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The vehicle will generate an amount of current while the electric vehicle just starting to regeneratively brake. In order to avoid the
impact of high current on the traction battery, a novel electrohydraulic hybrid electric vehicle has been proposed. The main power
source is supplied by the electric drive system, and the hydraulic system performs the auxiliary drive system that fully exerts the
advantages of the electric drive system and the hydraulic drive system. A proper regenerative braking control strategy is presented,
and the control parameters are determined by the fuzzy optimization algorithm. The simulation analysis built the model through
the united simulation of AMESim and MATLAB/Simulink. The results illustrated that the optimized control strategy can reduce
battery consumption by 1.22% under NEDC-operating conditions.

1. Introduction

Under the trend of environmental protection and energy
crisis, the research and development of new-type energy
vehicles strike at the automotive industry. Regenerative
braking technology is a crucial element for new energy
vehicles that are employed the principle of motor four-
quadrant operation to recover braking energy. The recov-
ered energy will be recycled and reused to increase the
driving displacement of the vehicle. However, when the
electric vehicle starts regenerative braking, the motor will
generate a large inrush current that influences the battery life
when the current directly charges the battery.

Liu et al. [1] established a mathematical model for the
composite braking of hydraulic hybrid electric vehicles and
proposed a regenerative braking control strategy. The results
showed that it had a strong ability to recover braking energy.
Paul et al. [2] proposed a braking force distribution strategy
for full-time four-wheel-drive electric vehicles based on the
estimation of tire-road friction coeflicient y and used fuzzy
logic estimation methods. Wang et al. [3] discussed the
braking sensation consistency strategy from two aspects:
multiobjective optimization and compensation control.

Heydari et al. [4] introduced an efficient strategy for dy-
namically monitoring the minimum speed threshold. To
alleviate the limited driving range of electric vehicles per
charge, Liang et al. [5] studied a dual-clutch transmission
based on regenerative braking. Poria et al. [6] presented a
new method to simulate the braking performance of the
electric vehicle on the motor dynamometer test bench. Ko
etal. [7] developed a hybrid vehicle braking system based on
automatic transmission and proposed a regenerative braking
coordinated control algorithm. Yang et al. [8] proposed a
new type of electrohydraulic hybrid power transmission
system with hydraulic pressure and applied it to pure electric
vehicle. Niu et al. [9] introduced an electrohydraulic hybrid
power transmission system for urban vehicles and verified
the advantages of the system through simulation and ex-
periments. Honey et al. [10] established the model of an
electrohydraulic hybrid electric vehicle and compared it with
a baseline battery electric vehicle under urban driving cycle
conditions. The results illustrated that energy consumption
and current transients were reduced at the same time. Serrao
et al. [11] introduced the form of the energy management
problem of hybrid electric vehicles and compared three
known methods to solve the final optimization problem. Lv
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et al. [12] proposed a hybrid braking control algorithm. The
simulation results demonstrated that the proposed algo-
rithm can significantly improve the vehicle’s braking per-
formance and hybrid braking control accuracy. Li et al. [13]
proposed an adaptive online prediction method with a
variable prediction range. Li et al. [14] applied a fuzzy
control method to design a braking control strategy and
verified the effectiveness of the strategy through simulation.
Ko et al. [15] proposed an effective regenerative braking
coordinated control algorithm to improve the energy re-
covery rate when the wheels are unlocked.

In this paper, the electrohydraulic hybrid transmission
system will be studied, which is a new type of hybrid
transmission. This paper will focus on regenerative braking,
propose a control strategy, optimize the fuzzy rules.

A brief outline of this paper is as follows: in Section 2, the
matching and selection of electrohydraulic hybrid electric
vehicles are briefly introduced. The regenerative braking
control strategy is designed in Section 3. In Section 4, the
effectiveness of the control strategy is verified by simulation.
In Section 5, a fuzzy optimization method is proposed to
optimize the control strategy. Finally, some conclusions and
remarks are provided in Section 6.

