2s sin 2β] (5)

∂Te
∂β

=
P
2

3
2
[ψf Is cosβ +

(Lds − Lqs)
2

I2s cos 2β] (6)

Because the maximum torque output occurs when (6) is
zero, the value of β can be expressed as (7) [31], [32].

β = cos−1(
− ψf +

√
ψ2
f + 8(Lds − Lqs)2I2s

4 (Lds − Lqs) Is
) (7)

Fig. 2 shows how to create a mathematical model of the
force estimator applied in Fig. 1. The solid line in Fig. 2 is
obtained from the test results of measuring the force accord-
ing to the moving distance of the motor. A first-order model
equation EST1 is applied to simplify the motor characteristic
curve, as indicated by the dotted line. As a result of applying
the first-order model equation, an error in the clamping force
output occurrs in the mid-range between the motor character-
istics and estimated model equation. However, this is not a
problem because the clamping force reference value and the
experimental results are within ± 5%.

When wear occurs on the brake pads, the caliper output
a clamping force value that is less than the reference value
when operating with the initial EST1 estimated model. In this
case, the value of Ferr increases, and if the model equation

FIGURE 2. Relation between force and distance of IPMSM.

control is redefined as EST2 according to the Ferr value,
the moving distance of the IPMSM increases for the same
clamping force reference input, resulting in an increase in the
clamping force output value.

The error value Ferr of the clamping force is calculated as
the difference between the feedback force signal Ffb of the
sensor measured in real time and the Ffb clamping force ref-
erenceFref .Ferr updatesFb which is the estimated value from
the motor position θ . This control method has the advantage
of improving the reliability of the EMB because it is possible
to control the EMB by estimation control even if the force
sensor fails.

Fig. 3 shows the structure of the EMB. The output of the
motor is connected to the primary reduction gear. As the pri-
mary reduction gear rotates counterclockwise, the secondary
reduction gear rotates clockwise. Because the central axis
of the secondary reduction gear has a camshaft structure,
the rotational motion changes to linear motion as it moves
along the circumference. As lever 1 moves in the direction
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FIGURE 3. EMB structure for high-speed-train.

of the brake disk, lever 2 moves in the direction of the brake
disk through mechanical coupling, creating a clamping force
between the pad and disk.

FIGURE 4. Sensor compensated control procedure for EMB clamping
force.

Fig. 4 shows the SCCM procedure based on the clamping
force of the ECM. When the clamping force reference is
input, the EMB performs the position estimation control of
the motor using the inverter, and the estimated clamping
force value is within the predefined error range. At that time,
the error value is calculated using the difference between the
estimated force value and the measured force value; if the
resulting value is less than 1 kN, the position value is main-
tained. If the error value exceeds 1 kN, the position control
is performed again until it is less than 1 kN. When ECM and
SCCM are combined, more accurate clamping force control
is possible than when ECM alone is used, and reliability is
improved because the braking control of the railway vehicle

can be continuously maintained through estimation even in
the event of sensor failure.

FIGURE 5. Test installation for EMB in stationary state, (a) combined test
installation of EMB, (b) sensor installation position, (c) force sensor.

III. PERFORMANCE EVALUATION OF CLAMPING FORCE
CONTROL IN STATIONARY STATE
Fig. 5 (a) shows the clamping force control installation of the
EMB to perform a static clamping force test. A test rig sen-
sor(loadcell) was installed inside the brake disk unit to reduce
the impact of the caliper brake operation. The microprocessor
control unit (MCU) for the inverter was a TMS320F28062,
and the PWM switching frequency was 10 kHz. The inverter
for controlling the 3-phase IPMSM uses a DC 100 V input
voltage because it needs to use the battery of the train. In addi-
tion, a PC control and an oscilloscope were used to monitor
the control status data and waveform.

The EMB caliper was manufactured by installing an
IPMSM and reduction gear instead of a pneumatic actuator.
Four sensors designed instead of bolts for measuring the
clamping force were installed in the connection between the
caliper arm and friction pad bracket. Fig. 5 (b) and (c) show
the installation position and shape of the force sensor, respec-
tively. A force sensor was designed to measure the force by
installing a cylindrical strain gauge along the central axis
of the bolt. Therefore, when the caliper arm moved inward,
the force was measured based on the contact force on the
disk pad. This sensor location minimizes the factors that can
cause failure under high- temperature and friction conditions
of the pads.
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FIGURE 6. Clamping and braking force refence for HEMU-430x.

Fig. 6 shows the braking force and clamping force refer-
ences according to the vehicle speed of the HEMU-430X,
which was developed experimentally in Korea. As shown
in Fig. 6, the braking force was determined by multiplying
the weight of the train by the required deceration value.
In addition, the clamping force reference of the caliper was
calculated by dividing the braking force by the wheel diame-
ter ratio and friction coefficient. The clamping force reference
of the caliper started with a low clamping force input and
gradually increased as the train speed decreased. This is
because the high braking force at high speed causes a high
temperature on the disk surface and thermal shock on the
wheel, resulting in brake system failure. In addition, the
braking force was determined by multiplying the weight of
the train by the required deceration value.

