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This paper introduces an eddy current and electro-hydraulic hybrid brake system to solve problems such as wear, thermal failure,
and slow response of traditional vehicle brake system.Mathematicalmodelwas built to calculate the torque of the eddy current brake
system and hydraulic brake system and analyze the braking force distribution between two types of brake systems. A fuzzy controller
on personal computer based on LabVIEW and Matlab was designed and a set of hardware in the loop system was constructed to
validate and analyze the performance of the hybrid brake system. Through lots of experiments on dry and wet asphalt roads, the
hybrid brake system achieves perfect performance on the experimental bench, the hybrid system reduces abrasion and temperature
of the brake disk, response speed is enhanced obviously, fuzzy controller keeps high utilization coefficient due to the optimal slip
ratio regulation, and the total brake time has a smaller decrease than traditional hydraulic brake system.

1. Introduction

The electro-hydraulic antilock brake system (ABS) has
already become the conventional equipment in commercial
vehicles. However, as the increase of the engine power, the
improvement of vehicle speed, and vehicle safety standard,
traditional hydraulic ABS gradually presents many problems,
such as the time delay in pressure building up, noise, squeal,
brake pad wear, harmful friction dust, and braking system
thermal failure due to its contact movement. Also, the poor
braking performance at high speed needs enhancement.
Thus, a new more powerful and stable braking system is
required to ensure reliability and safety of vehicles.

In order to solve the problems of traditional hydraulic
braking system, the eddy current brake system is a good
choice; its features of rapid responding speed, contactless
braking principle, perfect performance in high speed, and
so forth have already been acknowledged by users but the
eddy current brake system has some shortcoming, too. For
example, it perhaps needs extra battery to provide electric
current for electromagnetic coil when high brake torque

needed. Otherwise, the poor brake ability in low speed is also
a limitation to practical application.

How to make full use of the advantage of eddy current
brake system and traditional hydraulic brake system and
design an eddy current and electro-hydraulic hybrid brake
system has become one of the important research directions
in vehicle braking system. Many researchers have achieved
lots of achievements in the past several decades. Desta
invented an eddy current braking device which was equipped
on the vehicle’s transmission axle to assist hydraulic braking
system [1]. Anwar and Zheng discussed antilock-braking
algorithm for an eddy current-based brake-by-wire system
and designed a nonlinear sliding-mode-type controller for
slip regulation in a braking event [2, 3]. Gay presented
a contactless magnetic brake for automotive applications;
an integrated mechanism based on electromagnetic braking
and hydraulic braking was described in his papers [4].
Performance evaluation of a hybrid electric brake system
with a sliding mode controller was made by Song [5]; a
configuration of hybrid system (HEBS) and mathematical
model was built to evaluate the braking performance.He et al.
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Figure 1: Structural diagram of hybrid brake system.

designed a composited braking system based on eddy current
braking system and traditional hydraulic braking system.
The experimental results proved that the composited braking
system reduced braking distance obviously [6]. Lee and Park
presented an ABS algorithm based on sliding mode control
based on eddy current brake system, and the eddy current
brake torquewas derived from several aspects in the literature
[7–10].They mainly discussed the eddy current brake in high
speed area.

In this paper, we propose a new conceptual hybrid
braking system, and achieved the optimal combination of
ECB and EHB. All of the research work, such as mathe-
matical model building, controls strategy designing, and the
hardware in the loop testing bench constructing, discusses
about the structure of Figure 1. As illustrated in Figure 1,
the hybrid system is composed of an eddy current brak-
ing system (ECB) and an electro-hydraulic braking system
(EHB); the main parts of the system are hybrid brake disk
(1), electromagnetic coil (14), copper layer (17), permanent
magnet generator (4—stator coil, 6—permanentmagnet, and
16—generator shell), bracket (9), hydraulic piston (8), and
friction pad (7). Since the brake disk material is different for
ECB and EHB, the brake disk of EHB should have good wear
resistance; however, the brake disk of ECB should have good
conductivity. Both of the ECB and EHB should have good
heat dissipation performance. Therefore, through creative
design to the mechanism of hybrid brake system, a new
hybrid brake system has been developed. The advantage of
this hybrid brake system is as follows.