2. Structure of the Electrohydraulic Hybrid
Electric Vehicles

Considering the problems of insufficient power density of
the power transmission system of pure electric vehicles and
low recovery rate of inertial energy at low and medium
speeds, a novel electrohydraulic hybrid electric vehicle has
been proposed to incorporate an additional hydraulic power
system for assisting the vehicle driving process and recov-
ering the braking energy. The system possesses two power
conversion devices, including the electric motor and hy-
draulic pump motor, as well as two energy storage com-
ponents, including the power batteries and hydraulic
accumulator. The hydraulic system contains hydraulic ac-
cumulators, hydraulic pumps/motors, and pressure sensors.
Under the normal operating conditions, the electrohydraulic
hybrid vehicle is driven by the motor alone. However, the
auxiliary hydraulic system participates in the demand of the
high power when the vehicles process starting, climbing, or
accelerating conditions. According to the energy state of the
power batteries and the accumulator and the driver’s
braking intention during vehicle braking process, the con-
trol unit determines the specific adopted braking mode.
There are three independent-type braking modes including,
hydraulic regenerative braking mode, motor regenerative
braking mode, and mechanical braking mode. In addition, to
ensure emergency braking safety, only mechanical braking is
performed. In the energy supply system of the electrohy-
draulic hybrid vehicle, the battery motor system mainly
provides power and energy. The hydraulic power system
composed of hydraulic accumulator and hydraulic motor
assists in providing power and energy. According to the
power demand, the motor is determined with the peak
torque of 208 N-m and the peak speed of 9000 r/min. For the
hydraulic drive system, a hydraulic pump/motor is selected
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with the displacement of 100 cc/rev and the rotation speed of
1000 rev/min.

The regenerative braking system is based on its unique
electric power transmission system and hydraulic power
transmission system, including the braking energy recovery
of the battery motor and the braking energy recovery of the
hydraulic pump hydraulic accumulator. Normally, the hy-
draulic system will be applied for braking energy recovery
under the vehicle at low speed. The secondary component
hydraulic pump/motor works in the pump state, and the
kinetic energy on the axle drives the hydraulic pump to
rotate, pumping the hydraulic oil in the low-pressure ac-
cumulator to the high-pressure accumulator. The energy
device realizes the conversion of mechanical energy to hy-
draulic energy. At a higher speed level, the motor is adopted
for braking energy recovery. If the battery capacity reaches
tull state as well as the vehicle at high-speed level, the hy-
draulic system is used for energy recovery. In the main
energy supply system, the battery pack provides energy
storage that has the characteristics of high energy density
and fast response. As the main energy storage device, the
battery pack is chosen with the voltage of 310 V and the rated
capacity of 65 Ah. A parallel and then a series pattern are
adopted in the battery pack, and the number of battery
modules connected in series is 6. In each battery module, the
number of battery cells connected in series is 40. The pa-
rameters of the battery pack are shown in Table 1.

In the auxiliary energy supply system, the hydraulic
accumulator plays the role of providing energy storage.
Hydraulic accumulator has the characteristics of high power
density and high energy recovery rate, which is used as an
auxiliary energy storage system. The maximum pressure of
the high-pressure accumulator is 30 MPa, the gas precharge
pressure is 10 MPa, and the volume is 35 L. The maximum
pressure of the low-pressure accumulator is 20 MPa, the gas
precharge pressure is 10 MPa, and the volume is 35 L. The
parameters of the two kinds of accumulators are shown in
Table 2.

3. Regenerative Braking Control
Strategy Design

3.1. Control Strategy Logic. The motion mode of the auto-
mobile is divided into three basic modes: parking mode,
driving mode, and braking mode. In the driving mode, it is
divided into pure electric driving mode and electrohydraulic
hybrid driving mode. In the braking mode, it is divided into
mechanical braking mode and regenerative braking mode.
The regenerative braking mode is divided into motor re-
generative braking mode and hydraulic system regenerative
braking mode.

