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Abstract: The characteristics of electro-hydraulic braking systems have a direct influence on the
fuel consumption, emissions, brake safety, and ride comfort of hybrid electric vehicles. In order
to realize efficient energy recovery for ensuring braking safety and considering that the existing
electro-hydraulic braking pressure control systems have control complexity disadvantages and
functional limitations, this study considers the front and rear dual-motor-driven hybrid electric
vehicle as the prototype and based on antilock brake system (ABS) hardware, proposes a new
braking pressure coordinated control system with electro-hydraulic braking function and developed
a corresponding control strategy in order to realize efficient energy recovery and ensure braking safety,
while considering the disadvantages of control complexity and functional limitations of existing
electro-hydraulic system. The system satisfies the pressure coordinated control requirements of
conventional braking, regenerative braking, and ABS braking. The vehicle dynamics model based
on braking control strategy and pressure coordinated control system is established, and thereafter,
the performance simulation of the vehicle-based pressure coordinated control system under typical
braking conditions is carried out to validate the performance of the proposed system and control
strategy. The simulation results show that the braking energy recovery rates under three different
conditions—variable braking intensity, constant braking intensity and integrated braking model—are
66%, 55% and 47%. The battery state of charge (SOC) recovery rates are 0.37%, 0.31% and 0.36%.
This proves that the motor can recover the reduced energy of the vehicle during braking and provide
an appropriate braking force. It realizes the ABS control function and has good dynamic response and
braking pressure control accuracy. The simulation results illustrate the effectiveness and feasibility of
the program which lays the foundation for further design and optimization of the new regenerative
braking system.

Keywords: hybrid electric vehicle; electro-hydraulic braking; braking force distribution; braking
system design; pressure coordinated control

1. Introduction

Hybrid electric vehicles (HEVs) meet can satisfy the comprehensive requirements of low emissions
and low fuel consumption, and as one of the most important fuel-saving technologies of HEVs,
regenerative braking can save vehicle energy and reduce emissions significantly [1–3].

The electro-hydraulic braking system of hybrid electric vehicles consists of the regenerative
braking system (motor braking system), vehicle hydraulic braking system, and engine braking
system [4]. Hence, the braking process of hybrid electric vehicles is a dynamic process which is
influenced by a synthesis of multiple parameters and multi-system interactions. The characteristics of
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electro-hydraulic braking systems have a direct influence on the fuel consumption, emissions, braking
safety, and ride comfort of hybrid electric vehicles.

At present, the studies on electro-hydraulic braking system mainly focus on the formulation of
braking force distribution strategies and the design of the braking systems. Fujimoto et al. studied a
braking force distribution model that considered the acceleration and speed of the vehicle to optimize
the distribution of braking force [5]. Hernández et al. found an optimized braking distribution between
axles and between regenerative and friction braking to reach the target of a highly efficiency electric
braking [6]. Itani et al. made a comparison of the braking force distribution method of wheel slip
ratio control based on the robust sliding mode controller and the braking force distribution method
based on the constraint of ECE. The simulation results showed that the energy recovery efficiency of
ECE-based allocation method is higher under medium and high friction pavement [7]. Toyota designed
a system that regulates wheel-cylinder pressure by adjusting a linear solenoid valve current based
on the Electronic Hydraulic Brake (EHB) system; the system can simulate the feel of a braking pedal
and satisfy the pressure requirement during electro-hydraulic braking [8]. For the control strategy
of electro-hydraulic composite braking system, Ko et al. considered the braking force between the
tire and road, and increased the friction braking force of the rear wheel according to the friction
coefficient. Finally they designed a control algorithm for the regenerative braking of the front wheel [9].
In the actual braking process of the electro-hydraulic composite braking, the maximum regenerative
braking torque provided by the motor cannot meet the needs of some forced working conditions.
Therefore, the regenerative braking needs to cooperate with the hydraulic braking to ensure braking
safety and braking stability [10]. Generally speaking, the characteristic of regenerative braking is the
rapid response, while the hydraulic braking is characterized by response hysteresis. Therefore, due
to the different dynamic characteristics of regenerative braking and traditional hydraulic braking,
there is always a significant change or mutation of the braking torque when the braking mode is
switched [11]. Some scholars have studied the brake-by-wire system in which the existing hydraulic
system is replaced by motor-driven electro-mechanical calipers; this system has the advantages of
quick response and high flexibility, however, this system cannot be widely used in vehicles because of
its high cost and some implementation difficulties [12,13].

Braking pressure control of hybrid electric vehicles is critical to realize the braking force
distribution strategy. Traditional braking systems cannot meet the electro-hydraulic braking
requirements of hybrid electric vehicles. Furthermore, the configuration of existing HEV braking
systems is complicated, and does not fully utilize the existing ABS hardware to realize ABS-based
pressure coordinated control. Advanced electro-hydraulic braking systems and good integrated control
strategies is some of the problems that must be solved in the process of electric vehicle production.
Therefore, the design of an efficient electro-hydraulic composite braking system, a new braking force
distribution strategy and pressure coordination control method can greatly improve the contribution
of regenerative braking to the improvement of overall vehicle fuel economy.

