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Development of Brake System and Regenerative
Braking Cooperative Control Algorithm
for Automatic-Transmission-Based
Hybrid Electric Vehicles

Jiweon Ko, Sungyeon Ko, Hanho Son, Byoungsoo Yoo, Jaeseung Cheon, and Hyunsoo Kim

Abstract—TIn this paper, a brake system for an automatic trans-
mission(AT)-based hybrid electric vehicle (HEV) is developed, and
a regenerative braking cooperative control algorithm is proposed,
with consideration of the characteristics of the brake system. The
brake system does not require a pedal simulator or a fail-safe
device, because a hydraulic brake is equipped on the rear wheels,
and an electronic wedge brake (EWB) is equipped on the front
wheels of the vehicle. Dynamic models of the HEV equipped with
the brake system developed in this study are obtained, and a
performance simulator is developed. Furthermore, a regenerative
braking cooperative control algorithm, which can increase the
regenerative braking energy recovery, is suggested by considering
the characteristics of the proposed hydraulic brake system. A
simulation and a vehicle test show that the brake system and
the regenerative braking cooperative control algorithm satisfy
the demanded braking force by performing cooperative control
between regenerative braking and friction braking. The regener-
ative braking cooperative control algorithm can increase energy
recovery of the regenerative braking by increasing the gradient of
the demanded braking force against the pedal stroke. The gradient
of the demanded braking force needs to be determined with
consideration of the driver’s braking characteristics, regenerative
braking energy, and the driving comfort.

Index Terms—Cooperative control, electronic wedge brake
(EWB), hybrid electric vehicle (HEV), hydraulic brake, regener-
ative braking.

I. INTRODUCTION

EGENERATIVE braking is a core technology for in-
creasing the fuel efficiency of the electric vehicle
(x-EV) equipped with energy storage units, such as a battery
and an ultracapacitor [1]. Toyota reported that the greatest
factor for an improved fuel efficiency hybrid electric vehicle
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(HEV) is regenerative braking, which accounts for about 35%
of the total energy efficiency improvement, as evident in the
Toyota Prius. Studies showed that HEVs have remarkably im-
proved their fuel efficiencies by 30%—40% through regenerative
braking [2]-[4].

However, the braking force required by a driver cannot be
guaranteed through regenerative braking alone, due to various
limitations, such as battery state of charge, and vehicle speed.
Therefore, separate friction braking, which enables active coop-
erative control in response to regenerative braking, according
to the braking demand of the driver and the driving state, is
needed [5].

A brake-by-wire system, such as the electronic hydraulic
brake (EHB) or an electric actuator, has been used in the
friction brake system for regenerative braking cooperative con-
trol. For an EHB, an electronically controlled brake system,
and electronic stability control, the use of an oil pump and a
hydraulic control unit has been developed [6], [7]. Furthermore,
a system using an electronic hydraulic servo, as well as a smart
booster using an electrical booster, has been proposed [8], [9].
Electronic brakes for cooperative control, which use the x-by-
wire technology, include the screw-type electronic mechanical
brake (EMB) and the electronic wedge-type brake (EWB). The
EMB pushes the brake pad against the brake disk using a piston,
which is connected to the screw, to produce a clamping force.
The EWB uses a self-reinforcing effect using a wedge, which
is connected to the screw, to produce a clamping force.

The EMB and EWB are new brake types that use a motor,
instead of hydraulic pressure, to generate the braking force.
Thus, they respond faster and can be operated under active
electronic control, which can be used to independently control
the braking force of each wheel [10]-[14]. In addition, a pedal
simulator is required to provide the same braking feeling as that
in conventional vehicles [15], and a separate fail-safe device is
required, because there is no physical connection between the
driver and the brake system.

The regenerative braking cooperative control algorithm is de-
termined by the structure of the friction brake system. Research
done on the regenerative braking cooperative control algorithm
include a study based on the method of increasing the energy
recovery by considering the efficiencies of both the front- and
rear-wheel motors for four-wheel drive (4WD) HEVs [6]; a
study based on an algorithm that focuses the braking force on
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Fig. 1. Structure of the brake system.

the front wheels to increase the energy recovery of regenerative
braking of a front-wheel drive fuel cell electric vehicle [16];
and a study based on regenerative braking cooperative con-
trol, using a genetic algorithm and fuzzy control to improve
vehicle stability and energy recovery [17], [18]. Another study
developed an electric regenerative power-assisted brake for the
cooperative control of a 4WD hybrid electric van and carried
out a simulation to verify its performance [19]. Mi et al
proposed an electronic control brake system that integrated
regenerative braking and an antilock braking system to prevent
wheel lock [20].

