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Abstract: Focused on the troubles and defects introduced by the traditional single form of electric
vehicle transmission, this paper proposes an electro-hydraulic power coupled electric vehicle based
on the working principle of an electro-hydraulic power integrated drive system for light-duty cargo
vehicles. The integration of the planetary row into the drive system allows the interconversion of
mechanical, electrical, and hydraulic energy. By describing the system structure and composition,
several working conditions during automobile driving are proposed, and the working principle of
every circumstance is introduced. Simultaneously, the article determines the preliminary optimal
ratio with the battery’s state of charge (SOC) as the constraint. Then, the orthogonal test matrix of
electro-hydraulic ratios and speed thresholds for each operating condition is established according to
Taguchi’s method. The impact of each optimized parameter on the motor torque and hydraulic torque
as well as the SOC and the proportion of the effect is evaluated by the simulation to obtain the optimal
solution. The simulation consequences show that the motor torque and hydraulic torque are reduced,
and thus, the vehicle’s acceleration performance and energy recovery efficiency are improved.

Keywords: electric vehicles; electro-mechanical-hydraulic; electro-hydraulic ratio; Taguchi method;
optimization

1. Introduction

In recent years, China’s auto industry has developed rapidly. It has now become
the largest auto producer and consumer of the world, and its market position in the
international auto market pattern has progressively improved [1]. However, at the same
time, the energy and environmental crises are becoming increasingly severe. China is the
world’s largest oil importer and has a strong dependence on oil [2]. China relies on oil
imports to meet its people’s needs [3]. In addition, the environmental pollution caused by
conventional fuel vehicles is irreversible [4,5]. Therefore, China and even the world are
studying the development of new energy vehicles.

As a new energy vehicle, the fundamental energy source of pure electric cars is elec-
tricity [6]. Compared with traditional fuel vehicles, pure electric automobiles not only have
no fuel cost in the driving process, but can also achieve zero exhaust emissions [7]. Electric
automobile development has become the top precedence for the automotive industry [8]. At
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present, pure electric vehicles have made significant breakthroughs in technology. However,
the industry still faces huge challenges in terms of technology, industry chain, and social
factors, which need further enhancement and solutions [9]. The traditional electric vehicle
transmission form has disadvantages such as a fairly complex chassis structure, a relatively
small space inside the vehicle, large size, low transmission efficiency and complicated
control.

Hydraulic hybrid systems are also available for energy recovery. A hydraulic hybrid
vehicle uses a high-pressure fluid as an alternative to electric current to drive the vehicle.
Substantial numbers of scholars have studied hydraulic hybrid power systems. Zhao
proposed a novel multi-working mode hydraulic/electric synergistic power system in
the study of new energy vehicles. The dual planetary gear set regulates the three energy
sources for optimal performance. Forward simulation models for the above four vehicles
were also developed on the MATLAB/Simulink/Driveline platform, and fuel economy
simulations associated with the Chinese urban bus cycle were performed in this model.
One approach is provided to select the optimal solution for hybrid vehicles [10]. Sun
proposed a parallel hydraulic hybrid power system energy-saving scheme for the frequent
start/stop operation characteristics of the loader, and designed a regenerative braking
strategy and an energy recovery strategy. The logic threshold method is used to establish
an energy controller to control the dynamic conversion between various operation modes,
which improved the working performance of the loader and effectively decreased the fuel
consumption [11]. Meng designed a power system combined with a hydraulic pump,
simulated and modeled it using AMESim and Simulink, and analyzed its performance [12].
The results show how an adaptive combination of the hydraulic system and battery system
in an electro-hydraulic hybrid automobile can effectively enhance the vehicle’s economic
performance while ensuring the dynamic performance of the vehicle. A more efficient
technical concept is proposed for the future development of hybrid vehicles.