In this study, taking a plug-in hybrid electric vehicle driven by front and rear axle double motors
as the research object, based on the functional requirements of the brake system and based on the ABS
hardware, a new braking force control strategy is proposed to ensure braking safety and maximize the
braking energy recovery, and subsequently, a braking pressure coordinated control system is designed.
By simulating the system under variable-strength braking, constant-strength braking, conventional
braking, ABS braking, and integrated braking, the system braking force control strategy and the
dynamic performance of the braking pressure coordinated control system are verified. The simulation
verified the validity of the braking force control strategy and pressure coordinated control system.
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2. Electro-Hydraulic Braking System Structure and Braking Force Control Strategy

2.1. Structure and Function Design of the Braking System

The braking system is designed based on the traditional vehicle ABS hardware. This system can
achieve pressure coordinated braking in addition to conventional braking with the advantages of
requiring only slight modification and low cost. The schematic diagram of a hybrid electro-hydraulic
braking system is shown in Figure 1. The vehicle collects gathers the signals of braking pedal
displacement, vehicle speed, continuously variable transmission (CVT) ratio, battery state of charge
(SOC), and other signals through the controller area network (CAN) bus, and subsequently calculates
the required motor braking force and hydraulic braking force. The required motor and hydraulic
braking force signals are sent to the Hydraulic Control Unit (HCU) and Motor Control Unit (MCU) for
braking force control through the CAN bus. The main parameters of the vehicle are listed in Table 1.
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Figure 1. Schematic diagram of a dual-motor driven HEV electro-hydraulic braking system. VCU:
Vehicle Control Unit; MCU: Motor Controller Unit; HCU: Hybrid Control Unit; ECU: Engine Control
Unit; BCU: Battery Control Unit; TCU: Transmission Control Unit.

Table 1. Main parameters of the vehicle.

Parameter (Units) Value

Vehicle mass (kg) 1800
Rolling radius (m) 0.36

Front motor rated/peak power (kW) 14/28
Rear motor rated/peak power (kW) 13.5/27

Battery capacity (Ah) 38.43

2.2. Braking Force Control Strategy of Pressure Coordinated Control System

The system braking modes include conventional braking and regenerative braking. The control
flowchart of the braking system is shown in Figure 2, where Ff _reg_max and Fr_reg_max denote the
maximum braking forces of the front and rear motors, respectively, Freq denotes the required
braking force.
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Figure 2. Control flowchart of the pressure coordinated control system.

When the emergency braking is applied, the vehicle speed is too low, or the battery is not
suitable for charging, the system works in conventional braking mode; thus, the braking force is only
provided by the master cylinder, and the front and rear axle hydraulic braking forces are distributed
in accordance with the traditional β-line (β denotes the braking force distribution coefficient. β-line
denotes the braking force distribution curve of front and rear brakes) as shown in Equation (1).

Fr_h = βFb_req

Fr_h = (1− β)Fb_req

Fb_req = Gz
(1)

where Fb_req denotes the total required braking force, Ff _h denotes the front axle hydraulic braking
force, Fr_h denotes the rear axle hydraulic braking force, z denotes the braking strength, and β = 0.7.

When none of the above conditions is satisfied, the system works in regenerative braking mode.
The regenerative braking system attempts to maximize the energy recovery rate under the premise
of ensuring braking safety [14]. The braking force distribution strategy has an important influence
on the energy recovery rate of the regenerative braking system. Considering that the hybrid electric
vehicle has two motors and the transmission efficiency of the rear axle is higher than that of the front
axle, the braking force is provided priority by the rear motor, the remaining part is provided by the
front motor. In addition, the front motor braking force can be magnified by adjusting the CVT ratio so
that the front motor braking force can be fully utilized. When the front and rear motor braking force is
insufficient, the hydraulic braking force is added as a supplement.

The distribution of braking force is shown in Figure 3, where Ff _req and Fr_req denote the required
braking forces of the front and rear axles, respectively, O is the origin of coordinates, the point A
denotes the maximum braking forces of the rear motors, the point B denotes the maximum braking
forces of the rear and front motors, point C is the rear axle hydraulic braking force starting to take part
in braking, the point D is the intersection of line z = 0.4 and curve I, and the point E is the intersection of
line z = 0.7 and curve I. The intersection point of the I curve and the equal braking intensity curve with
z = 0.4 and z = 0.7 is used as the connection point of the braking force distribution curve, so that the
braking force distribution curve is as close as possible to the I curve, thereby ensuring the safety of the
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braking. As shown in Figure 3, when the system operates in regenerative braking mode, the braking
strengths of A, B, and C are: 

z(A) =
Fr_reg_max

G

z(B) =
Fr_reg_max+Ff _reg_max

G
z(C) = Fr_reg_max

G(1−β1)

(2)

where β1 denotes the ratio of the front axle braking force to the total required braking force, which is
determined by the slope of OD.
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2.3. Electro-Hydraulic Braking Pressure Coordinated Control Strategy

The detailed braking force control of the electro-hydraulic braking system is shown in Figure 4.
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Figure 4. Braking system pressure coordinated control diagram.

When the driver depresses the braking pedal, the vehicle controller obtains the braking pedal signal,
vehicle speed signal, and SOC signal to determine the braking mode and thereafter operates the pressure
coordinated control system in the traditional braking mode or pressure coordinated braking mode by
controlling the mode switch valve. When the system is operated in the conventional braking mode,
the front and rear axle hydraulic braking forces are distributed in accordance with the traditional β-line
and the motor does not apply the brake. When the system is operated in the regenerative braking mode,
the vehicle controller calculates the target regenerative braking force and the target hydraulic braking
force for the front and rear axles, and thereafter sends them to the corresponding controller. The hydraulic
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braking force is controlled by adjusting the duty cycle of each high-speed switch valve, and the motor
braking force is controlled by the motor controller and CVT controller.

