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Abstract: In order to improve the fuel economy of vehicles, based on the automated mechanical
transmission (AMT), a plug-in hybrid electric vehicle (PHEV) hybrid transmission for low-end
multi-purpose vehicles (MPVs) is developed. To obtain the statistics of the best-selling models,
we took several best-selling models in the Chinese market as the research object to study the
relationship between power demand, energy demand, weight, and cost. The power requirements and
energy requirements of PHEVs are decoupled. According to the decoupled theory, a single-motor
parallel scheme based on the AMT is adopted to develop a PHEV hybrid transmission. In the
distribution of engine and motor power, the engine just needs to meet the vehicle’s constant driving
power, and the backup power can be provided by the motor, which means we can use an engine
with a smaller power rating. The energy of short-distance travel is mainly provided by the motor,
which can make full use of the battery, reducing the fuel consumption. The energy of long-distance
travel is mainly provided by the engine, which can reduce the need for battery capacity. The working
modes of the electrified mechanical transmission (EMT) are proposed, using P3 as the basic working
mode and setting the P2 mode at the same time, and the gear ratios are designed. Based on the
above basic scheme, two rounds of prototype development and assembling prototype vehicles for
testing are carried out for the front-engine-front-drive (FF) layout. The test results show that the
vehicle’s economy has been improved compared to the unmodified vehicle, and the fuel-saving rate
of 100 km has been achieved at 35.18%. The prototype development and the vehicle matching verify
the effectiveness of the new configuration based on AMT.

Keywords: hybrid electric vehicle; plug-in hybrid electric vehicle; electromechanical coupling;
dedicated hybrid transmission; electrified mechanical transmission; multi-purpose vehicle

1. Introduction

Environmental pollution and energy shortage in the world urgently require the development of
new energy vehicles, which has become the world consensus [1,2]. As two important types of new
energy vehicles, electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs) have become the
main research directions of new energy vehicles in the world [3,4]. PHEVs can completely solve the
user’s mileage anxiety problem, and become one of the main choices of users [5,6].

The dedicated hybrid transmission (DHT) is the most important component of the PHEV’s
powertrain, which couples the engine and the motor [7]. According to the different power coupling
forms, DHTs can be divided into series, parallel, and power-split configurations [8]. The series DHT
can only be used on extended-range electric vehicles, such as Chevrolet Volt, BMW i3, Nissan Note
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e-power, etc. However, it cannot drive the vehicle directly by engine. The engine power must be
converted into electric energy to drive the vehicle [9,10]. The parallel DHT couples the engine power
and the motor power in parallel, enabling two powers to drive the vehicle individually or together.
Typical parallel DHTs include Volkswagen’s single-motor dual-clutch transmission and BYD’s DM-II
transmission [11,12]. The power-split DHT enables more flexible coupling between the engine and the
motor, allowing the vehicle to combine the advantages of both series and parallel [13,14], with better
fuel economy, such as Toyota’s Prius, the GM’s VOLTEC 1I, and so on [15-17]. However, the structure
of the power-split DHT is complex, with two sets of motors and motor controllers, which greatly
increases the cost of the transmission. Another scheme is on the basis of the automated mechanical
transmission (AMT), such as BYD’s DM, the Eaton’s hybrid system, and so on [18,19]. Compared with
the power-split DHT, the AMT-based solution has a simpler structure and a lower cost, meaning that it
is more suitable for developing a PHEV low-cost hybrid transmission.

Based on the above design ideas, a new hybrid transmission based on AMT is proposed in this
paper. We have developed prototypes, assembled prototype vehicles, and conducted tests to verify the
effectiveness of the scheme.

2. Statistical Law of New Energy Vehicles

2.1. PHEV Power Demand

The best-selling 58 internal combustion engine vehicles (ICEVs) and 30 PHEVs (Statistics for
the first 6 months of 2019) are statistically analyzed. All statistics are from two statistics websites,
Autohome (http://www.autohome.com.cn/) and Yiche.com (http://bitauto.com/). The statistical results
of engine specific power are shown in Figure 1. In the figure, SUV is short for sport utility vehicle, and
MPV is short for multi-purpose vehicle.
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Figure 1. Engine specific power of the best-selling vehicles.

According to Figure 1, the engine specific power of the PHEV:s is significantly lower than that of
the ICEVs. The maximum engine specific power of the PHEV MPVs is 70.4 kW/t, the minimum is
37.6 kW/t, and the median is 54 kW/t.

The required power of ICEVs under all conditions is only provided by the engine. This includes
the constant driving power at constant speed required to overcome rolling resistance and air resistance,
as well as the backup power required for acceleration and climbing. For acceleration and climbing
conditions, the vehicle’s power requirements are shown in Figure 2.