An increasing number of articles have been published in current years to simulate
and control electro-hydraulic hybrid vehicles. Table 1 presents the main literature on the
subject. Numerous scholars constructed and simulated the simulation model and compared
it with a conventional vehicle. The results indicated that the economy and power of the
vehicle could be extended. However, some particular parameter values of the simula-
tion model are only initially determined, which may not be able to optimize the vehicle
performance. Liu designed an electro-hydraulic hybrid system with a control strategy
for coordinating different operating modes, which greatly reduces power consumption
and peak motor power shocks and has broad application prospects [13]. Yang proposed a
new electromechanical-hydraulic power coupling transmission system [14]. Combining
a conventional motor with a hydraulic pump/motor to achieve the mutual conversion
of electrical energy, mechanical energy, and hydraulic energy, the energy utilization rate
was significantly improved, and the battery energy consumption rate was significantly
reduced. The transmission system has a better energy efficiency, stability, and economy,
which can provide a good reference for developing an electro-hydraulic system. Hwang
designed a hydraulic electric hybrid vehicle (HEHV) and discussed the simulation’s energy
management control strategy [15]. The rule-based control strategy is modified using a
genetic algorithm to improve the electric economy of the vehicle. The electricity economic
performance of the designed hydraulic hybrid vehicle was enhanced by 36.51% compared
to that of a pure electric vehicle. Hong modeled a new machine-electric-hydraulic coupled
electric vehicle and proposed an electro-hydraulic ratio allocation method for different
operating modes, which effectively solved the optimal energy management strategy for
hybrid vehicles [16]. The development and application of hybrid drivetrain systems for
electric vehicles have been promoted.
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Table 1. Literature review about electric hydraulic hybrid vehicle powertrain architectures.

Reference Main Advantages
Liu [13] electro-hydraulic hybrid system
Yang [14] electric-hydraulic power coupling transmission system
hydraulic electric hybrid vehicle
Hwang [15] . .,
simulation’s energy management control strategy
electro-hydraulic ratio allocation method for different
Hong [16]

operating modes

Wu [17] A hydraulic hybrid vehicle with the self-adaptive system

Qi [18] a novel reinforcement learning (RL)-based algorithm for
energy management strategy

Research into electro-hydraulic integrated power drive systems still face quite a few
challenges. Existing rule-based control strategies have some inherent deficiencies and
do not guarantee optimal parameter matching. This article only optimized the five most
important sets of parameters and cannot guarantee the maximum efficiency of the car. Other
parameters need to be further optimized in order to enhance the steadiness performance of
the system.

This paper explains the magnitude and direction of electro-hydraulic power partic-
ipation under various operating conditions. The power reference characteristics of the
electro-hydraulic power integrated drive system under various operating conditions are
studied, and the appropriate initial electro-hydraulic ratio values are derived with the
aid of setting different electro-hydraulic ratios for joint simulation analysis. The Taguchi
method establishes an orthogonal test table of the velocity threshold and electro-hydraulic
ratio values under starting and braking conditions. The simulation experiment obtained
the motor peak torque, hydraulic peak torque and battery SOC value, and obtained the
mean and variance of the three. The degree of influence of the input variables on the three
performance indicators is analyzed, and the optimal parameter combination values are
selected and substituted into the model for simulation verification.

2. Principle and Working Modes
2.1. Principle of the Drive System

The diagram of the structure of the system is depicted in Figure 1. The system mainly
consists of an energy battery, multiport electrical energy converter, electrical equipment,
drive motor, clutch brake, input shaft, planetary row, output shaft, drive axle, drive
wheel, hydraulic power direct gear, high-pressure accumulator (HPA), hydraulic load,
electronically controlled hydraulic pump/motor, oil tank, three-way valve, etc. [19].

The drive motor, an electronically controlled hydraulic pump/motor, and power
output shaft, are connected to the three inputs/outputs of the planetary row, and the output
shaft is connected to the vehicle drive axle. The high-pressure port of the electronically
controlled hydraulic pump/motor, HPA, and the hydraulic load are switched by a three-
way valve to realize the storage and release of hydraulic energy, the work of the hydraulic
load, and the inertial energy recovery of the hydraulic work device. The drive motor and
the electronically controlled hydraulic pump/motor work together to drive the vehicle or
recover the braking energy as electrical energy or hydraulic energy [20].

The planetary gear is mainly composed of the sun wheel, planetary wheel, planetary
frame, and gear ring. The gear on the outer edge of the gear ring engages with the hydraulic
power direct gear [21]. The rotary shafts of the sun wheel, planetary frame, and gear ring
are the planetary row’s 3 power input/output ports. The input shaft is connected to the
sun wheel, and the planetary carrier is connected to the output shaft. The arrangement
of this planetary row can realize the combination and separation of power and adapt to
different power transmission situations under various working conditions [22].
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Figure 1. Drawing of the structure of electro-hydraulic integrated drive system.