This study proposes an electronic friction brake system for
regenerative braking cooperative control that does not require
a separate pedal simulator, or a fail-safe device with EWB
in the front wheels, as well as a hydraulic brake in the rear
wheels of an automatic transmission (AT)-based parallel-type
HEV. Furthermore, a regenerative braking cooperative control
algorithm, which can increase the regenerative braking energy
recovery, is suggested by considering the characteristics of the
proposed brake system. A dynamic model of the HEV equipped
with the regenerative braking cooperative control system was
obtained, and a performance simulator was developed. The
performance of the regenerative braking cooperative control
system was evaluated, by simulation and vehicle test.

II. STRUCTURE AND DYNAMIC MODEL
OF THE BRAKE SYSTEM

A. Brake System

Fig. 1 shows the structure of the brake system that is pro-
posed in this study. The target vehicle is a front-wheel-drive-
type six-speed AT-based HEV. During braking, the front wheels
perform both regenerative and friction braking, and the rear
wheels perform only friction braking. The front wheels have
two EWBs, whereas the rear wheels have two hydraulic brakes.

As in conventional hydraulic friction braking, the rear-wheel
hydraulic brake generates a master cylinder pressure when the
driver steps on the brake pedal, and this pressure is transmitted
to the rear-wheel caliper through the hydraulic line, to generate
a clamping force. The hybrid control unit (HCU) determines
the amount of regenerative braking, according to the required
regenerative braking force, determined by the brake control unit
(BCU) and the gear ratio. The difference between the conven-
tional regenerative braking cooperative control system and the
newly proposed control system can be explained as follows.

The regenerative braking cooperative control algorithm
needs to be determined based on the structure of the fric-
tion brake system. In the electrohydraulic four friction brakes
with regenerative braking, which have been applied to existing
HEVs, the friction braking force is determined from the total
braking force minus the regenerative braking force at first and is
then distributed to the front and rear wheels. In this system, the
same braking pressure is supplied to the front and rear wheels.
Then, the friction braking force of the front and rear wheels is
determined by the brake design parameters, such as the caliper
piston area and the effective radius of the disk. This brake sys-
tem has the advantage of using conventional hydraulic brake de-
vices, such as a master cylinder and a caliper. However, the drag
force by the residual pressure in the caliper has been pointed out
as a disadvantage, which decreases fuel efficiency [7].

In current technology, four EWBs for all four wheels with re-
generative braking have yet to be applied to any HEV, because,
in this system, the brake pedal is not physically connected to
the brake, which does not meet the vehicle safety regulations.
In addition, there are some problems that need to be solved,
such as wedge jamming and high cost [10], [15].

The new brake system proposed in this study consists of
two EWBs at the front wheel and two hydraulic brakes at
the rear wheel. In the proposed new brake system, first, the
rear friction braking force is determined by the pedal effort,
using the hydraulic pressure, and the front demanded braking
force is obtained from the total braking force minus the rear
friction braking force. Then, the front friction braking force
is determined from the front demanded braking force minus
the regenerative braking force. The proposed brake system has
such benefits as effective handling of urgent braking, due to
fast response, owing to the use of EWB on the front wheel.
Moreover, the proposed brake system does not require a pedal
simulator and a fail-safe device since a hydraulic brake is used
on the rear wheel.

B. Dynamic Modeling of the Proposed Brake System

Dynamic modeling was performed, to evaluate the perfor-
mance of the brake system developed in this study.

1) Front EWB: Fig. 2 shows the EWB hardware, which
is equipped on the front wheels of the subject vehicle. The
operation principle of the EWB is as follows [11]: The actuator
of the EWB rotates, which delivers its rotary motion to the
screw, and the wedge starts its linear motion; the wedge moves
diagonally and generates friction between the wedge pad and
the disk.
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In Fig. 3, the EWB model is shown. The EWB model consists
of an actuator, a screw, a bracket, and a wedge [11], [21].