In Figure 2a, the three curves represent three different acceleration situations. In Figure 2b, the four
curves in the figure represent the power requirements of the four different slopes (0%, 5%, 10%, 15%).
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Figure 2. Vehicle’s power requirements.

According to Figures 1 and 2, the required power of the vehicle can be divided into two parts:
the constant driving power and the backup power. The constant driving power and backup power
of ICEVs can only be provided by the engine. But the PHEV engine only needs to meet the constant
driving power demand. Hence, the engine specific power of PHEVs is significantly lower than that of
ICEVs. When the vehicle requires a large backup power, the engine and the motor drive the vehicle
together. Therefore, it can be considered that the backup power of PHEVs can be provided by the motor.

2.2. PHEV Energy Demand and Cost Analysis

China currently has no official data on the daily mileage statistics. According to the National
Household Travel Survey (NHTS) of 2009 in America, approximately 90% of car commuters in the U.S.
travel less than 30 miles to work. That is, if the pure electric driving range of PHEVs is set to 50 km,
it can meet the commuting needs of about 90% of users.

The best-selling 54 electric vehicles (EVs) are statistically analyzed. The statistical results of vehicle
mass and price per kilometer are shown in Figure 3.
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Figure 3. Statistical results of vehicle mass and price per kilometer.

According to Figure 3, under the current technology and market conditions, the pure electric
driving range of the best-selling EVs is increased by 1 km, the price increases by about 400 yuan, and
the mass increases by about 4.27 kg. The price of 20 best-selling A-class PHEVs in China with a pure
electric driving range of 50-60 km is statistically analyzed, and the average price is about 160,000 yuan.
The average price of the A class PHEV50s (short for, the PHEVs with a pure electric driving range of



Vehicles 2020, 2 239

50 km) is 160,000 yuan, which is increased by 400 yuan per kilometer. The average mass of the A-Class
PHEV50s is 1600 kg, which is increased by 4.27 kg per kilometer. The price of PHEV50, PHEV100
(short for, the PHEVs with a pure electric driving range of 100 km) and EV are compared and analyzed.
The results are shown in Figure 4.
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Figure 4. Mass and price of PHEV50, PHEV100, and electric vehicles (EVs).

As can be seen from Figure 4, the mass intersection point of EV and PHEV50 is 315 km, and the
price intersection point of EV and PHEV50 is 325 km. That is, if the pure electric driving range of EVs
is more than 325 km, the mass and price of EVs will exceed PHEV50s. This means that EVs that pursue
long driving ranges have no advantage in terms of cost.

In summary, with the increase in driving mileage, the weight of the vehicle will also increase.
Increasing the quality of the car will increase the energy consumption of the car and increase the
useless power of the car, which will lead to the deterioration of the vehicle’s economy. So, it is difficult
to find a suitable demarcation point to meet both short-distance travel and long-distance travel for EV,
but PHEVs solve this problem very well. If the pure electric driving range of PHEVs is set to 50 km,
it can meet the commuting needs of about 90% of users. Therefore, this paper proposes a solution
based on AMT for PHEVs. We use a decoupled approach to consider power requirements and energy
requirements. In the distribution of engine and motor power, the engine just needs to meet the vehicle
constant driving power, and the backup power can be provided by the motor, which means we can
use an engine with a smaller power rating. When driving long distances, the engine provides backup
energy, which greatly reduces the need for battery capacity.

3. Configuration and Parameter Design of PHEV Hybrid Transmission Based on AMT

3.1. Transmission Configuration

Based on the AMT, an electrified mechanical transmission (EMT) is developed for PHEVs, and its
configuration is shown in Figure 5. In the figure, S1/2, S3/4, and S5 are the synchronizers of first/second,
third/fourth, and fifth gears of mechanical gears. Sy is the synchronizer of the mode gears. P2 and
P3 are the coupling paths of the electric power flow to the input shaft and the output shaft of the
transmission, respectively. P2 indicates that the drive motor is located behind the engine and before
the transmission and is connected to the transmission input. That is, the power output of the motor
and the engine is coupled at the transmission input. P3 indicates that the drive motor is connected to
the transmission output in some way. That is, the motor output power and the engine is coupled at the
output of the transmission.
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Figure 5. Configuration of electrified mechanical transmission (EMT).
The main technical features of EMT are as follows:
1.  Based on fixed axis gears and AMT technology, the industrialization foundation is good.
2. Both P2 and P3 modes are considered, and the functions are complete.
3. There is no power interruption during shifting in P3 mode.
4. Multiple gears can make the engine more efficient.
5. Multiple gears can improve the power density and torque density of the motor.
3.2. Working Modes
The main working modes are shown in Table 1.
Table 1. Main working modes of EMT.
Conditions Modes/gears Descriptions
Launch P3 mode Normally, the vehicle power is provided only by the motor.
EV mode P3 mode No shift
P3 mode
HEV mode second/third/fourth EMT works in P3 mode, and the mechanical gear is
/fifth gear second/third/fourth/ fifth gear depending on speed.

