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ABSTRACT

This paper discusses the modeling and simulation of three different brake-by-wire actuators utilizing bond
graph method. The brakes studied include a hydraulic brake with a modulated pressure (Electro-Hydraulic)
and two different Electro-Mechanical Brake configurations that use electric motors to move the caliper.
After modeling the actuators with the use of bond graphs, a one-wheel model is used to compare the
actuators (in terms of stopping distance) and the effort of the actuators (energy spent to stop). Finally, the
electro-hydraulic brake was optimized using the parameters chosen based on the equations derived from
the bond graphs.

Keywords: : Brake-by-wire, Bond Graph, Electro-Hydraulic Brake, Electromechanical Brake, Electronic
Wedge Brake, Simulation

1 INTRODUCTION

X-By-Wire technologies are the future of the
automotive industry due to the increasing demand
for electrification and fuel efficiency. Their
electronic architectures and interface also make
them great candidates for autonomous and hybrid
electric/electric vehicles. Among all the necessary
by-wire technologies, brake-by-wire systems are a
priority due to their safety-critical nature in a
vehicle [1][2].

Brake-by-wire systems can reduce component
weight and allow the actuators to consume energy
only when required by blending both regenerative
braking and friction braking. This can minimize
fuel consumption and CO; emissions. Using
sensors and control methods, caliper drag can be
eliminated by making brake-by-wire technology
even more energy efficient. Individual wheel
braking and faster activation time can be combined
with the vehicle’s ECS system to make the vehicle
safer. The reliability of new actuators and the risk
and cost associated with deploying new brake
technologies are the main hurdles of brake-by-

wire systems becoming a popular choice in
automotive manufacturers [3][4].

Brake systems are categorized into wet and dry
brakes. Wet brakes employ fluids for their
operation, and dry brakes are usually purely
mechanical systems. Electro-hydraulic brake
systems are a type of wet brakes where their
pressure is modulated using pressure modulators
that can be controlled electronically. The pressure
source can be packaged in one centralized location
for all four wheels like Bosch’s first electro-
hydraulic brake system [5], or it can be local to
each wheel like MK C-1 from Continental [6]
(local Electro-hydraulic brakes).

Dry brakes can also be realized in a few different
configurations. There is an electro-mechanical
brake that utilizes a small motor, planetary gear
set, and a roller screw actuator to move the brake
pad [7]-[13]. However, this type of brake requires
a 42 Volt motor to operate and consumes a lot of
energy [3]. Electronic wedge brakes, on the other
hand, uses a wedge mechanism to create a system
that draws the wedge pad inside the brake;
therefore, requiring less energy to operate [13]—
[21]. Vienna Engineering has also developed a
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similar system that uses a crank-shaft mechanism
to reduce the complexity of reduction gears and
roller screw actuator [22]-[25].

In this paper, we have chosen to study and
compare electro-hydraulic, electro-mechanical,
and electronic wedge brakes. In the first section,
the bond graphs and equations of the brake models
are presented. In the second section, the control
strategy is explained. Finally, in the simulation
results section, we present all the comparisons and
simulation results for the brake systems under
different conditions.

2 SYSTEM MODELING

In this section, we discuss the schematics, bond
graphs, and the state equations derived from the
bond graphs for each brake system. All the
actuator models include a one-wheel vehicle
model that is represented in Figure 1. It includes a
moving wheel with rotational inertia connected to
a point mass. This simple dynamic model aids the
preliminary studies of brake actuators and
algorithms (such as ABS and TCS) and is easy to
implement on a test rig [25]-[29]. The bond graph
of this model is included in Figure 2.

Mass, m
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N

Figure 1: Schematic of a One-Wheel Model

Figure 2 : Bond Graph of one-wheel vehicle
model

2.1.1 State Equations

State equations for this model are as follows
Pw=Jww =FpRe — T — Bw (1)
pu =mu = _Fb (2)

Where u is forward velocity, w is wheel angular
velocity, T, is braking torque, F;, is braking force,
N is the normal force, B is bearing friction
coefficient, R.sf is effective wheel radius, p,, is
the angular momentum of the wheel, and p,, is
the vehicle’s momentum. For the braking force
modeling, the Burckhardt tire model is chosen in
which the coefficient of friction (u) is a function
of the longitudinal slip (1) (Equation 4), and the
longitudinal slip during a skid is defined in
Equation 3 [30][31].

u—(l)Reff
A=——— 3
] (3)

Fp=p(A)-N=[ci(1—e %) —c34] - N (4)

The state equations describing the one-wheel
model will always be present in all brake type
models since the vehicle model will stay the same.