Wedge: The upper wedge block is modeled as a rigid body
with mass, the roller as a spring damper, and the lower wedge
block as both mass and a spring damper (see Fig. 3). The
friction between the upper and lower wedges and that between
the wedges and the roller are ignored, because they are both
small. The equation of motion of the upper wedge can be
derived as follows:

chdchwcdgc + Frollcr sin ﬁ = Fbrackct Cos 5 + /ffFN (l)

m

Fbracket = -tan o (2)

Tscrew

FN = Froller : COS/B + Fbracket . Sinﬂ (3)

where Myeqge 1S the mass of the upper wedge, Xyedge is the
parallel displacement of the upper wedge, Foier 1s the roller
force, p is the friction coefficient between the pad and the disk,
Fy is the clamping force, Fi acket 18 the force of the bracket,
Ty, is the actuator torque, rscrew 1S the average radius of the
screw, « is the lead angle of the screw, and [ is the wedge
angle.
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Fig. 4. Rear hydraulic brake model.

The roller force, i.e., F,oner, can be determined from the
compression displacement of the roller, as follows:

Froller = Kroller . Xroller_c + Droller . Xroller_c (4)

where Xolier_¢ s the compression of the roller, K,ojier is the
stiffness of the roller, and D,jje, is the damping coefficient of
the roller.

2) Rear Hydraulic Brake: Fig. 4 shows a schematic of the
rear hydraulic brake. The hydraulic brake works as follows:
The brake pedal displacement of the driver moves the piston of
the master cylinder through the push rod to generate a braking
pressure. This braking pressure is delivered to the left and right
calipers of the rear wheels through the hydraulic pipeline. The
pressure of the caliper cylinder pushes the piston to compress
the pad to the disk, generating a braking force (see Fig. 4).

The dynamic model of the rear-wheel hydraulic brake is
derived below.

Master Cylinder: The dynamic equation of the master cylin-
der can be derived as follows:

Mr'_master X’r_masteT + BT'_maste’rXT_’rrLasteT

+ Kr_mastchr_master +Pr_masterAr_master :Kroerod_c
®)

Xrod_c = Xrod - Xr_master = KBP - Xr_master (6)

where K,oq is the stiffness of the push rod, B: naster 18
the damping coefficient of the master cylinder, K, naster 1S
the stiffness of the master cylinder return spring, M, aster
is the mass of the piston, A; master is the area of the piston,
X, master 15 the displacement of the piston, X,,q . is the
compression of the push rod, P, aster 1s the pressure of the
master cylinder, Bp is the brake pedal stroke, and ¢ is the lever
ratio that is proportional to the brake pedal stroke, i.e., Bp.

The pressure of the master cylinder is determined as follows:

Boil

‘/T_mastero - Ar_masterXr_master)

X (Ar_masterXr_master - Qr_master) (7)

Pr_master = (
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where V., ___ o is the initial volume of the master cylinder, 5,
is the bulk modulus of the brake oil, and Q; master is the rate of
the flow that is distributed to the left and right caliper cylinders.

Caliper: Assuming that the rates of the flows to the left and
right calipers, respectively, are equal, the pressure of the caliper
cylinder can be determined as follows (see Fig. 4):

1

er_cylinder = EQT_master (8)

Boil

(V;’l_cylindcro + Arl_cylinderXrl_piston)

Prl_cylinder =

! (er_cylinder - Arl_cylinderXrl_piston) (9)

where Qq_cylinder 1S the rate of the flow that goes to the
left caliper cylinder, Vyi_cylindero s the initial volume of the
caliper cylinder, Ay_cylinder is the area of the caliper piston,
and X,1_piston 15 the displacement of the caliper piston.