3. Hydraulic Braking System Design and Pressure Control

3.1. Structure Design of Braking System

Based on the analysis of the above requirements, a new braking pressure coordinated control
system is developed. The designed hydraulic braking system is transformed from the hardware of
the traditional ABS braking system. As shown in Figure 5, the system mainly includes a braking
pedal, pedal displacement sensor, reservoir, vacuum booster system, stroke simulator, wheel cylinder
pressure sensor, high-speed switch valve, regulating valve, and reflux pump.
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Figure 5. Schematic diagram of the pressure coordinated control system.

The system can achieve the traditional master cylinder braking and pressure coordinated braking.
In the pressure coordinated braking mode, by closing the two normally open valves 2 and 3 and
opening the normal closed valve 1, the master cylinder and wheel cylinder are decoupled and the front
cavity’s oil of the master cylinder into the stroke simulator which can simulate the feel of a braking
pedal. Furthermore, the reflux pump starts pumping oil and the pressure of each wheel cylinder is
controlled by a pair of high-speed switch valves among which the inlet valve is normally open, and
the outlet valve is normally closed. The error between the actual wheel cylinder pressure and target
wheel cylinder pressure is calculated and thereafter inputted to a proportional integral derivative (PID)
controller to calculate the duty cycle of the pulse width of each valve to achieve precise control of the
wheel cylinder pressure. When the system is operated in the conventional braking mode, the normally
closed valve 1 remains closed and the normally open valves 2 and 3 remain open, and the hydraulic
pressure of the wheel cylinder is provided by the master cylinder.

Considering the failure of the electronic control unit of the pressure coordinated control system, in the
event of a braking system failure, each valve is powered off; thus, InV is open, OutV is closed, the system
is operated in the conventional braking mode, and braking pressure is provided by the master cylinder,
which guarantees safety. The main parameters of the braking system are listed in Table 2.

Table 2. Main parameters of the pressure coordinated control system.

Parameter (Units) Value

Front/rear braking cylinder diameter (mm) 38.34/60.12
Front/rear braking disc radius (mm) 120/128

Master cylinder diameter (mm) 22.2
Regulating valve pressure (MPa) 11

Modulation frequency of high-speed switch valve (Hz) 90
Pump displacement (mL/r) 1

Pump-motor rotating speed (r/min) 2500
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3.2. Mathematical Model of High-Speed Switch Valve

The structure of the normally closed high-speed switch valve is shown in Figure 6. It consists of
an inlet, outlet, magnetic yoke, iron pipe, moving iron, magnetism isolating core, static iron, push rod
of valve core, valve spool, and valve seat. During its operation, the turn-on and turn-off of the switch
valve is achieved by controlling its current [15].
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The kinematic equation of the high-speed switch valve under electromagnetic force is:{
dv
dt = 1

m

[
Fm(x, i)− k(x + G0)− FP(x)− bv2 − Ff − Fj

]
v = dx

dt

(3)

where m denotes the total mass of the moving iron and push rod of the valve core, Fm and Ff denote the
electromagnetic force and frictional force, respectively, k denotes the stiffness of the return spring, denotes
the hydraulic force of the valve core assembly, Fj denotes the impact force, b denotes the velocity viscosity
coefficient, G0 denotes the pre-compression force of the return spring, and x denotes the displacement of
the valve core. The structure of the electromagnet of the high-speed switch valve is shown in Figure 7a.Energies 2018, 11, x FOR PEER REVIEW  8 of 22 
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It is mainly composed of a moving iron, pole shoe, coil, magnetic yoke, and air gap. The electromagnetic
force is closely related to the current and inductance of the coil and the displacement of the moving iron
during the motion. The differential equation of the coil current is as follows:

di
dt

=
1

L(x, i) + i ∂L(x,i)
∂i

[
U − Ri− ∂L(x, i)

∂x
iv
]

(4)
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where U denotes the solenoid valve drive voltage, R denotes the solenoid valve circuit resistance,
i denotes the circuit current of the electromagnetic valve, L denotes the coil inductance, x and v denote
the displacement and speed of the valve core, respectively.

To obtain the key parameters of the above formula, Ansoft Maxwell finite element simulation is
conducted as shown in Figure 7a. Fm(x, i) is shown in Figure 7b. In AMESim electromagnet module
simulation, the electromagnetic valve is modeled accurately by employing the relevant parameters.

The hydraulic pressure Fp operating on the valve is generated by the differential pressure on both
sides of the valve spool. During the calculation, the spherical surface, which is the connection between
the center of the ball-end of the valve core and the edge of the valve port, serves as the action surface
of the inlet port. pin is the value of the inlet pressure and pout is the value of the outlet pressure. Thus,
the hydraulic force is:

Fp = pin
π

4
da

2 − pout
π

4
(da

2 − drp
2) (5)

The impact force is:
Fj = 2cq Asdp cos θ (6)

cos θ =

√
db

2 − ds2 + 2x√
db

2 + 4x2 + 4x
√

db
2 − ds2

(7)

As =
πdsx

R

√
R2 − ds2

4
(8)

where cq denotes the flow coefficient, As denotes the open area, dp denotes the pressure difference of
the valve port, θ denotes the flow angle, drp denotes the diameter of the push rod of the valve core,
ds denotes the diameter of the valve seat hole, denotes the displacement of the valve spool, and R
denotes the radius of the valve core sphere.