The system can also provide hydraulic energy for hydraulic load while driving the ve-
hicle to travel, realizing the synergy and coupling of the machine, electricity, and hydraulic
power. When the vehicle brakes, the braking energy is recovered into the high-voltage
accumulator or battery, storing energy for the vehicle to drive, thus improving the power,
economy, and reliability of the vehicle carrying electricity. Lithium-ion batteries are gen-
erally used for storage batteries. Lithium-ion batteries have the advantages of a stable
electrochemical performance, high energy density and a long service life. Figure 2 indicates
that the current value is within the permissible range [23].
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Figure 2. Power battery current curve.
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2.2. Mathematical Modeling

The electro-hydraulic integrated drive system is powered by a battery pack and
hydraulic accumulator, with power output via a planetary row. The electrical module
includes the motor and battery model. The hydraulic module is mainly composed of a
hydraulic pump and a hydraulic motor.

Hydraulic accumulators release and store energy at frequent intervals during opera-
tion. The high-pressure accumulator is stuffed with hydraulic oil and Ammonia or Methane
gas. The hydraulic fluid is encapsulated in an inert fuel and is consequently much less
inclined to oxidation. When the hydraulic oil flows in, the accumulator shops strength by
using compression of the gas. When the power is released, the hydraulic oil flows through
the hydraulic pump/motor to the low-stress accumulator. According to Boyle’s gas law,
the relationship between pressure and volume is shown as follows:

PV = Py = PV 1)

where Py is the initial pressure value of the accumulator; Vj is the initial volume of the
accumulator; P; is the minimum pressure at which the accumulator works; V' is the volume
of gas in the accumulator when the pressure is Py; P; is the maximum pressure at which the
accumulator works; V) is the volume of gas in the accumulator when the working pressure
is Pz.

The torque output of the motor is transmitted to the wheels via the planetary row. The
rated torque of the motor can be obtained from the following equation:

Tmax = m (2)
Nyated
where 1, is the rated speed value of the motor and P represents the drive power of the
complete vehicle.

The drive battery is the heart of the entire electro-hydraulic hybrid drive system. The
battery provides the power to drive the vehicle and at the same time converts part of the
hydraulic energy into electrical energy when the automobile is braked. The expression for
the maximum power of the battery pack is:

PmaX
p, = M 3
b 77b 3)

where P4y is the maximum power of the motor; Py, is the maximum power of the battery
pack and 7, is the total efficiency of the battery pack.

2.3. Working Mode

According to the different driving conditions of the vehicle and the arrangement and
structure of the electro-hydraulic power integrated drive system studied in this paper, the
working process of the power-integrated drive system can be divided into the following
operating conditions: Hydrodynamic drive mode (HD mode), Electro-hydraulic drive
mode (EHD mode), Electrodynamic drive mode (ED mode), and regenerative brake mode.
Different conditions represent power transmission processes and output characteristics
between the drive motor, hydraulic pump/motor, and planetary row. This paper discusses
the electrodynamic drive mode, the electro-hydraulic drive mode, and the regenerative
brake mode. The principle of the three driving conditions is depicted in Figure 3.
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Figure 3. Schematic diagram of different working modes.

2.3.1. Hydrodynamic Drive Mode

During the start-up of the vehicle, the hydraulic system provides the power, and
the electric motor is not involved in the driving process. At this time, the vehicle has an
excessive power demand. There is adequate pressure in the HPA. The high-pressure oil
enters the motor from the HPA, and the low-pressure oil enters the tank from the outlet.
When the car reaches the set speed threshold, the motor system is engaged to avoid the
high current generated by the vehicle during the start-up process on the motor. When the
pressure in the HPA is released to the set value, the hydraulic system stops working.

2.3.2. Electrodynamic Drive Mode

The motor drive condition is also known as the ED operating mode. When the vehicle
speed reaches the set threshold, the power battery works alone to provide power for the
vehicle to drive. Clutch brakes 1 and 3 are on, clutch brake 2 is off, the electro-hydraulic
pump/motor does not work, and the electric energy from the power battery outputs electric
energy to the drive motor through the multiport electric energy converter. The drive motor
transmits the power to the planetary row through the input shaft to drive the sun wheel to
rotate. The sun wheel drives the planetary wheel to rotate, which causes the planetary rack
to rotate. The power is transmitted to the drive axle through the output shaft, and then the
drive axle distributes the power to the wheels on both sides to drive the car.