In the basic three working modes, according to the speed
signal, accelerator pedal signal, and brake pedal signal, the
working mode conversion is carried out. The driving mode is
converted according to the vehicle speed signal and high-
pressure accumulator signal. The braking mode is converted
from mechanical braking mode to regenerative braking
mode according to battery signal and high-pressure accu-
mulator signal. If the battery signal is greater than 0.9, when
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TaBLE 1: Battery pack parameters.
Battery pack parameters Value Unit
Voltage 310 v
Capacity 65 Ah
Number of battery modules connected in parallel 1 —
Number of battery modules connected in series 6 —
Number of battery cells connected in series for each battery module 40 —
TABLE 2: Accumulator parameters.
Accumulator parameters High-pressure accumulator Low-pressure accumulator Unit
Maximum pressure 30 20 MPa
Gas precharge pressure 10 10 MPa
Volume 35 35 L

the high-pressure accumulator signal is greater than or equal
to 0.9 or the low-pressure accumulator signal is less than or
equal to 0.1, the mechanical braking mode is entered. If the
signal of a high-pressure accumulator is less than 0.9 and the
signal of the low-pressure accumulator is greater than 0.1
and the signal of the battery is less than 0.9, regenerative
braking mode will be entered. If the SOC signal of the battery
is less than 0.9 under the premise that the SOC signal of the
high-pressure accumulator is less than 0.9 and the SOC
signal of the low-pressure accumulator is greater than 0.1,
the regenerative braking mode is entered. Secondly, in re-
generative braking mode, motor regenerative braking mode
and hydraulic regenerative braking mode are converted
according to vehicle speed signal and battery signal.

3.2. Control Strategy Mechanism. In stop mode, all output
signals are 0.

The SOC of the accumulator can be described as follows:
P-P,
P,-P;

SOC = (1)

where P is the current pressure, P, is the gas precharge
pressure, and P, is the maximum pressure.
The displacement of the secondary element (hydraulic

pump/motor) is v = 100 ml/r, and the torque calculation
formula is represented as

_B-V-AP
T 207

T , (2)
where  is the opening of the swash plate (-1, 1) and AP is
the pressure difference between the high-pressure accu-
mulator and the low-pressure accumulator.

In pure motor driving mode, the torque signal of motor
is controlled. In formula (3), according to the accelerator
pedal signal and the external characteristic curve of the
motor, the required motor torque under the current oper-
ating speed is obtained as

T-Acc=T,, (3)

where T is the torque at the current voltage and speed
obtained by looking up the table, A, is the accelerator pedal

signal (0-100%), and T, is the actual torque signal of the
motor.

In the electrohydraulic hybrid mode, the motor and
hydraulic motor jointly provide power for the vehicle. The
motor system and hydraulic system distribute the torque
according to 50% and 50% distribution ratio. Power dis-
tribution is controlled by controlling torque distribution.
According to the acceleration pedal signal and the motor
external characteristic curve, the motor torque is obtained.
Furthermore, the required torque at the current speed is
obtained. 50% of the torque is distributed to the motor.

The swash plate opening of the hydraulic motor is
calculated as follows:

_T-Acc~0.5-20-7r

4
100 - AP “

The torque provided by the hydraulic motor is compared
with the required torque. When the hydraulic motor cannot
meet the demand, the motor provides compensation torque,
which is defined as
20-7

Ap-100-
T.Acc-0.5 +<T~Acc-0.5—pﬁ) =T, (5

Mechanical braking mode outputs vehicle brake signal.
According to the current brake pedal signal and the max-

imum braking torque of the front axle, the braking torque
required by the current working condition is obtained as

br - 1000 = T, (6)

where br is the brake pedal signal (0-100%) and T}, is the
braking torque provided by vehicle brake.

In the regenerative braking mode, negative torque is
output to recover braking energy. Through the current brake
pedal signal and the maximum braking torque of the front
axle, the braking torque required at the axle under the
current working condition is obtained. The torque provided
by the current motor can be obtained by the external
characteristics of the motor. If the required braking torque is
greater than the torque provided by the motor, the motor
will work according to the current torque. The rest of the
torque is compensated by the vehicle brake. If the required
braking torque is less than or equal to the torque provided by



the motor, the motor torque will work according to the
current required braking torque.
The torque required by the vehicle brake is defined as

lbr - 1000~ T - 5| = T, 7)

The braking torque required by the motor can be divided
into two situations. In one case, the braking torque required
at the axle is greater than the motor torque transmitted from
the axle:

T=T,,. (8)

In another case, the braking torque required at the axle is
equal to or less than the motor torque transmitted from the
axle that is defined as

br - 1000
br-1000 .