2.2 Electro-Hydraulic Brake Actuator

The schematic of an electro-hydraulic brake
(EHB) actuator is presented in Figure 3. It includes
a hydraulic pipe that carries the hydraulic fluid
with the pressure input (P;,,) to a cylinder chamber,
which in turn changes this pressure into the
movement of the brake pad. Therefore, the brake
pad movement results in stopping the brake disk
from moving [32].

2x

Figure 3: Schematic of an EHB actuator [32]
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2.2.1 Bond Graph Model

The bond graph model is derived based on the
schematic in Figure 3 and the bond graph in Figure
2. The input is modulated pressure, and this
pressure is an input to the hydraulic line, where, by
using a transformer, it results in the brake pad
movement (the pressure reservoir, value, and the
motor that modulates the value are not included in
the model and can be added later on). The
interaction between the brake pad and the wheel is
modeled with a stiffness (k.q;). Brake torque is
also modeled as a modulated resistance which
changes with the displacement of the brake pad.
The modulated resistance formula is given by
Equation (9) which describes the brake torque as a
function of caliper distance to the rotor (the normal
caliper force is translated to the torque).
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Figure 4: Bond graph of an EHB actuator
2.2.2 State Equations

State equations are derived based on the bond
graph in Figure 3.

Piine = Pin — Rline I;hi — Qw % (5)
line 0w

ko

Py = Awqw%— by i~ Geatkear ()

Goar = 2 ©

Where

Rlinev Piine, Iline’ ﬁhfr VOWI Aw: Pw» Vw' and cal
are hydraulic line resistance, hydraulic line
pressure, line inertia, bulk modulus, the volume of
cylinder chamber, the surface area of the piston,
pressure on the back of the brake pad, velocity of
the brake pad, and brake pad position,
respectively.

The brake torque is calculated using Equations 9
as follows,

T, = {Zﬂcalreffkcal(xcal - xo)' ifxcal 2 Xo
b 0, otherwise

Where Ucqr, Teprr Xca» and xo are brake friction
coefficient between the pad and the wheel, brake
pad effective radius, brake pad position (same as
qca1), and brake clearance, respectively.

Equations 5-9 along with Equations 1-4 present
the state equations for this brake system [32].

2.3 Electro-Mechanical Brake Actuator

P S 7. 7/ 7 ¢ 7
o9 4///// 7

Figure 5 Cross-section of an Electro-Mechanical
Brake System, a patent by PRB Australia Pty
Ltd.[33]

Figure 5 shows a schematic of an electro-
mechanical brake actuator. Numbers 1-7 show the
location of the motor stator, motor rotor, planetary
gear set, ball screw, piston, brake pad, and floating
caliper to oppose the brake pad. In this actuator,
the motor’s rotational motion becomes the brake
pad’s movement through one (or more) planetary
gear sets and a ball screw mechanism. This
movement will then create a clamping force noted
at F; in Figure 5 [10][33].
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2.3.1 Bond Graph Model

Figure 6 illustrates the bond graph model for an
electromechanical brake actuator. The input to the
system is voltage (V;,) to the motor. The motor
includes an inductance (L,,) and a resistance (R,;,).
The motor’s current is proportional to a torque on
the shaft and this proportionality is modeled by a
gyrator (with K; representing the motor constant).
The shaft has a rotational inertia (Jspqre). The
resistance that exists inside the planetary gear set,
the ball-screw mechanism, and the motor shaft are
lumped together and modeled by an R-element.
This resistance element is explained more in the
next section. The transformer is then used for the
planetary gear set ratio (N,,;) and the ball-screw
mechanism lead ratio (Ngcrew ). And finally, the
interaction between the brake pad and the wheel is
modeled with a stiffness similar to the one in the
electro-hydraulic brake system’s bond graph
(Kcal)-

u
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Figure 6: Bond graph of an electro-mechanical
brake system

2.3.2 State Equations

Based on the bond graphs in Figure 6, the state
equations are presented in Equations 10-12. Also,
the brake torque is calculated similar to the
electro-hydraulic system using Equation 9. As
shown in the Equations (11) and (12), it is assumed
that the ball-screw in the EMB model is back-
drivable.