According to the Bernoulli flow equation, the throttle characteristic of the solenoid valve can be
obtained as:

Q = Cqmax As

√
2|∆p|

ρ
tanh(

8As

χηλc

√
2|∆p|

ρ
) (9)

where Q denotes the inlet and outlet flow of the solenoid valve, Cqmax denotes the maximum flow
coefficient, As denotes the open area, ∆p denotes the pressure difference between the inlet and outlet,
ρ denotes the oil density, η denotes the oil viscosity, λc denotes the Reynolds number, and χ denotes
the wetted perimeter of the valve port.

Based on the mathematical model of each part of the high-speed switch valve, a normally closed
high-speed switch valve model is established in AMESim as shown in Figure 8 and the parameters of
the switch valve are listed in Table 3. Similarly, the normally open valve model can be established.
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Table 3. Main parameters of the high-speed switch valve.

Parameter Value

Return spring stiffness 1.6 N/mm
Moving iron mass 15 g

Coil turns 380
Coil resistance 5 Ω
Initial air gap 0.3 mm

Spool displacement 0.22 mm
Voltage 12 V

Spring preload force 7 N

3.3. Brake System Model

3.3.1. Establish the Vacuum Booster Mathematical Model

The internal static friction force of the booster is ignored. The dynamic friction force changes
with the push rod speed, and it is independent of the push rod speed direction and vacuum degree.
The vacuum booster gas is an ideal gas, and the device looks at the flow process. The adiabatic flow,
the vacuum booster is well sealed and airtight, the reaction disk has linear stiffness.

There is no vacuum assisting process: the working process of the booster mainly includes two
stages. The first stage: under the action of the push rod force F, the push rod overcomes the push rod
return spring preload force Fa and starts to move until it contacts the diaphragm seat to become one.
Therefore, the dynamic equation of the booster in this process is:

m1
..
x1 + k12x1 + c12

.
x1 = F− Fa, F > Fa, x1 ≤ l2 (10)

where m1 is the push rod and the seat quality, x1 is the push rod and seat displacement, k12 is the push
rod return spring stiffness, c12 is the push rod return spring damping, l2 is the gap between the push
rod and the diaphragm seat.

The second stage: The push rod, the diaphragm and the diaphragm holder move together against
the diaphragm seat return spring preload force Fc and contact with the reaction plate, pushing the
reaction plate and causing the output rod to produce an output force Fe. During this process, since the
diaphragm seat is pressed against the push rod by the diaphragm seat return spring, the diaphragm
seat does not exert a force on the reaction disc. Therefore, the dynamic equation of the push rod,
diaphragm and diaphragm seat in this process is:

(m1 + m2)
..
x1 + [k2x2 + c2

.
x2] + [k13(x2 − x3 + l2 − l4)] + c13(

.
x2 −

.
x3) = F− Fc − Ff , F ≥ Fc, x2 > l4 − l2 (11)

where m2 is the diaphragm and diaphragm seat quality, k2 is the diaphragm seat return spring stiffness,
c2 is the diaphragm seat return spring damping, x2 is the displacement of the diaphragm and the
diaphragm seat, k13 is the contact stiffness between the push rod and the reaction plate, c13 is the
damping of the push rod and reaction plate, x3 is the displacement of the reaction disk, l4 is the gap
between the push rod and the reaction plate, Ff is the system friction.

m3
..
x3 + [k34(x3 − x4) + c34(

.
x3 −

.
x4)] = [k13(x2 − x3 + l2 − l4)] + c13(

.
x2 −

.
x3), x2 > l4 − l2 (12)

where m3 is the quality of the reaction disk, k34 is the contact stiffness between the output rod and the reaction
plate, c34 is the damping of the output rod and reaction plate, x4 is the displacement of the output rod.

There is a vacuum assistance process: due to the vacuum assist, the gap l4 between the push
rod and the reaction plate is reduced to l4′, and the gap l2 between the push rod and the diaphragm
is increased. The push rod is in contact with the variable ratio spring under the input force and the
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vacuum assist force, and then contacts the reaction plate, and finally contacts the diaphragm seat.
Therefore, the dynamic equation of the putter is:

m1
..
x1 + [k12(x1 − x2) + c12(

.
x1 −

.
x2)] + [k13(x1 − x3 − l4′) + c13(

.
x1 −

.
x3)] = F + (p0 − pw)s5 − Fa, F > Fa (13)

where p0 is atmospheric pressure, pw is working chamber pressure, s5 is the cross-sectional area of the
atmospheric valve.

The dynamic equation of the diaphragm seat is:

m2
..
x2 + k2x2 + c2

.
x2 + [k23(x2 − x3 − l3) + c23(

.
x2 −

.
x3)] + Ff = (pw − pv)s6 + [k12(x1 − x2) + c12(

.
x1 −

.
x2)]− Fc, x2 − x3 − l3 > 0 (14)

where k23 and c23 are the contact stiffness and damping of the diaphragm seat and the reaction disk,
respectively, l3 is gap of the reaction plate and the diaphragm seat, pv is vacuum chamber pressure,
s6 is the effective area of the diaphragm.