2.3.3. Electro-Hydraulic Drive Mode

The electro-hydraulic drive mode is also known as the EHD working mode. When the
vehicle accelerates or climbs a hill, the demanded power and the required torque are also
higher. When the vehicle is started, it is first driven by hydraulic energy. When the speed
reaches the set speed threshold, the battery pack also participates in the drive. The electric
motor converts the electrical energy into mechanical energy and couples the hydraulic
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torque with the mechanical torque through the planetary row, thus achieving power mixing.
It outputs electrical energy and hydraulic energy together as mechanical energy, which is
converted by the wheels into kinetic energy to drive the vehicle, reducing electrical energy
and current shocks and increasing the driving range. All three clutch brakes are in the
combined state.

When the car reaches the speed threshold, the battery pack provides electricity. The
device combines electrical and hydraulic energy to produce mechanical energy. At this
point, the power battery drives the drive motor to rotate, and the power is transferred
to the sun wheel through clutch brake 1, forcing the sun wheel to turn. The sun wheel
is adjusted to an efficient speed according to the torque at this point. The three-position
three-way valve switches the valve position to the state of the high-pressure accumulator
and electro-hydraulic valve/motor connection. The high-pressure accumulator releases
hydraulic energy, which passes through the three-way valve to the electronically controlled
hydraulic pump/motor. This drives the gear ring of the planetary row via the hydraulic
power direct gear and then through the planetary wheel, and it synthesizes with the rotation
speed of the sun wheel to make the planetary frame output the required rotation speed.

2.3.4. Regenerative Brake Mode

The regenerative braking force is first converted into hydraulic energy and stored
in a high-pressure accumulator when the vehicle is braked. The remaining energy is
converted into electrical energy through the generator and stored in the battery. The
braking conditions are divided into three cases according to the vehicle speed and braking
intensity: hydraulic regenerative brake mode (HRB mode), electric regenerative brake
mode (ERB mode) and mechanical brake mode (MB mode). The working principle is
shown in Figure 4.
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Figure 4. Schematic diagram of braking conditions. (a) Hydraulic regenerative brake mode; (b) Elec-
tric regenerative brake mode.

Figure 4a depicts the hydraulic regenerative brake mode. When the vehicle is running
at high speed and the braking intensity is small, clutch brakes 2 and 3 are in the combined
state, and clutch brake 1 is disconnected. The braking force is transmitted to the hydraulic
power direct link gear through the planetary row, and the electronically controlled hydraulic
pump/motor rotates. An electronically controlled hydraulic pump/motor is used as the
hydraulic pump. The low-pressure oil flows into the high-pressure accumulator, thus
realizing brake energy recovery.

Figure 4b displays the electric regenerative brake mode. When the vehicle is running
at high speed and the braking intensity is small, clutch brakes 2 and 3 are combined and
clutch brake 1 is disconnected. The planetary frame takes the planetary wheel to rotate
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and drives the sun wheel to turn. The power is dragged through the clutch brake to go the
motor to rotate, and the motor works as a generator. The power is charged to the power
battery or powered to the electric equipment through the multiport power converter.

The mechanical brake mode does not carry out energy brake restoration and is strictly
automatic when the vehicle is under a high braking intensity. Clutch brakes 2 and 3 are in
the closed state when the braking torque is high.

3. Model and Control Strategies

The integrated drive system is modeled and simulated by AMESim. The AMESim
model is given in Figure 5. The foremost parameters are presented in Table 2. This article
establishes a joint simulation interface by embedding a rule-based management strategy in
Simulink. The multi-modal energy management control is implemented via the Stateflow
module, taking full advantage of the superiorities of both software in terms of modelling
and data processing.

b

Q00 0O

Figure 5. Model diagram of electro-hydraulic integrated drive system.

Table 2. Basic parameters of electro-hydraulic integrated drive system.

Parameter Value
Complete vehicle curb mass my/kg 1220
Gross weight of chassis m/kg 2510
Coefficient of rolling resistance f 0.0135
Coefficient of air resistance Cp 0.56
Windward area A/m? 2.78
Rotational mass conversion coefficient ¢ 1.1

Mechanical transmission efficiency 7t 0.85
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The vehicle energy management strategy is proven in Figure 6. When the acceleration
control signal of the automobile is greater than 0, the vehicle is in the starting working state.
The control system will choose different working modes according to the set threshold
value, and the set threshold value of the accumulator is 50 MPa. Table 3 describes in detail
the conditions for conversion between modes.