, 1
Im=L '(Vi _Rm'Im_Kt'wm) (10)
m

Wy = Ky I — Tr (11)
]shaft

_Np ’ Ns : Kcal : max(xcal — Xo, 0)}

Xear = Ny - Np T W (12)

The lumped friction torque (ts) is modeled using
Karnopp friction [34] with the Coulomb friction
torque (t.) and maximum stiction torque (ts)
having an affine relationship with the clamping
force (F,;). The area around zero of the motor
rotational velocity is given by dw, and w,, is the
motor’s rotational velocity and T, is the friction
torque when the shaft is not moving. C, G, and T
are constants that can be acquired using
experimental results [10][34].

Tf =
T, - sign (w,,) + by, - Wy |wpy| = dw 13)
min(|rplo|, |TS|) - sign (Tplo) else
7,=C+G-Fy (14)
T, =T+ G- Fy (15)

2.4 Electronic Wedge Brake Actuator

Figure 7 shows the cross-section of an electronic-
wedge brake actuator. The difference between this
actuator and the electro-mechanical brake system
is the slope shape of the caliper and the wedge that
can create a self-reinforcing force drawing the
wedge inside (wheel’s movement draws the wedge
inside, F,,); thus, requiring less force from the
electric motor to stop the wheel.
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Figure 7: Principle of how electronic wedge
brake actuator works [14]

Based on Figure 7, we can draw a schematic for
the wedge and the caliper as shown in Figure 8.
The motor’s rotational velocity is being translated
through a roller screw actuator to a linear force on
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the wedge. The motor shaft’s axial stiffness and
resistance are also added to the system.

Fr
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u

Figure 8: Schematic of the wedge in the
electronic wedge brake [15]

If we write the force equations for the wedge
brake, we can get

X-direction:
myV, = Fyy cos f + uFy — Frsina  (16)
Y-direction:
m,,V, tan(a) = Fy sinf — Fy + Frcosa (17)
And for the disk surface, we can write,
Fy = Kca - Xy, tan(a) (18)

Where K;qiper represents the stiffness of the
caliper itself (the area with the hashed line in
Figure 7). A saturation for X, values has been
chosen to bound the maximum amount of normal
forces. By rearranging Equations 16-18, we can
remove the reaction force in the equations by
substituting Equation 18 into 19. We have
incorporated Equation 19 into the bond graph, in
Figure 9, using 2 transformers.

1
" my (1 +tan2a) '

Vi (19)

Fy + —tana) tan a(K, -X)
(COS(Z M (u ) ( cal) w

2.4.1 Bond Graph Model

Figure 9 represents the bond graph of the
electronic wedge brake. The input to the system is
motor voltage. The electric motor section remains
the same as discussed in the previous sections. The

transformer includes the roller screw's lead ratio
(i) and the planetary gear set’s gear ratio (N). For

the sake of simplicity, we assume, a =pf .
Therefore, the transformer gains Ti, T, and Ts
based on Equation 19, which will become
Equations 20a-20c.

ROTATION R: Dyt O g

Figure 9: Bond graph of an electronic wedge

brake
1 1
17 cosa 1+tan2a cos(a) (20a)
1
T = —— 20b
27 1+ tana (20b)
tan«
T — 20
37 1+ tana (20¢)

2.4.2 State Equations

Based on the bond graph, the equations of motion
for the wedge brake are Equations 21-24. Brake
torque is also calculated the same as other
actuators.

1
Iy = L_ (Vi — Ryl — mem) (21)
m
1
Wy = (Kmlm
]shaft LN
- 2 [Kaanx
L-N 1
# Dar{ - om = 7 o
(22)
, L-N L, 23)
Qax = —— Wm — 7
ax 21_[ m T1 w
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VW = ! P {i [Kax%x
m,, - (1 + tan (aL))' [\;"1 v )]
+ Doy | =— 0 — =
. (tan((o?)n— 0 Kea o
- tan (a)}
(24)

Finally, Equation 25 shows how the brake torque
(tp) is calculated. This is similar to Equation 9
including a saturation for the wedge displacement.

2Mcalreffkcal(xw - XO) - tan (a)r ifxo < than (Dt) < Xmax (25)

0, if X,ytan (a) < x,
Tp =
zﬂcalreffkcal(xmax - xD) - tan (a): iwatan (a) = Xmax

3 CONTROL STRATEGY

A smart actuator integrates sensors and low-level
controllers all within the actuator. Controllers are
designed to examine the performance of the three
studied brakes as smart actuators. The controller
design is based on the actuator dynamics without
including the vehicle model. For each of the brake
actuators, a transfer function was obtained using
the linear equations of motion (all the
nonlinearities in the frictions and caliper stiffness
are linearized). And controllers in each case are
designed using the Youla parameterization method
[35]. This control strategy ensures internal
stability, robustness, and reference tracking of the
closed-loop system.