The dynamic equation of the reaction disk is:

m3
..
x3 + [k34(x3 − x4) + c34(

.
x3 −

.
x4)] = [k23(x2 − x3 − l3) + c23(

.
x2 −

.
x3)] + [k13(x1 − x3 − l4′) + c13(

.
x1 −

.
x3)], x2 − x3 − l3 > 0 (15)

With or without vacuum condition, the thrust of the booster output rod to the first piston of the
brake master cylinder is:

Fe = k34(x4 − x4) + c34(
.
x3 −

.
x4) (16)

where the output rod displacement x4 is equal to the first piston displacement xc1 in the master
cylinder model.

3.3.2. Establish the Dynamic Model of the Brake Master Cylinder

The movement process of the brake master cylinder can be divided into three stages:

Stage 1: The brake master push rod force Fe increases, and the second piston return spring begins
to be compressed after overcoming the second piston return spring preload, until the first piston return
spring begins to be compressed. In the process, the first piston, the first piston return spring and the
second piston can be regarded as a whole. The dynamic equation of the brake master cylinder in this
process is:

(mc1 + mc2)
..
xc1 + cc2

.
xc1 + kc2xc1 = Fe − Fm2 − Fu1 − Fu2 − p2sc, Fm2 + Fu1 + Fu2 < Fe ≤ Fm1 (17)

where mc1 is the mass of the first piston of the brake master cylinder, mc2 is the mass of the second
piston, kc2 and cc2 are the second piston return spring stiffness and damping, respectively, xc1 is the
displacement of the first piston, Fm1 and Fm2 are the first and second piston return spring pre-tightening
forces, respectively, Fu1 and Fu2 are the friction between the main leather bowl, the first secondary
leather wrist and the second secondary leather wrist and the cylinder wall, p2 is the oil pressure of the
second piston chamber, sc is the piston cavity area.

Stage 2: The first piston return spring begins to be compressed until the second piston return
spring is compressed to the limit. During this process, the front and rear pistons move together at
different speeds, and the dynamic equation of the first piston is:

mc1
..
xc1 + cc1(

.
xc1 − xc2) + kc1(xc1 − xc2) = Fe − [cc2

.
xc11 + kc2xc11 + p2sc]− Fm1 − p1s1, Fe>Fm1 (18)

where kc1 and cc1 are the first piston return spring stiffness and damping, respectively, xc2 is the
displacement of the second piston, xc11 is the displacement of the first piston at the end of the first
stage, p1 is the oil pressure of the first piston chamber,
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The dynamic equation of the second piston is:

mc2
..
xc2 + cc2

.
xc2 + kc2 − xc2 = (p1 − p2)sc + cc1(

.
xc1 −

.
xc2) + kc1(xc1 − xc2), xc2 ≤ h2 (19)

where h2 is the second piston cavity effective length
Stage 3: The second piston return spring is compressed to the limit until the first piston return

spring is also compressed to the limit. In this process, only the first piston is moving, and the dynamic
equation of the brake master cylinder is:

mc1
..
xc1 + cc1

.
xc1 + kc1xc1 = Fe − [cc1(

.
xc12 −

.
xc22) + kc1(xc12 + xc22) + p1sc]− p1sc, xc1 ≤ h1 (20)

where xc12 is the displacement of the first piston at the end of the second stage, xc22 is the displacement
of the second piston at the end of the second stage, h1 is the effective length of the first piston cavity.

The brake fluid flow equations in the front and in the rear chamber of the brake master cylinder are:

q1 = A1
dh1

dt
(21)

q2 = A2
dh2

dt
(22)

where A1 is the effective area of the front cylinder piston, A2 is the effective area of the rear
cylinder piston.

3.3.3. The Brake Fluid Dynamics Model

Assuming that the volumetric flow of the fluid is uniformly reduced, it can be obtained from the
one-dimensional fluid continuous equation:

1
ρ

dρ

dt
+

Qin −Qout

V
= 0 (23)

where ρ is the liquid density, Qin is the flow of fluid flowing in, Qout is the flow of fluid flowing out,
V is the cavity volume.

The brake fluid dynamics model is:

dP
dt

= Ke
(Qin −Qout)

V
(24)

where Ke is the bulk modulus of elasticity, Ke = −ρ dP
dρ , P is fluid pressure.

3.3.4. The Reflux Pump Model


qnom = qn
p = f pin + (1− f )pout

qout = qnom
ρp
ρ0

(25)

where qnom is the displacement of the pump, q is the displacement per revolution, n is the rotational
speed, p is the equivalent pressure, f is the effective coefficient, pin is the hydraulic pressure of the inlet,
pout is the hydraulic pressure of the export, qout is the flow out rate, ρp is the oil density at equivalent
pressure, and ρ0 is the oil density at ordinary pressure.
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3.3.5. Hydraulic Pipeline Model

Pipelines are used to connect parts of the pressure coordinated control system and there are two
kinds of pipeline used in the system, which include rigid pipeline and flexible pipeline. The flow
characteristic of the rigid pipe is expressed as:

∂p
∂t

= − B
A

∂Q
∂x

(26)

where B is the effective bulk modulus of pipeline and fluid, A is the sectional area of pipeline, p is the
pressure inside the pipeline, Q is the flow rate of fluid in the pipeline, and x is the displacement of
fluid inside the pipeline.

According to Bernoulli’s equation, the flow rate is calculated as:

vg =

√
2D|∆p− 9.81|ρL sin θg

Lρ fr
(27)

where vg is the flow rate, D is the pipeline diameter, ∆p is the pressure drop between beginning and
end of the calculation step, ρ is the oil density, L is the pipeline length, θg is the pipeline bend, and fr is
the coefficient of friction.