(1) The brake disk of EHB utilizes outside face of the
hybrid disk, the disk of ECB utilizes inner face of the
hybrid disk, and the friction of EHB system will not
influence ECB system, so the magnetic gap between
electromagnetic coil and copper layerswill not change
forever and ECB system can keep its stability.

(2) Since different types of brake disks have different
materiels, both the EHB and ECB can achieve the
best performance by optimizing the design scheme
themselves, respectively, in a whole unit.

(3) Permanent magnet generator, changing the kinetic
energy of wheel into electricity, can supply power for
ECB; the energy saving and environmental protection
come true; this point will not be discussed in the
paper.

(4) For both of the ECB and EHB have their braking
merit, and the hybrid brake system can get all of the
merits of the ECB system and EHB system, the whole
performance of hybrid brake system is better than
ECB or EHB separately.

In the work, we build several mathematical models; they
are eddy current brake model, hydraulic brake model, brake
disk model, and wheel force analysis model. Since the force
distribution scheme is very important in hybrid ABS control
strategy, these models are analysis tools for analyzing the
braking force distribution between ECB and EHB. However,
when we construct the hardware in the loop testing bench, a
torque sensor is equipped to verify andmodify theoretic value
of brake torque.

The main objective of this hybrid control system is to
maintain the wheel slip at an ideal value so that the tire can
still generate lateral and steering forces as well as decrease
the vehicle stopping distance; because the vehicle and tire
model contain nonlinearities and uncertainties, a nonlinear
control strategy based on the fuzzy theory was chosen for
the slip ratio controlling. The paper presents a virtual fuzzy
controller based on LabVIEW and Matlab to supervise ABS
control strategy for eddy current and electro-hydraulic hybrid
brake systems. On the testing bench, different types of
braking system in the same road scenarios and different road
scenarios were simulated to validate and analyze the hybrid
brake system. The research result shows that the hybrid ABS
has a better performance than traditional hydraulic brake
system.

2. Hybrid Brake System Model

In order to analyze the braking force distribution between
ECB and EHB, this work established fourmathematicalmod-
els as follows. These models mainly describe the relationship
between brake torque, brake current, brake pressure, wheel
speed, vehicle speed, and so forth.

2.1. EddyCurrent BrakeModel. Figure 2 shows the dimension
parameter of ECB in hybrid brake system; according to Lee
and Park [7], the eddy current brake torque can be expressed
as

𝑇𝑏𝑐 = 𝑇𝑖𝑖
2
𝜔, (1)

where 𝑇𝑏𝑐 is the eddy current brake torque, 𝑖 is the current of
the coil, and 𝜔 is the angular velocity of the disk.The braking
torque coefficient 𝑇𝑖 is

𝑇𝑖 = 𝜎0𝑅
2

𝑏
(
𝜇0𝑁

𝐿
) 𝑆𝐷, (2)

where 𝜎0, 𝜇0, 𝑁, 𝐿, 𝑆, 𝐷, and 𝑅𝑏 represent the electric
conductivity, permeability of air, number of coil turns, air gap
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Figure 2: ECB parameters in the hybrid brake system.

distance, cross-sectioned area of the core, the disk thickness,
and the brake torque radius of the disk. However, because of
the flux leakage, heat influences the disk. The coefficient 𝑇𝑖
should be modified. According to Simeu and Georges [11],

𝑇𝑖 = 𝛼𝐶𝜎0𝑅
2

𝑏
(
𝜇0𝑁

𝐿
) 𝑆𝐷, (3)

where 𝛼 and 𝐶 are the modified factors:

𝛼 = 1 −
1

2𝜋
[4 tan (𝜓) + 𝜓 ln(1 + 1

𝜓2
) −

1

𝜓
ln (1 + 𝜓2)] ,

𝐶 = 0.5 [1 −
𝐴𝐵

𝜋(1 + 𝑅𝑏/𝑅𝑤)
2
(𝑅𝑤 − 𝑅𝑏)

2
] .

(4)

Here, 𝐴 and 𝐵 are the width and height of the iron cross-
sectioned area and 𝜓 = 𝐵/𝐴.