|Pressure accumulator

Vehicle

LPre : the current
pressure value of
the low pressure
accumulator

Starting mode

V>=3&V'<7||(HaccSOC<=0.6||HPre-LPre<50)
™

{
| Start

s

oy | V<3&(HacceSOC>0.6)&(HPre-LPre>=50) | EHV |

(v ==0&br>0
I\ =
V<7&V>=3|(HaceSOC<=0.6 4 V>=7&(HaceSOC>0.6) |
. &HPre-LPre<50) &(HPre-LPre>=50) -
(acc>0&br=—=0) (w<=0&br>=0)|| v =0
o g B, Ve R TN
Driving mode { Braking mode |
: 8 V=6 o \
V>0&br>(0 |HRGBIg ) ERGB |
Vo=7&(HaceSOC>0,6)&(HPre-1.Pre>=50) — b V<6&HPre<=345 &
— f— HPre<=345][SOC<89
— LEHY | gec>0&br=0 HPre>=345&50C>=89
V<3&Vo=3||(HaceSOC<=1.6)&(HPre-L Pre<s0) e a—
HaceSOC : the current pressure ‘ B

state of the accumulator

b=

HPre : the current
pressure value of

*&” means “an

the high pressure
accumulator

Brake system

d”' “”” means “OI‘"

Figure 6. Energy management strategy diagram.

Table 3. Conditions for switching between different modes in the control strategy (“&” means “and”,

rrllrr

means “or”).

From To Condition
1 Start Drive acc>0&br=0
2 Drive Start v=0&br>0
3 Brake Drive acc>0&br=0
4 Drive Brake v>0&br>0
5 Brake Start (v<=0&br>=0)1v=0
Starting mode
v>=3&v<7||(HaccSOC <=
6 Start EV 0.61 | HPre-LPre < 50)
v <3 & (HaccSOC > 0.6) &
7 Start HY (HPre-LPre >= 50)
v<7&v>=311(HaccSOC <=
8 HV EV 0.6 & HPre-LPre < 50)
9 HV EHV v>=7 & (HaccSOC > 0.6) &

(HPre-LPre >= 50)
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Table 3. Cont.

From To Condition

Driving mode

v >=3 & (HaccSOC > 0.6) &
(HPre-LPre >= 50)
v<3&v>=311(HaccSOC <=
0.6) & (HPre-LPre < 50)

10 EV EHV

11 EHV EV

Braking mode

12 HRGB ERGB v>=6

13 ERGB HRGB v < 6 & HPre <= 345
14 MB HRGB HPre <= 3451 1SOC < 89
15 ERGB MB HPre > 345 & SOC >= 89

Assuming that the detected velocity signal is less than or equal to the set low-velocity
threshold and the distinction between the high-and low-pressure accumulators is higher
than or equal to 50 MPa. In that case, the vehicle will enter the hydraulic starting mode.
When the driving speed is low and the hydraulic pressure of the high-pressure accumulator
is sufficient, the drive system can be started using hydraulic pressure. The hydraulic system
is involved in the work, and the electric system is not engaged. If the accumulator pressure
difference is less than 50 MPa, the vehicle enters the pure electric drive mode. The battery
provides power for vehicle driving, while the hydraulic system does not work.

4. Simulation Verification and Taguchi Method Optimization
4.1. Validation of the Certification Cycle

In this paper, the electro-hydraulic ratio is configured on 1:1 for simulation. The
vehicle driving condition selected in the simulation is the NEDC condition, which is also
called the “New European Driving Cycle” or “New Standard European Cycle Test” [24]. In
China, the Ministry of Industry and Information Technology (MIIT) uses the NEDC test
standard in the comprehensive mileage testing of pure electric vehicles. This standard is
used primarily in Europe, China, Australia, and other countries, and the NEDC can be
utilized to verify the cycle characteristics analysis of urban and suburban vehicles [25].
The NEDC conditions include four urban cycles and one suburban cycle (simulated), with
lower speeds for the urban cycle and somewhat higher speeds for the suburban cycle [26].