There is a seal between the piston and the cylinder of the
rear-wheel caliper. It was assumed that the reaction force of the
seal acts in the opposite direction to the moving direction of
the piston and is proportional to the displacement of the piston.
If the piston displacement is smaller than the gap between the
pad and the disk, then the reaction force of the seal is equal
to the force generated by the pressure of the master cylinder,
and no clamping force is generated, because the piston does not
compress the pad to the disk. In this case, the reaction force of
the caliper seal is represented as follows:

Krl_seaerl_piston = Prl_cylinderArl_cylinder (10)
where K, seal i the stiffness of the seal. If the piston displace-
ment becomes greater than the gap and compresses the pad to
the disk, then the dynamic equation of the caliper is as follows:

(1)

Xrl_piston_c = Apl_piston — Xgap

Mrl_pistoanl_pist(m +Krl_sealX7'l_pistmz,

+ Drl_caliperXrl_caliper_c + Krl_calieerrl_caliper_c

- 'rl_cylinderArl_cylinder (12)
Frl_clamping = Drl_caliperXrl_caliper_c
+ K’r'l_caliepTX'r'l_caliper_c (13)

where M1 piston 18 the mass of the caliper piston, Fyj_clamping
is the clamping force, X,1 caliper_c 18 the compression of the
caliper, X, is the gap between the pad and the disk, K;1_caliper
is the stiffness of the caliper, and Dyj_caliper 1S the damping
coefficient of the caliper.

III. REGENERATIVE BRAKING COOPERATIVE
CONTROL ALGORITHM

Fig. 5 shows the regenerative braking cooperative control
algorithm proposed in this study, which distributes the fric-
tion braking force and the regenerative braking force. The
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Fig. 5. Regenerative braking cooperative control algorithm.

demanded braking force F'g at braking is determined according
to the brake pedal stroke, i.e., Bp. In this paper, the demanded
braking force Fp is represented as

Fp=Bp-yg (14)
where g is the gradient of the total demanded braking force to
the pedal stroke, i.e., g = dFp/dBp.

The demanded braking force F'g is supplied by the summa-
tion of the front and rear braking forces as

FB:Ff-f—Fr (15)
where F¢ is the front braking force, and F, is the rear braking
force.

In Fig. 5(a), the braking force distribution map is shown for
the gradient, i.e., dF's /dBp = g1 . In the brake system proposed
in this study (see Fig. 1), the rear braking force F, is generated
by the caliper cylinder pressure, which is proportional to the
brake pedal stroke Bp. However, as described in (10)—(13), the
rear braking force F, is generated only when the cylinder piston
displacement becomes greater than the gap, i.e., Xgap. If we
define the brake pedal stroke, which is equivalent to Xgap,, as
S1, F. is not generated until S; (region T). The S; value can
be determined from a vehicle test or from a simulation. In the
vehicle test, S; can be obtained as the pedal stroke where the
deceleration occurs, which can be measured by the acceleration

sensor. In the simulation, S; is determined as the pedal stroke
where the rear clamping force is generated.
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The front braking force F; is composed of the friction brak-
ing force F't_riction and the regenerative braking force Fegen as

Ff = Ff_friction + Frcgcn~ (16)

If the regenerative braking force Fiegen can singularly supply
F¢, then the front-wheel braking will be performed only by
the regenerative braking. If F,ege, is smaller than F¢, then
both regenerative braking and friction braking are performed.
The regenerative braking force Fregen can be determined from
a motor characteristic map (see Fig. 6) according to vehicle
speed, i.e., motor speed. As shown in Fig. 6, the maximum
regenerative braking torque remains the same under the motor
base r/min and decreases when the motor speed increases.
At the motor speed of w;, if the front demanded braking
torque (A) is smaller than the maximum regenerative braking
torque (B), the front-wheel braking will be performed only
by regenerative braking. At the motor speed of ws, since the
maximum regenerative braking torque (C) is smaller than the
front demanded braking torque (A), the demanded braking
torque cannot be supplied by only regenerative braking. In this
case, the insufficient braking torque of the front wheel needs to
be supplemented with front friction braking.

To maximize the energy recovery through regenerative brak-
ing, the braking force must be distributed, such that the braking
force of the front wheels performing regenerative braking is
maximized. This can be achieved by increasing gradient g.
Fig. 5(b) shows the braking force distribution for the increased
gradient, i.e., ga. It is noted in Fig. 5(b) that the front braking
area increases when Bp is equal to S;, compared with that in
the case of g; (F¢r 1 > F¢ 2), which increases the regenerative
braking force. However, since the pedal stroke decreases from
Bp; to Bp, for the same demanded braking force (Fgp), a
sensitive brake pedal feeling is expected. In addition, since rear
braking force F, is proportional to the pedal stroke [see (5)
and (6)], F, would also decrease from F,; to F., for the same
Fgsp; hence, the front wheels will require greater braking force
(Fiz > Fyr) [see (15)].