- . )

Under the hydraulic regenerative braking mode, the
braking torque required at the axle and the torque provided
by the hydraulic pump/motor is calculated. If the required
braking torque is greater than that provided by the hydraulic
pump, the swash plate angle is calculated according to the
current torque provided by the hydraulic pump. The rest of
the torque is compensated by the vehicle brake. If the re-
quired braking torque is less than that provided by the
hydraulic pump, the angle of the swash plate of the hydraulic
pump is calculated according to the required braking torque.
Therefore, the calculation of torque signal required by ve-
hicle brake is defined as

1-100-Ap .
R S

20- 7 (10)

br - 1000 —
The opening signal of swash plate can be divided into two
cases. When the torque required at the axle is greater than
the torque transmitted to the axle by the hydraulic pump, the
swash plate is opened according to the maximum opening.
At this time, the hydraulic pump provides the maximum
torque that can be provided. The rest of the torque is
compensated by the vehicle brake. When the torque required
at the axle is equal to or less than the torque transmitted to
the axle provided by the hydraulic pump, the calculation
method of swash plate opening is defined as

P (br -1000/5) - 20 - 7
B Ap-100

> (11)

where k is the swash plate opening signal.

In the conversion, it should be noted that the required
braking torque calculated is at the axle. When calculating the
swash plate angle, it is necessary to convert the speed ratio.
The speed ratio of the selected coupler is 5. The maximum
energy that the accumulator can recover during braking is
shown in the following formula:

(1-n/n)
_ POVO & _ 12
Ehreg - n—1 |:(P2) 1:|a ( )

where Ej,.., is the maximum energy that can be recovered by
the accumulator, p, is the precharge pressure of the
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accumulator, p, is the maximum working pressure of the
accumulator, V, is the gas volume corresponding to the
pressure p,, and # is the variable index of the gas.

The minimum working pressure of the accumulator is
shown as

p1 =(0.6 ~0.85)p,. (13)

The recovery rate of braking energy of the hydraulic
system is formulated as

Ejreg
="g

where # is the braking energy recovery rate, E is the kinetic
energy of the vehicle.E is the kinetic energy under a certain
vehicle working condition, defined as

1
E=_m(v, -v)% (15)

where m is the mass of the vehicle, v, is the initial speed, and
v, is the final speed.

4. Control Strategy Simulation

4.1. Vehicle Modeling. In this paper, AMESim is used for
modeling and simulation. The peak torque of the motor is
208 Nm, and the peak speed is 9000 r/min. The parameters of
the battery pack in the model are defined as follows: the
initial SOC is 90%, the voltage is 310V, and the rated ca-
pacity is 65 Ah. The electrohydraulic hybrid electric vehicle
model is shown in Figure 1.

4.2. Control Strategy Modeling. In this paper, the regener-
ative braking control strategy based on the maximum energy
recovery principle is adopted. The control strategy model
includes mode switching and energy management. The
mode switching part includes parking mode, driving mode,
and braking mode. The driving mode is divided into pure
motor driving mode and electrohydraulic hybrid driving
mode. The braking mode is divided into motor regenerative
braking mode and hydraulic regenerative braking mode.

The state-flow state machine in MATLAB/Simulink is
used to realize the mode switching function. Firstly,
according to the vehicle speed signal, accelerator pedal
signal, and brake pedal signal, the control strategy deter-
mines which mode works. If the brake pedal signal is 0 and
the accelerator pedal signal is greater than 0, the control
strategy works in drive mode. If the vehicle speed signal is
greater than 0 and the brake pedal signal is greater than 0, the
control strategy works in braking mode.