The simulation time is set to 1400 s. Figure 7a,c show the pressure curve and swash-
plate signal of the hydraulic accumulator at an electro-hydraulic ratio of 1:1. The HPA
releases hydraulic energy when the swash-plate signal is greater than 0. When the swash-
plate signal is less than 0, the high-pressure accumulator stores hydraulic energy. As the
vehicle speed changes, the pressure curve of the accumulator keeps changing. The swash-
plate signal also changes continuously, which indicates that the accumulator and swash-
plate are working properly. Thus, the feasibility of the system is verified. The simulated
vehicle speed curve is demonstrated in Figure 7b. The velocity curve suggests that the
actual speed overlaps with the control speed, which indicates that the path following it is
desirable. The times for the vehicle to reach the starting speed threshold is 2.3 s. The vehicle
speed meets the standard requirements [27]. In Figure 7d, the SOC curve is presented. The
SOC keeps fluctuating during the simulation period. This indicates that the accumulator is
working properly.
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Figure 7. Simulation results: (a) accumulator pressure; (b) speed curve; (c) swash-plate signal;
(d) battery SOC.

4.2. Determination of the Initial Electro-Hydraulic Ratio

The distribution ratio of electric and hydraulic power has a significant impact on
the performance of the vehicle in the process of driving. It is impossible to determine
whether the current electro-hydraulic ratio value is optimal. Therefore, several sets of
electro-hydraulic ratios are set for simulation. Figures 8 and 9 show the pressure curves
of the high-pressure accumulator and low-pressure accumulator with different electro-
hydraulic ratios, respectively. Figure 10 portrays the battery SOC curve. The accumulator
pressure curve presents that as the electro-hydraulic ratio decreases, the hydraulic energy
released from the high-pressure accumulator gradually increases, and the energy recovery
effect becomes increasingly significant.

The battery SOC is a very essential optimization index in the simulation process. Based
on several sets of simulation results, and combined with the battery SOC, accumulator
differential pressure and vehicle speed, a preliminary electro-hydraulic ratio of 0.4:0.6 was
selected. On this basis, the consequences of different speed thresholds and electro-hydraulic
ratios on the motor torque, hydraulic torque, and battery SOC were further studied with
the aid of the Taguchi approach during the starting and braking of the automobile [28-30].
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. Majorization

4.3. Taguchi Method Optimization

The speed threshold and electro-hydraulic ratio set during driving and braking of
the vehicle are parameters that have an enormous impact on the vehicle’s performance.
However, the ordinary trial-and-error method cannot optimize these parameters rapidly
and accurately. Therefore, this chapter combines Taguchi’s method with Simulink software
to optimize the vehicle’s speed threshold and electro-hydraulic ratio values during the
driving process. The flow chart is presented in Figure 11.

Consideration factors

" Travel - . Brake .

y, Simulation Defermncthe a i speed j | speed
‘ ——/ electro-hydraulic - F -‘h_f‘{sh_f_"d-___’ — t.h_l_'?sh?ld
> ratio primary < electro-
hydrauli
“_cratio
Taguchi method |
Simulation b
and e g
. Verification . caleulation© pogiauli 0 Motor
1 ( < Optimal value > ( . ctorque ./ ' torque
"/'/ Y = - 3
3 | Battery
SOC

Optimization variable

Figure 11. Flow chart for the Taguchi process.

4.3.1. Orthogonal Matrix Creation and Simulation Results

Taguchi’s method is a local optimization algorithm for a speedy optimization search [31].
The Taguchi method is a set of optimization methods created through Japanese quality
control expert Taguchi Gen’ichi by integrating the advantages of orthogonal experiments
and the characteristics of signal-to-noise techniques [32]. It is characterized by arranging
each degree of combination of parameters through orthogonal tables, which is a local opti-
mization method with an orthogonal table experimental design for optimized parameter
variables. The remarkable advantage of the Taguchi method is that the optimal combination
of optimized parameters can be obtained by the minimum number of experiments [33,34].
Therefore, the Taguchi method can be utilized in AMESim simulation software to quickly
obtain the desired simulation results.

The various values of the optimization parameters are generally taken as three to
five values. Each parameter’s value is named levels 1, 2, 3, etc., in the order from small
to large. Since the speed threshold in the starting process, electro-hydraulic ratio, and
speed threshold in the braking process have a huge effect on the simulation results, the
Taguchi method is optimized for the above five parameters. Each parameter is taken as
5-factor levels. The meaning of each parameter is proven in Table 4. The conventional
method requires a simulation for each combination of settings and is consequently very
computationally intensive. The orthogonal experimental matrix using Taguchi’s design
method notably reduces the experimental computation time and computation volume [35].
This orthogonal matrix approves for an equal number of occurrences of different levels
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of each component in every column and a balanced pairing of horizontal combinations

between any two columns [36].