The bulk modulus of these two kinds of pipeline is rather different. The pressure characteristic of
the flexible pipeline is stated as: {

∂p
∂t = − β

A
∂Q
∂x

β = 1
1/β f luid + 1/βhose

(28)

where β is the effective bulk modulus of pipeline and fluid, β f luid is the bulk modulus of fluid, and
βhose is the bulk modulus of the pipeline.

3.3.6. Dynamic Model of Brake Wheel Cylinder Piston

mp
..
xp = −Fz + Fsq1 (29)

Fsq1 = (xp + Gq1)kq1 (30)

where mp is the quality of the brake friction block, xp is the displacement of the brake friction block,
Fz is the brake pressure, kq1 is the return spring stiffness, Gq1 is the return spring preload.

3.4. Model of PID Controller

The pressure response characteristic of the braking system is an important factor to judge the
performance of a braking system. A regenerative braking system requires a pressure braking system
with good pressure control accuracy. In this study, a simple, effective, robust, reliable, and adaptable
PID controller is adopted. The detailed control procedure is as follows: the wheel cylinder pressure
sensor measures the actual pressure and thereafter inputs the error between the actual wheel pressure
and target pressure to the PID controller, which calculates the duty cycle of the pulse width for
controlling the high-speed switch valve, so that the wheel pressure can follow the target pressure.
The control schematic is shown in Figure 9. The mathematical model of the controller is expressed in
Equations (31) and (32):

D(t) = Kpe(t) + Ki

∫
e(t)dt + Kd

de(t)
dt

(31)

e(t) = Pdmd(t)− Pact(t) (32)
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where D(t) denotes the pulse-width modulation (PWM) duty cycle of the high-speed switch valve
Pdmd(t) denotes the target pressure, Pact(t) denotes the actual pressure of the cylinder, and e(t) denotes
the pressure difference.

Energies 2018, 11, x FOR PEER REVIEW  13 of 22 

 

3.4. Model of PID Controller 

The pressure response characteristic of the braking system is an important factor to judge the 
performance of a braking system. A regenerative braking system requires a pressure braking system 
with good pressure control accuracy. In this study, a simple, effective, robust, reliable, and adaptable 
PID controller is adopted. The detailed control procedure is as follows: the wheel cylinder pressure 
sensor measures the actual pressure and thereafter inputs the error between the actual wheel 
pressure and target pressure to the PID controller, which calculates the duty cycle of the pulse width 
for controlling the high-speed switch valve, so that the wheel pressure can follow the target 
pressure. The control schematic is shown in Figure 9. The mathematical model of the controller is 
expressed in Equations (31) and (32): 

( )( ) ( ) ( )p i d
de tD t K e t K e t dt K
dt

= + +  (31) 

( ) ( ) ( )dmd acte t P t P t= −  (32) 

where ( )D t  denotes the pulse-width modulation (PWM) duty cycle of the high-speed switch valve 
( )dmdP t  denotes the target pressure, ( )actP t  denotes the actual pressure of the cylinder, and ( )e t  

denotes the pressure difference. 

 
Figure 9. PID control schematic of wheel cylinder pressure. 

3.5. Simulation Model of the Braking System 

Considering the reflux pump model, hydraulic pipe model, and braking cylinder dynamic 
model, the physical model of the pressure coordinated control system is established in AMESim. 
Owing to the symmetry of the system, the half of the system structure is considered as the schematic, 
as shown in Figure 10. 

 
Figure 10. AMESim model of wheel cylinder pressure control system. 

Figure 9. PID control schematic of wheel cylinder pressure.

3.5. Simulation Model of the Braking System

Considering the reflux pump model, hydraulic pipe model, and braking cylinder dynamic model,
the physical model of the pressure coordinated control system is established in AMESim. Owing to
the symmetry of the system, the half of the system structure is considered as the schematic, as shown
in Figure 10.
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3.6. Simulation and Analysis of Dynamic Characteristics of Braking System

Inputting sine signals and sawtooth signals to the system, the pressure response curve of the
system obtained is shown in Figure 11a–c.

It can be observed that, in the initial stage of braking, the hydraulic pressure is not built up within
0.1 s because the hydraulic oil must be filled into the braking clearance of the wheel cylinder and
the expansion of the pipeline, and thereafter, the wheel cylinder pressure quickly reaches the target
pressure. The time required to reach the wheel cylinder target pressure is related to the size of the
target pressure. As shown in the locally enlarged figure, the braking pressure of the front and rear
wheels is still pulsating in the steady state, the average value of the pressure at the front and rear wheel
can coincide well with the target signal, and the system shows good performance in terms of pressure
response and tracking.

Figure 11d shows the pressure response to the target signal under different PWM modulation
frequencies. The results show that the modulation frequency of the high-speed switch valve has an
important effect on the steady-state pressure fluctuations of the system. As the modulation frequency
increases, the pressure fluctuation of the system becomes smaller.
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4. Establishment of Simulation Model of Pressure Coordinated Control System Based on
the Vehicle

4.1. Model of Control System

Using the system parameters mentioned above, the braking mode discrimination model, CVT
controller model, braking force distribution controller model, and ABS controller model are established
in Simulink, as shown in Figure 12.Energies 2018, 11, x FOR PEER REVIEW  15 of 22 
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Figure 12. Simulink model of control system.