In the following three situations, the control strategy
works in the parking mode:

(1) Vehicle speed signal is 0

(2) The vehicle speed signal is 0, and the brake pedal
signal is greater than 0

(3) The vehicle speed signal is less than or equal to 0, and
the brake pedal signal is greater than 0
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F1GURE 1: Electrohydraulic hybrid electric vehicle model.
In the drive mode, pure motor drive mode (EV) is
entered by default. If the vehicle speed is greater than or
equal to 10, the SOC of the high-pressure accumulator is
greater than 0.1, and the pressure of the high-pressure ac-
cumulator is 10% higher than that of the low-pressure ac-
cumulator, the control strategy works in the EHV mode. z
In the braking mode, the control strategy firstly works in §
the regenerative braking mode (RGB). If the SOC of the 3
battery is greater than 0.9, the pressure of the high-pressure <,
accumulator is greater than or equal to 0.9, and the pressure
of the low-pressure accumulator is less than or equal to 0.1,
the control strategy works in the mechanical braking mode.
In the regenerative braking mode, the control strategy
firstly works in the hydraulic regenerative braking mode. If -5 : : : : -
the vehicle speed is higher than the minimum speed of 0 200 400 600 800 1000 1200
. K . Time (s)
motor regenerative braking, the high-pressure accumulator
charging or low-voltage accumulator discharging is com- --- Cydle velocity
pleted, and the battery SOC is less than 0.9, the control — Actual velocity

strategy works in the motor regenerative braking mode
(ERGB).

The energy management part corresponds to each
driving mode and braking mode in the mode switching,
which controls the motor torque, vehicle brake torque, and
swash plate opening.

4.3. Simulation Results and Analysis. The vehicle model and
control strategy model are jointly simulated under NEDC
conditions. After the simulation, the simulation speed is
compared with the speed required by the working condi-
tions, as shown in Figure 2. The results show that further
parameter analysis can be carried out.

The torque curve of the motor is shown in Figure 3. It can
be seen that the change of motor output torque can be up to
90 Nm. The four cycles in the first half of the torque curve
correspond to the four urban driving conditions in the
NEDC cycle. The second half correspond to the driving cycle
of suburban road conditions. In the simulation stage, the

FIGURE 2: Speed following curve.

torque output of the motor is controlled according to the
speed requirement of the working condition.

The SOC curve of the battery is shown in Figure 4. The
initial SOC of the battery is 90%. The curve showed a de-
creasing trend. It means that electric energy is consumed all
the time during the operation. There are fluctuations during
the descent. This represents the recovery of brake energy.

In the braking process, the kinetic energy at the axle is
transmitted to the motor through the power transmission
system. In the braking process, the kinetic energy at the axle
is transmitted to the motor through the power transmission
system. At this time, the motor works as a generator. The
energy is converted into electrical energy and stored in the
battery of the energy storage device. This process completes
the recovery of braking energy. These energies can be reused
to achieve energy-saving effect. In the process of braking, the
motor works in the state of the generator and also provides
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braking torque for the axle. The braking torque is trans-
mitted to the axle through the power transmission system to
realize braking or parking.

The swash plate opening curve is shown in Figure 5. The
opening of swash plate refers to the inclined angle of swash
plate of hydraulic pump motor, and its range is between —1
and 1. When the swash plate angle range is (-1,0), it means
that the secondary element is working in the state of the
hydraulic pump. When the angle range of swash plate is
(0,1), it means that the secondary element works in the state
of the hydraulic motor.

The charging and discharging curves of the high-pres-
sure accumulator and low-pressure accumulator are shown
in Figure 6. In the figure, the red line represents the pressure
of the high-pressure accumulator with an initial pressure of
300 bar. The blue line represents the pressure of the low-
pressure accumulator with an initial pressure of 200 bar. At
the end of the cycle, the final pressure value of the
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FIGURE 6: The charging and discharging curves.

high-pressure accumulator is 28.1 MPa. The pressure value
of low-pressure accumulator is 21 MPa.

The capacity change curve of the accumulator is shown
in Figure 7. The change of capacity and pressure presents the
opposite trend. When the accumulator pressure is high, its
capacity is relatively small. When the pressure of the ac-
cumulator is low, its capacity is relatively large.

According to empirical equation (13), the minimum
working pressure of the high-pressure accumulator is
18 MPa-25.5MPa. The minimum working pressure is
18 MPa. Taking the deceleration braking condition of
11255-1160s on NEDC suburban road as an example, the
braking energy recovery rate of this section is calculated.
Under this condition, the kinetic energy of the vehicle is
0.19 kWh according to equation (15). According to equation
(12), the energy recovered by the hydraulic system is
0.05kWh. Thus, the energy recovery rate of the electrohy-
draulic hybrid system is 26.32%.
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5. Control Strategy Optimizations

The fuzzy control rules are designed by using the fuzzy toolbox
of MATLAB software and then conduct joint simulation with
the vehicle model. The fuzzy controller is established.

