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Abstract— A new automotive electromechanical brake (EMB)
is proposed in this study, which consists of the
electromagnetic linear actuator that includes the stator and
the mover, the power rod, the wedge, the braking pads, the
caliper and the mechanical accessory. The braking torque is
controlled via the actuator control unit. The topology
structure of the proposed EMB is discussed. The models of
the proposed EMB are developed, it is confirmed that the
proposed EMB provides two braking forces with same
magnitude and opposite direction to the braking pads, and
the gains of the components and the proposed EMB are
formulated. Furthermore, the effects of the geometrical
parameter and the design parameter on the performance of
the proposed EMB are analyzed via simulation. This study
provides a novel EMB topology for electric vehicles, which
possesses the faster dynamic response than previous EMBs.
Keywords-Braking  system, electric
electromechanical brake (EMB).
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I. INTRODUCTION

For current commercial automobiles, hydraulic or
electrohydraulic wheel brakes are used popularly.
However, those brakes possess the inherent disadvantages,
such as the flammable braking fluid, the leakage of the
braking fluid and the discontinuous control of the braking
torque, which degraded automotive safety, ABS
performance and environmental protection. An alternative
solution is being concerned, which is the
electromechanical brake (EMB) [1]-[56]. Without any
hydraulic component, the electromechanical brakes are
controlled electrically. The electromechanical brakes have
a number of potential advantages compared with
conventional electrohydraulic brakes, such as faster
dynamic response, more accurate braking torque control,
continuous control of braking torque, improved braking
and stability behavior, no flammable fluids, and reduction
in complexity and quantity of components. Thus, the
electromechanical brakes are regarded as the next
generation of automtive wheel brakes.

Il. TOPOLOGY OF PROPOSED ELECTROMECHANICAL
BRAKE

Fig. 1 illustrates the topology of the proposed
electromechanical brake. It consists of the electromagnetic
linear actuator that includes the stator and the mover, the
power rod, the wedge, the braking pads, the caliper and the
accessory.

The operation of the proposed electromechanical brake
can be summarized as follows. The electromagnetic linear
actuator is controlled by its control unit, in which the input
voltage signal is used to control the electromagnetic force

output by the mover. The electromagnetic force is
appropriately proportional to the input voltage signal. Via
the mechanical link between the mover and the right
terminal of the power rod, the electromagnetic force is
transferred to the right terminal of the power rod. Due to
the mechanism of the power pod, the force applied to the
right terminal of the power rod is transferred to the left
terminal of the power pod. Via the mechanical link
between the left terminal of the power rod and the wedge,
the force applied to the left terminal of the power rod is
transferred to the wedge. Consequently, the force applied
to the wedge makes the wedge move up or down. The up
motion of the wedge further results in that the right
braking pad moves left, and the caliper moves right.
Moreover, the right motion of the caliper makes the left
braking pad moves right. Thereby, two braking pads move
toward the braking disc, until two braking pads contact the
braking disc to generate the braking torque applied to the
braking disc. The electromagnetic force is zero and the
wedge and two braking pads release if the input voltage
signal is zero.

The effect diagram that the proposed electromechanical
brake is applied to the automotive wheel is shown in Fig. 2.
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Fig. 1 Topology of proposed electromechanical brake
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Fig. 2 Integration between wheel and proposed
electromechanical brake
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The electromechanical brake unit consists of the
electromechanical brake and the actuator control unit. The
schematic structure of the electromechanical brake unit is
illustrated in Fig. 3.
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Fig. 3 Control schematic of proposed electromechanical brake

I11. MODELS OF PROPOSED ELECTROMECHANICAL BRAKE

1. Model of Electromagnetic Linear Actuator

The model of the electromagnetic linear actuator is
illustrated in Fig. 4, in which the input voltage signal (Vin)
is converted into the electromagnetic force (Fem) by the
electromagnetic linear actuator and the conversion
coefficient is K. It is assumed that the electromagnetic
linear actuator generates the down electromagnetic force
in the subsequent analysis, in which the gravities of all the
components are neglected.