Formula (1) indicates that the brake torque is proportional
to the speed of brake disk when the current is kept constant.
But the proportional relationship is broken as the disk speed
increases. Figure 3 shows the torque versus rotor speed
relationship tested on the testing bench. When the electric
current in the coil keeps constant, the electromagnetic brake
torque is not always proportional to rotor speed. There is a
peak value on the curve, and the abscissa of this peak value
is a critical speed. When rotor speed surpasses critical speed,
the torque and speed have an inverse proportional relation. It
is because the electromagnetic field produced by eddy current
influences the externalmagnetic field [12]. Hence, when rotor
speed surpasses the critical speed, the eddy current brake
torque can be expressed as

𝑇𝑏𝑐 =
2�̂�𝑖

V𝑘/V + V/V𝑘
,

�̂� = (√(
𝑐

𝜁
)
𝜋

4
𝑅
2

𝑏
√(

𝐿

𝑅𝑏

))
𝑁

𝐿
,

V𝑘 =
2

𝜇0

√(
1

𝑐𝜉
)
𝜌

𝐷
√
𝐿

𝑅𝑏

,

(5)

120

100

80

60

40

20

0

0 50 100 150 200

Wheel speed (km/h)

Torque

To
rq

ue
 (N

·m
)

Figure 3: Torque versus rotor speed curve.

where V, V𝑘, 𝑐, 𝜉, and 𝜌 represent the speed of brake disk,
critical speed, scale factor, scale coefficient, and resistivity of
brake disk [13–15].

Since the ECB in the hybrid brake system has two brake
disks, the eddy current brake torque should be as follows.
When V < V𝑘:

𝑇𝑏𝑐 = 2{1 −
1

2𝜋
[4 tan (𝜓) + 𝜓 ln(1 + 1

𝜓2
)

−
1

𝜓
ln (1 + 𝜓2)]}

× (0.5 [1 −
𝐴𝐵

𝜋(1 + 𝑅𝑏/𝑅𝑤)
2
(𝑅𝑤 − 𝑅𝑏)

2
])

× 𝜎0𝑅
2

𝑏
(
𝜇0𝑁

𝐿
) 𝑆𝐷 𝐼

2
𝜔.

(6)

When V > V𝑘:

𝑇𝑏𝑐 =
2

V𝑘/V + V/V𝑘
(√(

𝑐

𝜁
)
𝜋

4
𝑅
2

𝑏
√(

𝐿

𝑅𝑏

))
𝑁

𝐿
. (7)

2.2. Brake Disk Model. The brake disk model describes
relationship between pressure of wheel cylinder and brake
torque.

According to Chen et al. [16], the empirical model of
brake torque and pressure can be expressed as

𝑇𝑏ℎ =
𝑝𝑤𝜇

𝑘𝜇

,

𝜇 = 0.3 + 0.12 exp [− (1.2492 − 0.0029𝜐 − 0.0814𝑝𝑤)] ,
(8)

where 𝑇𝑏ℎ is brake torque, 𝑝𝑤 is brake pressure, 𝜇 is friction
coefficient, 𝑘𝜇 is calculation coefficient (2.099), and 𝜐 is
vehicle speed.
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2.3. Wheel Model. In order to analyze the performance of
the hybrid brake system with varying torque characteristics,
a vehicle wheel model is needed. It is assumed that vehicle
lateral, vertical, roll, and yaw dynamics are negligible for
the braking application. As shown in Figure 4, the wheel
rotational dynamics are given by the following equation:

∑𝑀𝑦 = 𝑇𝑏𝑖 − 𝐹𝑥𝑅 + 𝐹𝑟𝑟𝑅 − 𝑇𝑑 = −𝐼𝜔�̇�,

𝑇𝑏𝑖 = 𝑇𝑏𝑐 + 𝑇𝑏ℎ,

(9)

where𝑇𝑏𝑖 is brake torque of ECB and EHB,𝑇𝑏𝑐 is brake torque
of ECB,𝑇𝑏ℎ is brake torque of EHB, 𝐹𝑥 is longitudinal friction
force at tire contact patch, 𝐹𝑟𝑟 is rolling resistance at tire
contact patch,𝑇𝑑 is drive torque, 𝐼𝜔 is wheel rotational inertia,
�̇� is angular acceleration of wheel, 𝑅 is wheel radius.