5.1. Fuzzy Controller Design. The fuzzy controller with
double input and double output is designed in Matlab/
Simulink software. The fuzzy controller consists of two inputs
and two outputs. The two inputs are the battery SOC signal
and braking strength signal. The fuzzy controller consists of
two inputs and two outputs, as is shown in Figure 8.

The establishment of fuzzy control rules determines how
to control the input and output signals. The input signal and
output signal are represented by L, M, and H, respectively.
They are different combinations to create a fuzzy control rule
table, as shown in Table 3.

5.2. Fuzzy Optimization Control Strategy Modeling. On the
basis of the control strategy model, the fuzzy controller is
added to constitute the fuzzy control optimization model, as
shown in Figure 9.

By introducing the braking coefficient of front axle and
rear axle, the braking pressure is converted into braking
strength. The calculation module of the front axle braking
coefficient and rear axle braking coefficient is shown in
Figure 10. The brake strength module is shown in Figure 11.

5.3. Simulation Analysis of Fuzzy Optimal Control Strategy.
On the joint simulation platform composed of AMESim
software and MATLAB/Simulink software, the fuzzy
control optimization model is simulated and analyzed.
Under NEDC conditions, the effect of the optimized
control strategy on reducing battery SOC consumption
was tested, as shown in Table 4. During the 1180s of
NEDC, the SOC of the battery increased from 83.00%

TaBLE 3: Fuzzy rule table.

Analyzing conditions

Result

(1) If (SOC is L) and (z is L)
(2) If (SOC is L) and (z is M)
(3) If (SOC is L) and (z is H)
(4) If (SOC is L) and (z is L)
(5) If (SOC is L) and (z is M)
(6) If (SOC is L) and (z is H)
(7) If (SOC is L) and (z is L)
(48) If (SOC is H) and (z is H)
(49) If (SOC is H) and (z is L)
(50) If (SOC is H) and (z is M)
(51) If (SOC is H) and (z is H)
(52) If (SOC is H) and (z is L)
(53) If (SOC is H) and (z is M)
(54) If (SOC is H) and (z is H)

Then (REG is L)
Then (REG is L)
Then (REG is L)
Then (REG is M)
Then (REG is M)
Then (REG is M)
Then (REG is H)
Then (FRIC is L)
Then (FRIC is M)
Then (FRIC is M)
Then (FRIC is M)
Then (FRIC is H)
Then (FRIC is H)
Then (FRIC is H)

2

SOC

\
/

Z._middle
(mamdani)

|~

o

=

REG

2

FRIC

F1GUre 8: Fuzzy controller structure.
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Ficure 9: ERGB mode after adding the fuzzy controller.
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FiGure 11: Conversion module of brake pressure to brake strength.
TaBLE 4: SOC consumption reduction value under cycling conditions.
. Final value of strategy SOC before optimization (%) Final value of SOC after optimization (%) Reduce consumption (%)
NEDC cycle 83.00 84.22 1.22

under the optimized control strategy to 84.22% under the
optimized control strategy. The SOC consumption is
reduced by 1.22%.

6. Conclusions

(1) An electrohydraulic hybrid transmission system is
studied. According to the operation mechanism of the
electric hydraulic hybrid electric vehicle, the power
transmission system structure of the electric hydraulic
hybrid electric vehicle is deeply explored. The vehicle
model was built. A new configuration is proposed for
the development of hybrid electric vehicles.

(2) A regenerative braking control strategy based on the
principle of the maximum energy recovery rate was
studied. On the basis of conforming to the braking
regulations, the braking force distribution method is
analyzed. The regenerative braking control strategy
for the electric hydraulic hybrid electric vehicle was
proposed.

(3) The fuzzy control method was used to optimize the
control strategy. Through the joint simulation, the
rationality and effectiveness of the optimized control
strategy were verified. After optimization, the battery
consumption was reduced by 1.22% under NEDC
conditions.

(4) The method of this paper has not been verified by the
real vehicle. The control strategy will be verified by
hardware-in-the-loop simulation in the future.
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