Referring to Fig. 4, the relationship between the
electromagnetic force output by the mover and the voltage
signal input to the control unit of the electromagnetic
linear actuator can be expressed as

Fon = KcVin 1)

Vin—» K. —»Fen

Fig. 4 Model of electromagnetic linear actuator

2. Model of Power Rod

Fig. 5 illustrates the model of the power rod, in which Fy
represents the force applied to the right terminal of the
power rod, L, the length of the right arm of the power rod,
Fi: the force applied to the left terminal of the power rod,
and L, the length of the left arm of the power rod.

The force (Frx) applied to the right terminal of the power
rod is equal to the electromagnetic force (Fem) if the loss of
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Fig. 5 Model of power rod

the mechanical link is ignored. Thus, one has
Frt = Fem (2)

At the same time, the force applied to the left terminal of
the power rod can be calculated as

Ly
Fy = L_l Frt (3)

3. Model of Wedge

The model of the wedge is illustrated in Fig. 6 when the
wedge and the caliper are at standstill. In Fig. 6, «
represents the wedge angle, Fn, the force applied to the
wedge by the left terminal of the power rod, Fyw the
normal force applied to the wedge by the right braking pad,
Few the normal force applied to the wedge by the caliper,
Frow the friction force between the right braking pad and
the left wedge surface, and Fr.w the friction force between
the caliper slope surface and the wedge slope surface.

The force balance equation in the horizontal direction can

Fow

Fig. 6 Model of wedge

be expressed as
F,y, cosa = Fyy, + Fppy, sina 4

The force balance equation in the vertical direction can be
given as

Fy = Fyy sina + Frpy, + Fppy cOS @ (5)
where Fy is equal to Fys.

The friction force between the right braking pad and the
wedge can be calculated as

Ffpw = Uplpw (6)
where | is the friction coefficient.

The friction force between the caliper and the wedge can
be calculated as

chw = Hchw (7)
4. Model of Caliper

The model of the caliper is shown in Fig. 7 when the
wedge and the caliper are at standstill. In Fig. 7, Fuc
represents the normal force applied to the caliper by the
wedge, Fyc the normal force applied to the caliper by the
left braking pad, Fr.c the friction force between the wedge
slope surface and the caliper slop surface, and Fs the force
applied to the caliper by the support.
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Fig. 7 Model of caliper

The force balance equation in the horizontal direction can
be expressed as

Fyccos a = Ey. + Fpy,c Sina (8)

The force balance equation in the vertical direction can be
given as

Fe = Fyesina + Fpyccosa 9)

Furthermore, one has

Frwe = Frew (10)
A (11)
Fyp = FBow (12)
Fop = Fye (13)

where F¢, represents the normal force applied to the left
braking pad by the caliper.

5. Braking Force Applied to Two Braking Pads

From the equations (4) (7), the normal force applied to the
wedge by the right braking pad can be calculated as

Fyow = Foy — tpFpy sina (14)

From the equations (8) (10) (11), the normal force applied
to caliper by the left braking pad can be expressed as

Fye = Foy — pgFpy sina (15)

Referring to the equations (12)-(15), it can be seen that the
normal force applied to the right braking pad is equal to
the normal force applied to the left braking pad. In other
words, thus, the braking force applied to the right braking
pad and the braking force applied to the left braking pad
have the same magnitude and the opposite direction. It
meets the requirement of the wheel brakes.

6. Vertical Displacement of Wedge and Horizontal
Displacement of Braking Pads

The wedge only moves vertically in the proposed
electromechanical brake. Due to the wedge’s structure,
however, the wedge is capable of generating the horizontal
displacement if the wedge moves vertically to result in the
vertical displacement. The relationship between the
vertical wedge displacement and the horizontal wedge
displacement is shown in Fig. 8, if the wedge moves
upward.