2.4. Hydraulic Brake Model. Figure 5 shows a hydraulic
circuit diagram of EHB system; because the hydraulic brake

system has too many circuits, solenoid and the other parts,
it is difficult to establish an exact mathematical model
to simulate and control the brake progress. In this work,
an actual electronic hydraulic braking system which has
hydraulic circuits, solenoid valve, and ECU has been utilized
to simulate the brake progress. In the braking system, there
is a high pressure accumulator to keep steady pressure. The
hybrid ECU can control the brake pressure of wheel cylinder
by opening or closing the electromagnetic valves. Hence,
hybrid ECU can adjust brake pressure of the wheel cylinder
easily. The key technique of the hydraulic brake system is to
control the electromagnetic valve rapidly according to the slip
ratio.

According toMK20-I type ABS hydraulicmodulator [17],
the model of the throttle characteristics is

𝑑𝑝𝑤

𝑑𝑡
=

{{

{{

{

35.7418(𝑝𝑚 − 𝑝𝑤)
0.58 Pressure increase

0 Pressure holding
−36.3714𝑝𝑤

0.92 Pressure relief.
(10)

3. The Control Strategy of Hybrid
Brake System

The controller of hybrid brake system adopts nonlinear fuzzy
strategy; when ABS works, fuzzy controller will track the
optimal objective slip ratio and eliminate the tracking error
[18, 19] in order to achieve a good steady-state response.
As shown in Figure 6, the hybrid ABS controller will
decide the driver’s intention based on the feedback of the
displacement and acceleration of the brake pedal sensor and
then output calculated total torque gradually to objective
brake torque. According to the analysis of braking force
distribution between ECB and EHB, the torque proportion
of ECB and EHB should be 1 : 1.5. As the process of braking
torques increasing, the controller always detects slip ratio
of wheels synchronously. If the slip ratio does not reach
theoretic optimal value (0.2), the hybrid system was located
in normal braking state, and the brake force is proportional
to displacement of brake pedal. Once the slip ratio reaches
0.2, the controllers antilock control program will work. The
basic control strategy of the hybrid brake system is to keep
the hydraulic brake pressure at a stationary value when the
slip ratio reaches 0.2 and keep the optimal slip ratio (0.2) by
adjusting the current of ECB.

There are two input parameters and one output parameter
in the fuzzy controller; one of the input parameters is
difference value (𝑒(𝑡)):

𝑒 (𝑡) = 𝜆𝑓 (𝑡) − 𝜆𝑟 (𝑡) , (11)

𝜆𝑓 is objective slip ratio, 𝜆𝑟 is actual slip ratio.
The second input parameter is change rate (Δ𝑒(𝑡)) of

difference value:

Δ𝑒 (𝑡) = 𝑒 (𝑡) − 𝑒 (𝑡 − 𝑇) , (12)

where 𝑒(𝑡) is sample at the moment of 𝑡, 𝑒(𝑡 − 𝑇) is sample at
the previous time (𝑡 − 𝑇).

The output parameter of fuzzy controller is current
change (𝑖) of electromagnetic brake system. The difference
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value universe (𝐸) is [−6, 6], the change rate universe (𝐸𝐶) is
[−6, 6], and the current change universe (𝑇𝑈) is [0, 40]. The
values are as follows [20]:

𝐸 = {NBNMNSNWZPWPSPMPB},

𝐸𝐶 = {NBNMNSZPS PMPB},

𝑇𝑈 = {NBNMNSNWZPWPSPMPB}.

If the difference value is NB, the change rate value is NB.
It indicates that the slip ratio now is very high and the eddy
current brake torque should be reduced quickly. The output
value of current is NB. However, if the difference value is PB,
then the change rate value is PB. It indicates that the slip ratio
now is very low and the eddy current brake torque should
be increased quickly. The output value of current is PB. If
the difference value is PW, then the change rate value is PS.
It indicates that the slip ratio now is little bigger than the
optimal value. At this moment, the eddy current brake torque

should not be changed [21]. The output value of current is Z.
The fuzzy control strategy rule is as shown in Table 1.