The specifications of the IPMSM considering the braking
force based on the weight of high-speed trains are listed in
Table 1. The rated speed of the motor was designed to reach
the maximum clamping force reference of 0.5 s. The IPMSM
output is determined by the required rotational angular speed
and the two-stage reduction gear ratio, as shown in Fig. 3.

TABLE 1. Motor specification.

Fig. 7 shows the static clamping force control results
obtained using the ECM. The force in Fig. 7 (a) shows the
measured clamping force from the sensor in the experimental
installation rig in Fig. 5, where is the estimated position
value corresponding to the required force reference, and the

FIGURE 7. Experimental result with the static clamping force using the
ECM, (a) Position control, (b) d-q axis current control.

motor starts rotating within 100 ms of the reference input.
From (3), a theroretical maximum speed can be expressed as
follows [30]:

ωmax =
Vsmax
ψf

(8)

where ωmax is the maximum angular velocity, Vsmax is the
maximum phase voltage, and ψf is the flux linkage from the
permanent magnets.

To reduce the overshoot of the clamping force, the maxi-
mum rotation speed of the motor was limited to 2,000 rpm,
and the measured clamping force value increased slowly
owing to the gap between the braking pad and the disk. When
the clamping force reached the maximum value, the speed
of the motor decreased to zero, and position control was
performed to maintain the position. As shown in Fig. 7 (a),
a maximum clamping force of 54 kN was maintained using
the ECM. Fig. 7 (b) shows the d-q axis control current for
the IPMSM control during the maximum clamping force. The
current reference calculation in (4) was applied to improve the
efficiency of the current control, as shown in Fig. 1. It was
be confirmed that the motor operated as soon as the control
current was input. A current of approximately 8 A for the
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q-axis and approximately−7A for the d-axis was output after
the position of the motor was stabilized.

FIGURE 8. Experimental result with the static clamping force using the
SCCM, (a) Position control, (b) d-q axis current control.

Fig. 8 shows the static clamping force control results
obtained using the SCCM. The maximum clamping force
was 54 kN, which is the same as that shown in Fig. 7 (a).
The position reference in Fig. 7 (a) maintained the initial
value. However, Fig. 8 (a) shows the compensated position
reference obtained by slightly increasing the reference posi-
tion with the sensor feedback value. The d-q axis current
control in Fig. 8 (b) shows the same maximum peak current
and steady-state current in the motor stall state, as shown
in Fig. 7 (b).

Figure 9 shows the d-q axis output current tracking con-
trol characteristics of the current controller for the reference
current calculated from (4). As shown in Fig. 1, the input
reference current is determined according to the output of
cascade structure of the position and speed controller. When
the IPMSM reaches the maximum speed of 2,000 rpm, the
reference current fluctuate to maintain the speed, and when
the reference clamping force is reached, the d-q axis current
follows a constant reference current to maintain the clamping
force. As can be seen in the enlarged graph of the region
where the reference current fluctuates in Figure 9, the d-q
axis current reaches the reference current at a rapid speed
within 3 ms.

As shown in previous experimental results, the output
clamping force control results for the maximum reference

FIGURE 9. Output current characteristics tracking the d-q axis reference
control current.

input force or reference input for each stage did not exhibit
a significant difference in the output error values of the two
control methods. However, there was a difference in the out-
put error based on the continuous clamping force reference
input at each stage.

FIGURE 10. EMB ascending step position control pattern under static
condition, (a) ECM, (b) SCCM.

The output of the clamping force for the continuously
ascending step reference input is shown in Fig. 10. Unlike the
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FIGURE 11. EMB descending step position control pattern under static
condition, (a) ECM, (b) SCCM.

clamping force output, which increases from zero to the target
clamping force in one step, this test generates the clamping
force output in several steps. Fig. 10 (a) shows the results
of the ECM and Fig. 10 (b) shows the results of the SCCM.
As shown in Fig. 10, when the ECM is applied, the clamping
force output values of steps 1-2 and steps 6-7 obtain output
values that satisfy the reference values. However, the output
values of clamping force steps 3 to 5 were approximately
2 kN lower than the reference value output, according to
the characteristics shown in Fig. 2. In case of the SCCM
in Fig. 10 (b), it can be verified that errors within ±0.5 kN
are shown for all braking steps. Therefore, it can be seen
that the correction of the reference value estimated through
the sensor compensation is performed, and the control of the
motor accurately follows the compensated reference value.

Fig. 11 shows the output of the clamping force for the
continuous descending step reference input. Fig. 10 (a) shows
the results of the ECM, and Fig. 10 (b) shows the results of the
SCCM. In the case of the ECM, output differences continue
to occur between the reference inputs and clamping forces,
except for the first step 7.