Fig. 7 shows the braking force distribution for g; and gs.
In the case of g;, braking is performed with the front wheels
only, through the braking force of the front wheels Fy ; until
deceleration D;. If the deceleration becomes greater than D1,
then braking will be performed with both front and rear wheels.
In the case of go, braking is performed with the front wheels
only, through the braking force of the front wheels Fy o until
deceleration D,. If the deceleration becomes greater than Do,
then braking will be performed with both front and rear wheels.

Rear braking force, N

Front braking force, N

Fig. 7. Braking force distribution by the regenerative braking cooperative
control algorithm.

To ensure the braking safety of the vehicle, the United
Nations Economic Commission for Europe established a reg-
ulation (ECE13-R) that strictly regulates the distribution range
of the braking forces between the front and rear wheels. It is
shown in Fig. 7 that the braking force distribution for g; and g»
satisfies ECE13-R.

IV. REGENERATIVE BRAKING PERFORMANCE SIMULATOR
A. Powertrain Model

A simulator was developed to evaluate the performances
of the brake system and the regenerative braking cooperative
control algorithm proposed in this study. During regenerative
braking, the engine clutch is disengaged. Therefore, only the
motor and transmission were modeled, which are the power-
train elements used in regenerative braking.

Motor: The motor receives voltage and current from the
battery. It is used not only as a motor during driving but also as a
generator during regenerative braking. The motor was modeled
as a first-order system, using the characteristic curve and the
performance map shown as follows:

Tmotor 1

Tmotor_desired I+ Tmotor * S ( )
ViN¢N,
Wmotor = SR TAT (18)
Ry

where T'ot0r 18 the actual motor torque, Thotor_desired 1S the
desired motor torque, Tyot0r 1S the time constant of the motor,
Wmotor 18 the motor speed, Vy, is the vehicle speed, N¢ is the
final reduction gear ratio, and N st is the AT gear ratio.

Automatic Transmission: The six-speed AT consists of two
single-pinion planetary gears and one double-pinion plane-
tary gear. The operative elements are two wet multiple disk
clutches, three wet multiple disk brakes, and a one-way clutch
(see Fig. 8).

Vehicle: A vehicle dynamic model was constructed, using
CarSim software. The CarSim vehicle model can be built in
characterizing vehicles and their behavior reproduced with
mathematical models. The CarSim vehicle model covers the
complete vehicle system and its inputs from the driver, ground,
and aerodynamics. The models are extensible, using MATLAB/
Simulink to add advanced controllers or component models,
such as tires, brakes, powertrain, etc. [22].
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Fig. 9. Regenerative braking performance simulator.

B. Regenerative Braking Performance Simulator

A regenerative braking performance simulator was devel-
oped, by combining the MATLAB/Simulink model of the
EWB, hydraulic brake, powertrain, and the CarSim vehicle
model (see Fig. 9). The cosimulation using the MATLAB/
Simulink model and the CarSim model is performed as follows.

The pedal stroke and the pressure calculated from the rear
hydraulic brake model are input to the BCU of the controller.
The BCU determines the total demanded braking torque ac-
cording to the pedal stroke and calculates the rear brake torque.
The front demanded braking torque is determined from the total
demanded braking torque minus the rear brake torque. The front
demanded braking torque is sent to the HCU of the controller,
and then, the HCU determines the regenerative braking motor

TABLE 1
VEHICLE PARAMETERS

Vehicle parameters

Gross vehicle weight 2050 kg
Vehicle Wheel bas; 2.8m
Drag coefficient 0.3
Tire radius 0.32m
Engine Stque volume 2359 cc
Maximum torque 198 Nm
Power 30 kW
Motor Maximum speed 6500 rpm
Maximum torque 215 Nm
Total voltage 270 V
Battery Capacity 5.3 Ah
Gear ratio Ist gear: 4.2
2nd gear: 2.6
3rd gear: 1.8
AT 4th gear: 1.4
Sth gear: 1.0
6th gear: 0.8
Final reduction gear ratio 33
Bcu | E box
Regenerative DSP
braking (Digital signal processor)
control algorithm | z