Using Simulink and Stateflow to build the braking mode discrimination model, the input of the
model is the braking intensity, vehicle speed, SOC and ABS trigger signal. The output is the mode
switching valve control model, the return pump motor speed control signal, mode activation. Signals
(pure hydraulic and regenerative braking), and clutch control signals.

The input of the braking force control model is the braking strength, the front and rear motor
maximum braking torque, the vehicle speed, the CVT speed ratio and the braking mode activation
signal, and then the output signal is the AMESim medium and front motor demand electric mechanism
power signal and the high speed switching valve control signal.
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The front motor can provide braking force as much as possible by adjusting the CVT ratio during
regenerative braking. The motor target speed n can be obtained by calculating the required front motor
braking power, and hence, the CVT target ratio is:

i_cvt =
7.2 · n · π · R f

60 · i f ·V
(33)

where R f denotes the front wheel radius, n denotes the motor speed (r/min) i f denotes the ratio of the
front final drive, and V denotes the vehicle speed (km/h).

4.2. Establishment of Co-Simulation Model

The braking system hardware model, motor model, battery model, tire model, CVT model, and
15-degrees-of-freedom vehicle dynamics model are established in AMESim as shown in Figure 13.Energies 2018, 11, x FOR PEER REVIEW  16 of 22 
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5. Simulation and Analysis of Dynamic Characteristics of Braking System Based on the Vehicle

5.1. Simulation and Analysis under Variable Braking Strength

In the simulation of variable braking strength, the initial SOC is 0.7, the initial braking speed
is 60 km/h, the initial CVT ratio is 1.55, and the braking strength increases by 0.1/s starting from
0.5 s. It can be observed from Figure 14b that, during the braking process, the braking force is first
provided by the rear motor. As the braking strength increases, the braking force of the front motor is
added to the braking when the rear motor cannot provide sufficient braking force. When the motor
braking force reaches its maximum, the front axle hydraulic pressure is added to the braking in 2.7 s.
During the initial stage of pressure built-up, the braking fluid should be filled into the clearance of
the braking block and the braking pipe expansion, and hence, the total braking force is temporarily
maintained. As the vehicle speed decreases and the CVT ratio is adjusted as shown in Figure 14c,
the maximum braking force of the front motor increases and the hydraulic braking force of the front
axle also increases to ensure the required braking force. At 3.6 s, the rear axle hydraulic braking force
is also added. When the vehicle speed is less than 20 km/h, the front and rear motor braking forces
gradually decrease. The decrease in vehicle speed leads to the decrease in motor speed, which further
reduces the motor energy recovery capability. To ensure the total required braking force, the front and
rear axle hydraulic braking forces should supplement the reduction of motor braking force. As shown
in Figure 14a, as the braking strength increases, the braking deceleration follows the target deceleration
well and the vehicle speed decreases smoothly. The braking distance is 74 m.
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The pressure tracking performance of the front and rear wheel braking cylinders of the braking
system is shown in Figure 14d. It can be observed that, owing to the operating characteristics of the
front and rear motors, the required target braking pressure should satisfy linear and non-linear growth.
The simulation results show that the cylinder actual pressure can follow the linear and non-linear
target pressure precisely.

Energy recovery rate is an important criterion to judge the performance of a regenerative braking
system. As shown in Figure 15, during the braking process, the SOC increases from 0.7 to 0.7026 and
the battery’s state of charge recovery rate is 0.37%. The recovered energy is 165 kJ, which accounts for
66% of the total braking energy.Energies 2018, 11, x FOR PEER REVIEW  17 of 22 
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5.2. Simulation and Analysis under Constant Braking Strength

In the simulation under the condition of constant braking strength, the initial SOC is 0.7, the initial
braking speed is 60 km/h, the CVT initial ratio is 1.5, and the braking strength starts increasing from
0.5 s. When the braking strength reaches 0.4 at 1.5 s, it remains constant. As shown in Figure 16a,b,
the braking system responds well and the total braking force satisfies the requirements of the driver.
In the braking process, the total braking force fluctuates slightly. This is because the change of CVT
ratio during braking leads to a change in the efficiency of the CVT, and consequently, the braking force
of the motor cannot follow the motor target braking force accurately. However, it can be observed from
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Figure 16a–c that the braking deceleration remains steady, the speed of the vehicle steadily decreases,
and the braking distance is 54 m.Energies 2018, 11, x FOR PEER REVIEW  18 of 22 
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As shown in Figure 16d, the hydraulic braking force can follow the target braking force precisely
and the mean value of actual braking pressure is coincident with the target braking pressure, which is
shown in the local amplification area. Good dynamic and static characteristics of the hydraulic braking
system are demonstrated.

As shown in Figure 17, during the braking process, the SOC increases from 0.7 to 0.7022 and the
battery’s state of charge recovery rate is 0.31%. The energy recovered is 138 kJ, which accounts for 55%
of the total braking energy.
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5.3. Simulation and Analysis under Conventional Braking

When in conventional braking mode, the braking master cylinder and wheel cylinder are
connected, and the braking wheel cylinder pressure is provided by the master braking cylinder.
As shown in Figure 18a, in the simulation under the condition of conventional braking, the initial
braking speed is 40 km/h, and the braking strength increases by 0.23/s starting from 0.5 s. As shown
in Figure 18b, owing to resistance along the way, the wheel cylinder clearance, and other factors,
the response of braking force of the front and rear wheel lag behind the driver’s braking strength
requirements. It can be observed from Figure 18a that the braking deceleration steadily increases,
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the speed of the vehicle steadily decreases, and the braking distance is 54 m. The result shows the
system meets the braking demand of a hybrid vehicle in the conventional braking.Energies 2018, 11, x FOR PEER REVIEW  19 of 22 
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Figure 19. Simulation of ABS: (a) Variation of braking strength, vehicle speed and wheel speed, (b) 

Figure 18. Simulation under conventional braking: (a) Variation of braking strength, vehicle speed and
deceleration, (b) Variation of front/rear wheel braking force and braking strength.