Table 4. The meaning of each variable.

Variable Implication
a Speed threshold for HD and ED switching
b Speed threshold for ED and EHD switching
c Speed threshold for HRB and ERB switching
d Speed threshold for ERB and HRB switching
e The initial electro-hydraulic ratio value

The motor torque curve produced four peaks during the simulation, and the hydraulic
torque curve produced eight peaks. The curve peaks indicate that the motor and hydraulic
components generate peak torque, damaging the motor and hydraulic components, affect-
ing their service life, and decreasing the vehicle range [37]. A more remarkable battery
SOC value represents a longer battery life. Therefore, this paper optimizes the following
three performance indicators via the Taguchi method: motor peak torque Te, hydraulic
peak torque T}, and battery SOC value.

The orthogonal experimental matrix is established according to the degrees of every
optimization parameter in Table 5 for each experiment [38], as presented in Table 6. After
the simulation by AMESim software, the obtained curve peak data of motor torque and

hydraulic torque were counted in a table as demonstrated in Figure 12.

Table 5. Each optimization factor and its level value.

Factors a b c d e
2.6 6.6 5.6 5.6 9/16
2.8 6.8 5.8 5.8 19/31
Values 3 7 6 6 2/3
3.2 7.2 6.2 6.2 21/29
3.4 74 6.4 6.4 11/14
Table 6. Orthogonal experimental matrix.
Number of Experiments a b c d e
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 1 5 5 5 5
6 2 1 2 3 4
7 2 2 3 4 5
8 2 3 4 5 1
9 2 4 5 1 2
10 2 5 1 2 3
11 3 1 3 5 2
12 3 2 4 1 3
13 3 3 5 2 4
14 3 4 1 3 5
15 3 5 2 4 1
16 4 1 4 2 5
17 4 2 5 3 1
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Figure 12. Simulation results of the orthogonal test matrix.

4.3.2. Mean Value Analysis

To analyze the impact of unique elements of each parameter on the motor torque,
hydraulic torque, and battery SOC and the proportion of the influence, the average value
was first calculated according to the results of the Figure 11. Then, the corresponding error
was calculated in accordance with the mathematical statistics [39].

The results of the overall average for each optimization objective are depicted in
Table 7. Its calculation formula is:

m==Y m, 4)

where m is the average of all experiments for an optimization objective in Figure 12; n is
the number of experiments; m; denotes the value of the i-th experiment for a value of the
performance index.
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Table 7. Average value of all experiments for each optimization objective.
Variable Ty, (N-m) T, (N-m) SOC
Average Value 246.0925 182.9251 84.23326

The importance of each parameter to the optimization objective can be initially judged
by the magnitude of the mean value and the degree of change of the optimization objective
at different level values of each optimization variable [40]. Next, the average value of each
optimization objective at diverse factor levels is calculated. For example, the average T,
of speed threshold a at level 1 can be calculated. Similarly, the values of the optimization
targets at other factor levels can be calculated. The calculation results are shown in Figure 13.
Its calculation formula is:

1
myy(ay) = g(Thl + Tip + Tz + Tg + Tps) )

where T}1~T}5 indicate the hydraulic torque values for the 1st to the 5th times of variables
at level 1, respectively.

260 . - . : . - . - .
250 i \\ —_—— \I
240 _ /i<-“—‘—-—-—-__.

Azso-— —a— 7, (1)—e— 7.(1)

E
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= 210 |-

=0 o 7,()—e— 7,(2)
w0 | —— T,(5)—s— I,(5)
190 | . .

| -
180 |- SB‘ ¢ ’ b
a b [ d EI:
Variable

Figure 13. The average value of each optimization target at different factor levels.

Figure 13 presents the experimental data of motor torque and hydraulic torque at
different factor levels. For example, T} (1) represents the hydraulic torque when factor
level is 1; and T, (1) represents the motor torque when factor level is 1. From Figure 13, it
can be seen that the hydraulic torque T}, decreases with increasing a and increases with
increasing c and d. The motor torque T, decreases as 4, ¢, and d increase. The battery SOC
increases with increasing a, ¢, and e. The battery SOC increases with increasing 4, ¢, and e
and decreases with increasing d. The electro-hydraulic ratio value has been determined
in a more appropriate interval. Both the speed threshold and the electro-hydraulic ratio
are further optimized in the case of a relatively high battery SOC, and thus, the battery
SOC value does not change greatly. The experimental results also indicate that the battery
SOC value is stable at approximately 84. To optimize the system performance, the motor
torque and hydraulic torque should be minimized, and the battery SOC value should be
maximized. The level combinations of the parameters that minimize the hydraulic torque
Ty, minimize the motor torque T,, and maximize the battery SOC are a(5) b(4) c(1) d(1)