CAN /IO

Interface

f__.__ ________

Rear hydraulic
brake pressure|

Brake pedal stroke

Demanded
regenerative
braking torque

Regenerative
braking torque

Master cylinder

HCU
Rear hydraulic .
3 brake pressure

Vehicle Regenerative

braking torque

Hydraulic
brake

EWB

6 - speed AT HEV

Driver

Fig. 10. Configuration of the vehicle test apparatus.

torque and the EWB front friction braking force, considering
the vehicle conditions (gear step and vehicle speed). The drive
shaft torque from the transmission model, the clamping force
from the EWB model, and the brake pressure from the hydraulic
brake model are sent to the CarSim vehicle model. The vehicle
parameters are shown in Table I.

V. VEHICLE TEST

To evaluate the performance of the proposed brake system
and the regenerative braking cooperative control algorithm, a
vehicle test was performed, with a six-speed AT-based HEV.
Fig. 10 shows the configuration of the vehicle test apparatus.
The regenerative braking cooperative control algorithm com-
posed of the MATLAB/Simulink was installed in the host PC,
which used a digital signal processor and CAN I/O to act as
the BCU.

When a driver steps on the brake pedal, the sensor signal
of the brake pedal stroke and the pressure of the rear-wheel
master cylinder are sent to the BCU, and the braking pres-
sure generated from the rear-wheel master cylinder pushes the
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piston of the rear-wheel caliper to ultimately generate a friction
braking force for the rear wheels. The BCU determines the total
demanded braking torque according to the pedal stroke and
calculates the rear-wheel braking torque, as well as the front de-
manded braking torque, using the pressure generated from the
rear-wheel master cylinder. The front demanded braking torque
is sent to the HCU, and the HCU determines the regenerative
braking torque from the vehicle conditions and then sends it
to the BCU. The BCU converts the front demanded braking
torque, minus the regenerative braking torque, to the demanded
clamping force and sends it to the wedge control unit, which
makes the EWB generate a clamping force.

VI. SIMULATION AND VEHICLE TEST RESULTS

The performance of the brake system and the regenerative
braking cooperative control algorithm developed in this study
were evaluated by simulation and a vehicle test. The braking
simulation and test were carried out at the deceleration of 0.2 g
from 100 km/h, since in the FTP75 driving mode, braking is
mostly performed at a deceleration below 0.2 g.

A. Simulation and Vehicle Test Results for dFp /dBp = ¢,

Fig. 11 shows the simulation and the vehicle test results,
when the gradient of the braking force against the pedal stroke
was dFp/dBp = g1. In the simulation results, the brake pedal
stroke (b) starts to increase at t = 1 s and is maintained constant
at 38 mm. The pressure of the master cylinder starts to increase
together with the brake pedal stroke and is maintained constant
at 10.4 bars. The vehicle speed (a) begins to decrease from
100 km/h and becomes zero at 14 s. Once braking is started,
the gear step of the AT (c) decreases from fifth to fourth and
to third and maintains the first gear when the vehicle speed
becomes 9 km/h or lower. During regenerative braking, the
gear shift of the target HEV is performed, according to the
brake pedal stroke and vehicle speed, as conventional AT.
The front demanded braking torque (d) increases in proportion
to the brake pedal stroke and stays constant at 855 Nm. The
regenerative braking wheel torque (d) occurs in section R and
increases in sections S and P. It increases according to the
motor characteristics, with the decrease in vehicle speed (motor
speed). In section Q, the regenerative braking wheel torque is
equal to the front demanded braking torque. The rear friction
braking torque (d) does not appear in section R, even when
the pedal stroke increases, because the piston displacement is
smaller than the gap between the pad and the disk. In section S,
a rear friction braking torque (d) is generated, increased, and
then maintained constant at 262 Nm. The EWB clamping force
(e) increases in sections R and S to meet the front demanded
braking torque because the regenerative braking torque is in-
sufficient (d), and decreases in section P, as the regenerative
braking torque increases. In section Q, no EWB clamping force
is generated, because only the regenerative braking is used for
the front wheels. The deceleration (f) increases in the negative
direction as the brake pedal stroke increases, until it becomes
constant at 0.2 g. The energy (g) recovered from regenerative
braking is 297 KIJ.
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Fig. I1. Simulation and vehicle test results for dF gdBp = g1.