This result was attributed to an error caused by the repul-
sive force generated in the caliper during the braking release
operation of the motor. However, the SCCM receives feed-
back from the clamping force sensor value and readjusts the
position of the motor to output each reference value of the
clamping force accurately. In particular, when descending

from step 5 to step 4, the error between the estimated and
measured values was calculated to readjust the position of the
motor, which caused an undershoot as shown in Fig. 11 (b).
Table 2 lists the results of the clamping force output values

and the error between ECM and SCCM, as shown in Fig. 10.
When ECMwas applied, the error value of the clamping force
was up to 6.5%, and the average error value of all steps was
approximately 3.1%.When the SCCM proposed in this study
was applied, the error value of the clamping force occurred up
to 1.5%, and the average value was approximately 0.5%.

TABLE 2. Comparison of the experimental result.

FIGURE 12. Test installation for EMB emergency brake in dynamic state
test, (a) equipment for braking performance test, (b) EMB installation,
(c) brake control and monitoring.

IV. PERFORMACE EVALUATION OF EMERGENCY BRAKE
IN DYNAMIC STATE
Fig. 12 (a) shows the dynamo equipment for the emergency
braking test, and Fig. 12 (b) and 12 (c) show the installa-
tion of the EMB performance test. A dynamic emergency
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braking test of the EMB was conducted using the same
testing procedure as that used for the pneumatic brake. The
wheelset shown in Fig. 12 (b) was rotated at a maximum
speed of 300 km/h. At that time, the clamping force of the
EMB was applied as 36 kN(step 4). A clamping force of
42 kN(step 5) was applied when the wheelset speed decreased
to 230 km/h and a clamping force of 50 kN(step 6) was
applied when the wheelset speed decreased to 160 km/h.
When the wheelset speed decreased to 110 km/h, a clamping
force of 54 kN(step 7) was applied and maintained until the
wheelset speed reached to 0 km/h.

FIGURE 13. Comparison of the velocity pattern between pneumatic brake
and EMB.

Fig. 13 shows a comparison of the brake performance
between the pneumatic brake and EMB applied to ECM and
SCCM. The pneumatic brake used was a HEMU-430X brake
system.

The EMB system applying ECM showed similar results
to the pneumatic brake because the two systems performed
open-loop control of the clamping force value. The EMB
system applying SCCM decelerated linearly at a speed of
230 km/h(step 5), and braking was completed in 69 s. How-
ever, the pneumatic brake and EMB system applying ECM
were completed in 72 s. The SCCM performs the best among
the three cases because the deterioration of the clapming force
performance owinge to the heat on the disk surface can be
controlled through sensing feedback.

Fig. 14 shows the deceleration value of each step of the
SCCM, as shown in Fig. 13. As shown in the reference value
for each speed range in Fig. 6, the deceleration test value
satisfied the reference value in the speed range of 300 km/h
to 0 km/h.

Fig. 15 shows the control waveform of the SCCM from the
EMB inverter. The upper waveform is the force-sensing feed-
back value received from the sensor for each clamping force
reference value, and the lower waveform is the speed at which
the motor rotates in the forward or backward direction to
control the pad position based on the clamping force feedback
value. The EMB’s force feedback data show a fluctuating
waveform owing to the influence of noise as the vibration of
the wheel rotating at high speed is transmitted to the caliper,
but it follows the clamping force reference value well.

FIGURE 14. Calcuation result of EMB deceleration from velocity parttern
of SCCM.

FIGURE 15. Control waveform of the SCCM from EMB inverter.

FIGURE 16. Emergency brake experiment at 300 km/h wheel velocity.

Fig. 16 shows the state in which emergency braking of the
EMB is applied, while the speed of the wheelset is 300 km/h.
As described in the previous section, when a clamping force
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is applied by the caliper when the wheelset rotates, frictional
heat is generated on the wheel disk, and a circular red band
appears on the circumferential surface of the disk.

V. CONCLUSION
In this study, a force sensor installation and SCCMwere used
to provide a new design scheme to control the clamping force
of an EMB for application to high-speed trains. The force
sensor location minimizes the occurrence of failures due to
environmental factors, and the control method is expected to
improve the reliability of the EMB through redundancy of
estimation control even in the event of a sensor failure during
railway vehicle operation.

In the stationary state test, the ECM and SCCM meth-
ods yielded similar results for a one-step reference, such as
the maximum reference. However, with a continuous step
reference input, the clamping force error of the SCCM was
improved by up to 5% compared of the ECM. In the dynamic
state test, the SCCM exhibited linear deceleration character-
istics for each speed range and was 3 s faster than the ECM
under the same test conditions.

The main contribution is summarized in the following
aspects:

• Derivation of estimation and sensor compensation con-
trol method to improve the accuracy and reliability of
the EMB for high-speed train.

• Presentation of installation method considering min-
imization of sensor failure in high-speed, high-
temperature environmental conditions.

• Derivation of procedures for combination testing in a
stationary state and performance testing in a dynamic
state for applying EMB to high-speed train.

When sensors are applied, frequent maintenance problems
and the causes of failure increase. However, estimation con-
trol alone does not provide accurate clamping force control,
and it is difficult to achieve good performance compared with
existing pneumatic brake systems.

In the future, an EMB system that applies the proposed
algorithm will be installed in railway vehicles and a com-
parative evaluation with a pneumatic braking system will be
conducted.
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