4. HILS System Design Based on
LabVIEW and Matlab

Figure 7(a) is a sketch of the HILS system of ECB&EHB
hybrid brake system. The hardware of the HILS system
consists of hybrid brake system, sensor nets, driving device,
battery, data acquisition board, personal computer, and so
forth [22].The software of theHILS system consists ofMatlab
mathematical operating progress of the hybrid brake model
and the LabVIEW controlling program. The main role of
software part is to define a brake system model and carry out
the real-time simulation.

Figure 7(b) shows the interface of the hybrid brake system
testing bench based on LabVIEW and Matlab [23]. In the
model of data processing, by compiling the functions in the
Math Library of Matlab C/C++ into dynamic-link library
(DLL), the sharing function library for data processing was
established. LabVIEW can compile the calculation method
and control algorithm to control program by calling DLL
easily.

Control commands of virtual controller in personal
computer are sent via data acquisition board (USB-6341)
and driving device to hybrid brake system. The brake pedal
position sensor, wheel speed sensor, torque sensor, and other
sensor signals are sent to virtual controller through sensor
nets and data acquisition board. On the actual testing bench,
two tires are used to simulate the driving wheel and road.
The tire that simulates road can package differentmaterials to
adapt different road conditions. Torque sensor was equipped
to test the torque of hybrid brake system.

The performance of the ABS HILS was developed and
tested under the previous environments and conditions
(Table 2) vehicle parameters are listed in Table 3. The target
of the control program is to hold the desired slip ratio as 0.2.

5. Experimental Results and Discussion

In order to analyze the performance of the hybrid brake
system, different type of brake systems (ECB, EHB, and ECB
& EHB) experiment in the same road scenarios and different
road scenarios (dry and wet asphalt roads) experiment have
been made to validate the hybrid brake system on the testing
bench.

5.1. Dry Asphalt Road Test. Dry asphalt road has high friction
coefficient for braking system, approximately 0.8. Figure 8
shows the results of ECB, EHB, and ECB & EHB braking
experiments on dry asphalt road. The initial velocity of
vehicle is 100Km/h. Figures 8(a), 8(c), and 8(e) show the time
responses of the slip ratio tracking of the vehicle, and Figures
8(b), 8(d), and 8(f) show the velocity of vehicle decelerating
by the ECB, EHB, and hybrid ECB & EHB systems.

When sudden stop action occurs, Figure 8(a) shows the
slip ratio of ECB system is very low. When the wheel speed
decreases, the brake torque of ECB reduces, too, and the slip
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Figure 7: HILS system design based on LabVIEW and Matlab.

ratio of ECB cannot reach 0.2. Hence, the vehicle speed and
wheel speed are approached to each other in Figure 8(b), and
the curve is smoother than that of Figure 8(c). Due to the
possible hydraulic impact, there is little abnormal fluctuation
on the slip ratio curve of Figure 8(c). Figure 8(d) shows the
difference between vehicle speed and wheel speed; it is a little
big. Figures 8(e) and 8(f) show the slip ratio and speed curve
of hybrid system. The slip ratio of EHB and hybrid ECB &
EHB can stabilize at 0.20, but the hybrid system ismore stable
than EHB.

From the aspect of braking time, Figure 8(b) shows that
ECB has a more rapid response than other brake systems.
When brake action occurs, ECB responds immediately, but its
wheel speed has no locking trend. Figure 8(d) shows that EHB
has a slower response than other brake systems. It is almost
delayed 0.3s comparing to ECB system. EHB has better brake
effect than ECB; its wheel speed has obvious change, and
the wheel keeps a critical condition of locking. The whole
braking time only needs 5.1s. Because the ECB & EHB hybrid
system has all of the merits of the ECB and EHB systems,
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Table 1

TU E
NB NM NS NW Z PW PS PM PB

EC
NB NB NB NM NM Z NS NS NS NS
NM NB NB NS NS Z NW Z Z PW
NS NB NM NW NW Z Z Z PW PS
Z NM NS NW NW Z Z PW PS PM
PS NS NW Z Z Z PW PW PM PM
PM NW Z PW PW Z PS PS PM PB
PB Z Z PS PS Z PM PM PB PB

Table 2: Hybrid brake system testing conditions.