If the vertical wedge displacement is Dy, referring to Fig. 8,
the horizontal wedge displacement (D) can be calculated
as

Fig. 8 Vertical and horizontal displacements of wedge

D, =Dytana (16)

The horizontal displacement generated by the wedge
results in that two braking pads move toward the braking
disc. Consequently, the relationship between the
horizontal wedge displacement and the horizontal
displacement of the braking pad (Dy) can be expressed as

D, = 2D, 17

Thereby, the relationship between the vertical wedge
displacement and the horizontal displacement of the
braking pad can be expressed as

_ 2Dp

y - tana

(18)
7. Gains of Proposed Electromechanical Brake

Table | shows the gains of three components and the
proposed electromechanical brake. The gain of the
electromagnetic linear actuator (G,) is defined as the ratio
of the electromagnetic force to the input voltage signal, the
gain of the power rod (G,) is defined as the ratio of the
force applied to the left rod terminal to the force applied to
the right rod terminal, the gain of the wedge (Gw) is
defined as the ratio of the force applied to the right braking
pad by the wedge and the force applied to the wedge by
the left rod terminal, and the gain of the electromechanical
brake (Gewmg) is defined as the ratio of the force applied to
the right braking pad by the wedge to the input voltage
signal. These gains can be obtained from the equations

(1)-(15).

Table 1: Gains of proposed electromagnetic brake

Gain Value

Ga K.

Gr L/L;

cosa—ussina

Gw

sina+2pfcos a—pf sina

KcLy(cosa—pysina)

G
EMB Ll(sina+2p.f cos a—p%sin a)

IV. ANALYSIS OF PROPOSED ELECTROMAGNETIC BRAKE

1. Effect of Wedge Angle on Gain of Wedge

For the proposed electromechanical brake, it can be seen
from Table | that the gain of the wedge depends on the
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wedge angle and the friction coefficient. The effect of the
wedge angle on the wedge’s gain is illustrated in Fig. 9 if
the friction coefficient is equal to 0.1. It can be observed
from Fig. 9 that the gain of the wedge decreases for the
specified friction coefficient if the wedge angle becomes
large. Consequently, the wedge angle should be designed
as the small angle, to obtain the high gain of the wedge.

2. Effect of Friction Coefficient on Gain of Wedge

Fig. 10 illustrates the effect of the friction coefficient on
the wedge’s gain if the wedge angle is 15 degree. It can be
observed from Fig. 10 that the gain of the wedge decreases
for the specified wedge angle if the friction coefficient
between the wedge surfaces and the other surfaces
becomes high. Thereby, the friction coefficient should be
selected as the low value, to obtain the high gain of the
wedge.

Gain of Wedge
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Fig. 9 Effect of wedge angle on wedge’s gain
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Fig. 10 Effect of friction coefficient on wedge’s gain

3. Effect of Wedge Angle on Maximum Displacement of
Braking Pad

The effect of the wedge angle on the maximum
displacement of the braking pad is shown in Fig. 11 if the
maximum vertical displacement of the wedge is 10 mm. It
can be seen from Fig. 11 that the maximum displacement

of the braking pad increases for the specified maximum
vertical displacement of the wedge if the wedge angle
becomes large. Therefore, the wedge angle should be
designed appropriately, to guarantee that the maximum
displacement of the braking pad is more than the clearance
of the braking pad, which is the distance between the
braking disc and the braking pad at the releasing position
of the braking pads.
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Fig. 11 Effect of wedge angle on maximum displacement of
braking pads

V. CONCLUSION

The electromechanical brake with the new topology and
behavior has been proposed in this paper, which is
applicable to wheel brakes in electric vehicles and
controlled electrically without any hydraulic component.
The models of the components in the proposed
electromechanical brake have been developed, which can
be used to complete the design of the proposed
electromechanical brake. The theoretical analysis has
confirmed that the braking force applied to the right
braking pad and the braking force applied to the left
braking pad have the same magnitude and the opposite
direction. The simulation analysis shows that the wedge
angle has the considerable effects on the gain of the wedge
and the maximum displacement of the braking pads for the
specified maximum vertical displacement of the wedge,
and the friction coefficient between the wedge surfaces
and the surfaces of other components has the significant
effect on the gain of the wedge. The wedge angle should
be selected appropriately, to obtain the sufficiently high
gain of the wedge and the enough large displacement of
the braking pads. The friction coefficient should be
designed as low as possible, to obtain the high gain of the
wedge.
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