The vehicle test results in Fig. 11 show almost the same
behaviors as the simulation results. The test results of the brake
pedal stroke, master cylinder pressure (b), and gear step (c) are
almost identical with the simulation results. The difference in
the gear shift time (c) is due to the small difference in the pedal
stroke and vehicle speed, between the simulation and the test.
The regenerative braking wheel torque (d) begins to increase in
section O, whereas the regenerative braking wheel torque of the
simulation occurs as soon as the braking starts at R. This is be-
cause it takes a certain amount of time for the conversion of the
vehicle operation mode from the driving mode to the regenera-
tive braking mode, during which the state of the battery changes
to a rechargeable state, as well as time for the engine to stop
operating. In section N, a rear friction braking torque (d) is gen-
erated, increased, and maintained almost constant at 274 Nm
during braking. The EWB clamping force (e) increases in
sections R and N, showing a higher value than the simulation
result, because there is no regenerative braking torque in this
region. The deceleration (f) increases in the negative direction,
as the brake pedal stroke increases, until it becomes constant at
0.2 g. The deceleration fluctuates in section W, whereas the
deceleration in the simulation results seems quite smooth. This
can be explained as follows: Section W is the transient region
where regenerative braking decreases and friction braking
begins to increase. As shown in the vehicle test results, it is
found that the regenerative braking wheel torque decreases
in a small stepwise manner, due to the signal processing
characteristic of the measurement device at low vehicle speed.
However, since the EWB clamping force cannot be controlled
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Fig. 12.  Simulation and vehicle test results for dF'g /dBp = g2.

to compensate the stepwise change in the regenerative braking
wheel torque, deceleration fluctuation occurs. The energy (g)
recovered from regenerative braking is 254 KJ, which is less
than that in the simulation results (297 KJ). This is because
in the simulation, a regenerative braking wheel torque is
generated as soon as the brake pedal stroke increases, whereas
in sections R and N of the vehicle test results, no regenerative
braking wheel torque is generated, due to the conversion time
of the vehicle operation mode.

B. Simulation and Vehicle Test Results for dFg /dBp = g2

Fig. 12 shows the simulation and the vehicle test re-
sults, when the gradient of the braking force is increased to
dFp/dBp= go.In the simulation results, the brake pedal stroke
(b) starts to increase at t =1 s and then stays constant at
28 mm. The pressure of the master cylinder starts to increase
together with the brake pedal stroke and then stays constant
at 3.3 bars. For the same demanded deceleration, i.e., 0.2 g,
the pedal stroke and rear braking pressure are smaller than
those at dF'g/dBp=gi; hence, greater braking torque (force)
is needed for the front wheels [see Fig. 5(b)]. Therefore, the
front demanded braking torque (d) increases in proportion to
the pedal stroke and stays constant at 1133 Nm, which is greater
than that of dF5z /dBp= g;. Regenerative braking wheel torque
(d) occurs and increases in section P. In section Q, it stays
constant, which is greater than that of dF'g/dBp= g1, because
it is equal to the front demanded braking torque. The rear
friction braking torque (d) is almost zero. This is because the
pressure of the rear master cylinder is smaller than the threshold
value (3.5 bars), which is the pressure where the caliper piston
starts to compress the pad to the disk, and because there is a

gap between the pad and the disk. The EWB clamping force
(e) begins to increase, as soon as the braking starts. It decreases
in section P, as the regenerative braking torque increases. The
EWB clamping force is zero, since only regenerative braking
is used for the front wheels, in section Q. The deceleration (f)
increases in the negative direction, as the brake pedal stroke
increases, and then, it becomes constant at 0.2 g. Since the
gradient of the braking force is greater, the regenerative braking
area becomes larger, and the recovered energy (g) is 318 KIJ,
which is greater than 297 KJ at dFz /dBp=g;.