5.4. Simulation and Analysis of ABS

In this study, the wheel slip rate S and wheel acceleration and deceleration are used as the logic
threshold for ABS control [16]. In the simulation, the road adhesion coefficient is 0.15, the initial speed
of the vehicle is 70 km/h, and moderate-strength braking is carried out. As shown in Figure 19b, when
the ABS is triggered, the front and rear motor braking forces gradually withdraw whereas the hydraulic
braking force is added to the anti-lock brake. Each ABS control cycle includes pressurization, pressure
hold, pressure reduce, and step boost pressurization. As shown in Figure 19d, the front and rear wheel slip
ratios fluctuate around the target value of 0.2. At 14 s, the speed is reduced to 10 km/h; it is not suitable
to use ABS anymore, the ABS exists, and the wheels are fully locked. During braking process, the vehicle
deceleration fluctuates slightly, and the vehicle speed declines steadily. After the entire braking process,
the braking distance is 166 m. Simulation results show that the system has good anti-lock performance.
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5.5. Analysis and Simulation of Integrated Braking for the System

In the integrated braking simulation, the initial SOC is 0.7, the initial speed of the vehicle is
70 km/h, and the road adhesion coefficient is 0.4. The braking pedal inputs the braking strength signal
as shown in Figure 20. The braking strength starts to increase from 0.5 s to 1.5 s, reaches 0.3, and
remains constant until 3.5 s. Subsequently, the braking strength continues to increase until the braking
strength reaches 0.8 at 5.5 s and thereafter remains constant until the vehicle stops. Figure 20 shows
the variation of vehicle speed and wheel speed. Figure 21a shows the variation of slip rate. Figure 21b
shows the variation of braking force.
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(b) Variation of braking force under integrated braking.

It can be observed from the simulation results that as the braking strength increases, the braking
force of the motor and the hydraulic braking force are successively added to the braking. At 4.1 s,
the wheels tend to be locked, and ABS is triggered. The front and rear motor braking forces gradually
withdraw with the coordination of the hydraulic braking force. The pressure control system controls
the wheel slip ratio fluctuating around the optimum value as shown in Figure 22a. At 6.2 s, the vehicle
speed is less than 10 km/h, the ABS exists, and the wheels are fully locked. The variation of vehicle
deceleration is shown in Figure 22a. As shown in Figure 22b, in the braking process, the SOC increases
from 0.7 to 0.7025 and the battery’s state of charge recovery rate is 0.36%. The energy recovered is
160.5 kJ, which accounts for 46% of the total braking energy.
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6. Conclusions

In this paper, according to the characteristics and required braking system functions of front and
rear dual-motor-driven hybrid electric vehicles, a braking control strategy for an electro-hydraulic
braking system with conventional braking and regenerative braking is proposed. The strategy ensures
full utilization of motor braking force, which can improve the energy recovery rate in regenerative
braking mode, and, under specific conditions, can assist as conventional braking.

A new type of pressure control system was designed based on the functional requirements of
the brake system and based on the ABS hardware. The system fulfills the requirements of different
operating modes for regenerative braking, conventional braking and ABS braking. At the same time,
under the condition of regenerative braking, the coordinated control of the brake pressure in different
working modes is realized through the ABS-based hardware pressure coordinated control.

Considering the required function of the braking system, the finite element analysis is used to
establish electromagnet model, which makes the solenoid valve model more accurate. A simulation
model of hydraulic braking system is established in AMESim and a PID controller is used to adjust
the duty cycle of the pulse width signal, which is required by the high-speed switch valve to
realize dynamic adjustment of wheel cylinder pressure. Simulation results show that the pressure
coordinated control system has high response speed and accuracy, and it meets the braking demand of
a hybrid vehicle.

Based on the designed brake system structure scheme, control scheme and mathematical model
of hydraulic brake system, a vehicle-based AMESim-Simulink joint simulation platform is constructed.
By simulating the system under variable-strength braking, constant-strength braking, conventional
braking, ABS braking, and integrated braking, the system braking force control strategy and the
dynamic performance of the braking pressure coordinated control system are verified. Results show
that the braking energy recovery rate reaches 47~66% and the system has good static and dynamic
characteristics and can quickly and accurately track the target braking pressure. Moreover, the ABS
function can be realized well.

In summary, this system can realize the braking force distribution control strategy under different
driving conditions by pressure coordinated control under the premise of meeting the braking demand,
which improves the fuel economy of the vehicle and reduces emissions. If it is applied to a real vehicle,
the structural parameters of the system can be further optimized to reduce the structural cost. If it is
applied to a real vehicle, the structural parameters of the system can be further optimized to reduce
the structural cost.

Author Contributions: Y.Y. designed the electric-hydraulic system and proposed the control strategies;
G.L. conducted model building, calculation and analysis based on proposed control strategies; Q.Z. matched the
parameters of the electric-hydraulic system and analyzed system performance.
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