Processes 2022, 10, 867

17 of 21

e(2), a(5) b(2) c(1) d(2) e(2), a(5) b(5) c(5) d(1) e(5), and a(5) b(5) ¢(5) d(1) e(5), and thus, the
level combinations of the parameters that optimize each performance index are different.
The variance is calculated to analyze the degree of influence of each parameter on the
optimization objective.

4.3.3. Analysis of Variance

The variance is a quantity to assess the degree of deviation from the mean of a specific
data parameter. This paper analyses the variance of the mean values of each parameter
at different levels, and further determines the proportional impact of changes in each
parameter on the performance indicators. The formula for calculating the variance is:

18 2

Sa= Q;UﬂA(i) —m) (6)

where S, is the variance value of factor a at a certain optimization objective; Q is the
number of levels for each factor; m ;) is the value of factor a at a certain optimization level;
m is the mean of all experiments under a certain optimization objective.

4.3.4. Determination of the Optimized Combination of Variable Levels

Combining Figures 14-16, it can be found that the greatest influence on the hydraulic
torque is the speed threshold g, followed by the threshold b. The largest influence on the
motor torque is the electro-hydraulic ratio e, followed by the speed threshold a. The largest
influence on the battery SOC is the electro-hydraulic ratio e, followed by the threshold d.

Influence of different factors on hydraulic torque
Unit: %

c:13.073

\/

a h @c d e

Figure 14. Influence of different factors on hydraulic torque.
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Influence of different factors on motor torque
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®a b @c d e
Figure 15. Influence of different factors on motor torque.
Influence of different factors on SOC
Unit:%
a:11.50

7' 284

®a h @c d e

Figure 16. Influence of different factors on SOC.

According to the above analysis, threshold a is selected with the hydraulic torque Tj,
minimum as the criterion, threshold b is selected with the minimum motor torque, the
selection of threshold c is based on the lowest hydraulic torque, the selection of threshold
d is based on the lowest hydraulic torque, and the selection of electro-hydraulic ratio e is
based on the highest battery SOC. Therefore, the final combination of the parameter levels
is a(5) b(2) c(1) d(1) e(5), and the values of the optimized parameters are shown in Table 8.
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Table 8. Different parameter values after optimization.

Parameter a b c d e

Value 3.4 6.8 5.6 5.6 11/14

The comparative analysis before and after optimization shows that the hydraulic
peak torque and motor peak torque have been reduced and the battery SOC has been
improved. The comparison diagram before and after optimization is exemplified in Table 9
and Figure 17.

Table 9. Comparison of performance before and after optimization.

Results Ty, (N-m) T, (N-m) SOC (%)
Before optimization 248.7642 184.0293 84.24178
After optimization 232.0169 177.7262 84.28984
Optimization ratio 6.728 3.425 /
250 | 2487682 [ Before optimization
b (2320169 oo )
|| After optimization
200
16.7473 18:;293 177.7262
150 |
6.3031
100 |
84.24178 84.28984
50
0 " L
T,(N-m) T(N-m) S0OC

Figure 17. Taguchi method optimization results.

5. Conclusions

The transmission efficiency of the system is improved by coupling the planetary row
into the electro-hydraulic power integrated drive system. By setting different electro-
hydraulic ratios for simulation, this article combined the vehicle speed curve, the accu-
mulator pressure curve and the battery state of charge curve to initially select a suitable
electro-hydraulic ratio. On this basis, different values around the set speed threshold and
electro-hydraulic ratio during starting and braking were selected according to the Taguchi
method to create an experimental orthogonal matrix. The article used a joint AMESim
and Simulink simulation to acquire motor torque values, hydraulic torque values and
battery SOC values for different variables. The level combination of the most suitable
variables was selected by calculating the mean and variance of the three indicators and
analyzing the degree of influence of several groups of variables on the performance indi-
cators. The determined combination of variables was continued to simulation, and the
obtained performance indices were compared with the original parameters. It was found
that the optimized motor torque and hydraulic torque were reduced, and the battery’s state
of charge was improved.
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