Road Condition Friction Velocity Target slip
ratio

Dry road Dry asphalt 0.8 100Km/h 0.2
Wet road Wet asphalt 0.5 100Km/h 0.2

Table 3: Vehicle parameters that were simulated on testing bench.

Vehicle parameters Parameter value
Mass of the vehiclem/kg 1 300
Wheel effective rolling radius R/m 0.255
Wheel rotational inertia 𝐼𝜔/(kg⋅m

2) 1.58/1.02

Figure 8(e) shows it has a rapid response to braking action,
almost immediately. The wheel speed has an obvious variety.
Thewheel keeps a critical condition of locking, too.Thewheel
speed ismore stable thanEHB system; thewhole braking time
only needs 4.6 s.

5.2. Wet Asphalt Road Test. Wet asphalt road has a smaller
friction coefficient than dry road, approximately 0.5. With
the same initial braking velocity, Figures 9(a), 9(c), and 9(e)
show the time responses of the slip ratio tracking of the
vehicle, and Figures 9(b), 9(d), and 9(f) show the velocity
of vehicle decelerating by the ECB, EHB, and hybrid ECB &
EHB systems.

Figure 9(a) shows the slip ratio on wet road is a little
bigger than that of Figure 8(a); the speed difference between
wheel and vehicle on wet road is also much larger than that
on dry road by comparing Figure 9(b) to Figure 8(b). The
slip ratio and speed of EHB on wet road have not too much
difference fromFigures 9(c) and 9(d) to Figures 8(c) and 8(d).
So the performance of EHB has little difference on dry and
wet roads. The slip ratio and speed curves on wet road in
Figures 9(e) and 9(f) present the same controlling trend as
Figures 8(e) and 8(f); it indicates that the fuzzy controller has
a robust control in hybrid brake system.

The braking time on wet road has similar results to
dry road. ECB has a more rapid response than other brake
systems, but its brake time reaches 13.2 seconds. EHB has a
slower response than other brake systems; its whole braking
time only needs 7 s. The ECB&EHB also has a rapid response
to braking action; the whole braking time only needs 5.6 s.

6. Conclusions

In this paper, we discussed the brake performance analysis
of ABS for ECB and EHB hybrid brake system. First, we
designed a new conceptual hybrid braking system that
achieved the optimal combination of ECB and EHB. Based on
the structure of the hybrid brake system,mathematicalmodel
was built to calculate the torque character of ECB and EHB,
and we analyzed the braking force distribution between two
kinds of brake systems. Second, a fuzzy controller on personal
computer based on Labview and Matlab was designed and
hardware in the loop system was constructed to validate and
analyze the performance of the hybrid brake system.Through
lots of experiments on dry and wet asphalt road, as shown in
Figure 10, the result indicates the following.

(1) The response of hybrid brake system is better
than that of traditional hydraulic braking system. It
enhances about 0.3 s more than hydraulic braking
system.

(2) Due to the merits of the hybrid brake system and the
best slip ratio regulation of fuzzy controller, the curve
of slip ratio of hybrid brake system ismore stable than
EHB, and the ability to track objective slip ratio is
better than that of EHB, too. Therefore, the adhesion
utilization of hybrid brake system is bigger than that
of EHB in the whole braking time.

(3) Comparing EHB, the total brake time of hybrid brake
system reduces to 0.5 s at the speed of 100Km/h on
dry asphalt road and to 1.4 s on wet asphalt road.

(4) For the brake distribution of the contactless braking
system (ECB), the abrasion, noise, harmful friction
dust, and the risk of thermal failure in hybrid brake
system were reduced obviously.
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Figure 8: Results of ECB, EHB, and ECB & EHB braking experiments on dry asphalt road.
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Figure 9: Results of ECB, EHB, and ECB & EHB braking experiments on wet asphalt roads.
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Figure 10: Slip comparison of ECB, EHB, and ECB & EHB on different road scenarios.
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