In the electro-hydraulic brake, the pressure is the
input and the output is clamp force (G, = %). A
m

controller was designed around the plant to follow
a specific clamp force. In practice, we would need
to either estimate the clamping force (or brake
torque) or use a sensor to acquire this information
[28].

For the electro-mechanical and electronic-wedge
brakes, a cascaded control method is used. When
the linearization of the system model for control
design and the system includes severe
nonlinearities, cascaded control strategy aids in
less of a compromise between performance and
robustness.

The block diagram for this control architecture is
shown in Figure 10 [8], [10]. These controllers
were also designed using the Youla
parameterization method. In the cascaded control
design, each inner closed-loop is a new open-loop
to an outer controller, this is similar to sequential
loop closure. In this case, for the first loop, the
plant input is the motor’s voltage and the output is
the motor’s current. For the second loop, the input
is the motor’s current and the output is the motor’s
angular velocity. Lastly, for the most outer loop,
the input is the motor’s angular velocity and the
output is clamping force (the normal force that
clamps the wheel).

Fetyer Y Force |ref,— | Velocity Jm--_,j Current| Voltage | EMB/EWB
p— Control p— Control - Control Plant

Measured Current

Angular velocity of the shaft

Clamp Force (F)

Figure 10: Cascaded Control Architecture for
electro-mechanical and electronic wedge brakes

4  SIMULATION RESULTS

4.1 Open-Loop Response

The open-loop response of each brake system is
shown in Figure 10. For the electro-hydraulic
brake, a 4 MPa step pressure input is chosen to
create a 10 kN steady-state clamp force which
corresponds to around 900 N.m of brake torque.
For the electro-mechanical and electronic wedge
brakes, the input is chosen to be the motor’s
current instead of its voltage. This is assigned only
to the inner loop as it was explained in the last
section, which eliminates any possible effect that
the motor dynamics has on the response. A step
input of 5 A is chosen to create a 10 kN steady-
state clamp force.

As shown in Figure 11, the electro-hydraulic brake
is the fastest to reach the steady-state, and the
electro-mechanical brake is the second-fastest.
The fast response of the electro-hydraulic brake is
one of its main advantages. Also, the transient
responses are different, which reveals the
dynamics of these brake actuators. They have
under-damped, over-damped, and unstable (with
saturation) responses, respectively.
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Figure 11: Open-Loop Response for each brake system

5 CLOSED-LOOP RESPONSE

Figure 12 shows the closed-loop response for a
step clamp force as a reference. This clamping
force is chosen to represent a nominal braking
event without locking the wheel. The result of this
brake torque on the vehicle is shown in Figure 13.
All the brake actuators are designed to have close
bandwidth. Therefore, as it is shown in Figure 12,
all the actuators have very close settling time. As
a result, the vehicle velocity and stopping distance
would be identical for all the actuators. Figure 14
shows the wheel dissipated power by each actuator

0.1

0.05 01

7, Brake Torque (N.m) 7, Brake Torque (N.m) 7, Brake Torque (N.m)

Time (secor
Brake Torque on EMB

Time (secomn
Brake Torque on Wedge Brake

to perform the closed-loop tests which are related
to the kinetic energy of the wheel. Since the brake
torque references are the same and the controllers
are designed around the same frequencies, the
result would be close to each other. The electro-
hydraulic brake has the smallest wheel dissipation
peak, followed by the electro-mechanical and
electronic wedge brake. This peak is directly
related to the overshoot in the closed-loop
response for the brake torques in Figure 12. As
shown in Figure 12, the electro-hydraulic brake
has the lowest overshoot, followed by the
electromechanical brake and electronic wedge
brake.

Brake Torque on EHB

0.15

onds)

0.15
ds)

Figure 12: Closed-Loop response for each brake system — Brake Torque
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Figure 13: Vehicle velocity and wheel angular velocity under the specified brake torque reference

Wheel dissipated power
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Figure 14: Dissipated Wheel Power used by each
brake system under the step response in closed-
loop control system

6 FUTURE WORK

For future work, a reference model for the brake
torque can be added to test these brake systems
under different road conditions and perform ABS
maneuvers. Actuator effort and energy efficiency
of the actuators is another important aspect of
these actuators and their control design which is
going to be evaluated under different maneuvers.
Optimization of system parameters in open-loop
and closed-loop is under investigation. Ultimately,
a comparison of these brake systems based on
different criteria will be performed.
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