The vehicle test results in Fig. 12 show almost the same
behaviors as the simulation results. The test results of the brake
pedal stroke, master cylinder pressure (b), and gear step (c)
are almost identical to the simulation results. The gear shift
of the HEV is performed according to the brake pedal stroke
and vehicle speed. The difference in the gear shift time for g;
(see Fig. 11) and go (see Fig. 12) is due to the difference in
the brake pedal stroke, although the vehicle speeds are almost
the same. The front demanded braking torque (d) increases in
proportion to the brake pedal stroke and then stays constant at
1190 Nm, which is greater than that in the case of dFg/dBp =
g1. The regenerative braking wheel torque (d) occurs in section
O and increases in section P. In section Q, it is greater than
that of dFs/dBp = ¢;. The rear friction braking torque (d)
is almost zero, since the pedal stroke is smaller than the gap.
The EWB clamping force (e) of the test results shows a high
peak in sections R and O to meet the front demanded braking
torque because the regenerative braking wheel torque is not
generated in section R. The EWB clamping force decreases
as the regenerative braking wheel torque increases. The de-
celeration (f) increases in the negative direction as the brake
pedal stroke increases until it becomes constant at 0.2 g. The
deceleration (f) shows a fluctuation in the transient region (W),
where regenerative braking and friction braking cross, for the
same reason previously explained. The recovered energy (g) is
287 KJ, which is greater than 254 KJ at dF5 /dBp = ¢;.

From the simulation and vehicle test results in Figs. 11
and 12, it is found that the brake system and the regenerative
braking cooperative control algorithm developed in this study
satisfy the demanded braking force by applying regenerative
braking and friction braking. The hydraulic brake system at the
rear wheels is beneficial for energy recovery, because there is an
initial region of the brake pedal stroke where only regenerative
braking can be used, due to the characteristics of the seal. In the
regenerative braking cooperative control algorithm (see Fig. 5),
the pedal stroke for the same demanded deceleration (braking
force) decreases, as well as the pressure of the master cylinder,
as the gradient of the total demanded braking force for the
pedal stroke increases. This provides an increase in the front
demanded braking force, the maximum torque of regenerative
braking, and the recovered energy. However, if the gradient
excessively increases, the braking force will considerably vary,
even with minor changes in the pedal stroke. As a result,
driving comfort can deteriorate by the sensitive braking. There-
fore, the gradient of the total demanded braking force for the
pedal stroke must be appropriately designed by considering the
driver’s braking characteristics, the amount of energy recovered
through regenerative braking, and the driving comfort.
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VII. CONCLUSION

In this paper, a brake system for an AT-based HEV has
been developed, and a regenerative braking cooperative con-
trol algorithm has been proposed, with consideration of the
characteristics of the brake system. The proposed brake sys-
tem does not require a pedal simulator or a fail-safe device,
because a hydraulic brake is equipped on the rear wheels,
and an EWB is equipped on the front wheels. To evaluate the
performance of the brake system and the regenerative braking
cooperative control algorithm proposed in this study, dynamic
models of the EWB, the rear-wheel hydraulic brake, and the
HEV powertrain of the subject vehicle were constructed, and
a regenerative braking performance simulator was developed,
using the cosimulation of the MATLAB/Simulink-powertrain
and brake system model and the CarSim vehicle model. A
simulation and a vehicle test were performed to evaluate the
performance of the proposed brake system and the regenerative
braking cooperative control algorithm.

The simulation and vehicle test results showed that the brake
system and the regenerative braking cooperative control algo-
rithm developed in this study satisfied the demanded braking
force, by distributing the regenerative braking force and friction
braking force, with consideration of the characteristics of the
brake system. If the pedal stroke is smaller than the threshold
value, rear braking is not performed, and braking is performed
only by regenerative braking or by regenerative braking and
friction braking at the front wheels. If the pedal stroke is larger
than the threshold value, braking is performed by regenerative
braking at the front wheels and friction braking at the rear
wheels or by regenerative braking and friction braking at the
front wheel and friction braking at the rear wheels.

When the gradient of the total demanded braking force
against the pedal stroke was increased, the rear-wheel friction
braking force became smaller, and more braking force was dis-
tributed to the front wheels, thus increasing the energy recovery
of regenerative braking. However, if the gradient of the total
demanded braking force for the pedal stroke becomes too large,
driving comfort can be degraded due to the sensitive brake
pedal feeling. Therefore, the gradient of the total demanded
braking force against the pedal stroke needs to be appropriately
determined by considering the amount of energy recovered
through regenerative braking and driving comfort.
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