When the mechanical gear shifts, the motor provides
power through P3 mode, without power interruption.

High-speed mode 1?2 mode EMT works in P2 mode, and the mechanical gear is
fifth gear .
fifth gear.
When the P2/P3 mode shifts, the engine drives the vehicle

in fifth gear, without power interruption.

. P2 mode . . .
Parking charge mode neutral wear Parking charging (charging the power battery or
& supplying power to the outside)
. P2 mode . . .

Limp mode first gear Dealing with power system failures and

extreme conditions
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3.3. Gear Ratio Design

On the basis of an MPV, a PHEV equipped with the EMT is developed. According to the results
of Section 2, the engine specific power is selected as 54 kW/t. The vehicle mass is set to 1500 kg.
The calculated engine power is 81 kW, and the engine power actually selected is 77 kW. The rated
power of the motor is 35 kW, and the peak power is 70 kW.

The design criteria of the gear ratio, i.e., the constraints of the gear ratio, are as follows:

1.  The mechanical gear ratio design takes into account both pure mechanical driving and
hybrid driving.

The center distances of the coupling shaft and the output shaft in P2 and P3 modes are the same.
The motor is as close as possible to the transmission.

The second/third/fourth/fifth gears in the P3 mode meet daily driving needs.

The first gear in the P2 and P3 modes meet extreme conditions, such as maximum climbing.

A

According to the above criteria, the design results of the gear ratio are shown in Table 2.

Table 2. Design results of the gear ratio.

Modes/Gears Gear Ratio

First gear 3.462
Second gear 2.048
Third gear 1.464
Fourth gear 1.03
Fifth gear 0.838

P3 mode 2.0889

P2 mode 1.7594
Final drive ratio 4.529

Under the urban conditions, when the PHEV works in EV mode with the P3 mode, the traction
force and resistance curves are shown in Figure 6.
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Figure 6. The traction force and resistance curves in EV mode with the P3 mode.

Under the urban conditions, when the PHEV works in HEV mode with the P3 mode and
second/third/fourth/fifth gear. Under the extra-urban conditions, the PHEV works in HEV mode with
the P3/P2 mode, and the traction force and resistance curves are shown in Figure 7. As can be seen
from Figure 7, the maximum velocity can be 180 km/h.
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Figure 7. The traction force and resistance curves in HEV mode with the P3/P2 mode.

Under the limp mode, the PHEV works in HEV mode with the P2 mode and first gear, and the
traction force and resistance curves are shown in Figure 8.
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Figure 8. The traction force and resistance curves under the limp mode.

In the climbing condition, under different slopes, the traction force and resistance curves with
HEV mode are shown in Figure 8. As can be seen from Figure 9, the vehicle can easily drive up a

30% slope.
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The dynamic performance comparison between the PHEV and the benchmark vehicles is shown
in Figure 10. As can be seen from Figure 10, the PHEV is powerful.
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4. Prototyping and Verification

Based on the above basic scheme, two rounds of prototype development and assembling prototype
vehicles for testing are carried out for the front-engine-front-drive (FF) layout.

4.1. EMT prototyping

According to the above scheme and parameter design results, the EMT prototype is developed as
shown in Figure 11.

Figure 11. EMT prototype.

The shift actuator is shown in Figure 12. Cam 2 is responsible for the P2 and P3 mode switching,
and cam 1 is responsible for gear shifting.

Figure 12. The shift actuator.

We designed the EMT transmission based on AMT. The addition of the motor power coupling
shaft and the motor power switching synchronizer made EMT have a variety of different working
modes (P2 and P3). Subsequently, the EMT assembly was parameterized, including the selection
of power system components and the optimal speed ratio configuration of the transmission system.
Finally, the vehicle’s dynamics and economy are analyzed using the parameters of the project as
the standard.
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4.2. EMT and Vehicle Test

In order to verify the actual performance of EMT, we conducted a bench test in accordance with
national standards.

As can be seen from Figure 13, we individually test the overall efficiency, lubrication, shift
performance, and durability of the EMT. To observe the lubrication of the gearbox, we made a
transparent front cover especially.

(a) Test bench (b) Lubrication experiment
Figure 13. Test photograph.

As can be seen from Figure 14, we have selected a representative MPV for modification. We retained
the engine of the original car, replaced the transmission with EMT, and added a three-electric system.
This vehicle is an FF layout, so the EMT assembly is arranged in the front cabin. The PCU assembly
and other accessories are installed in the rear cabin.

PCU assembly

4

&
Sy

il

HOT ON REDMI N
DUAL CAMERA

®O

(@) Fror{f cal;in (b) Rear cabin

Figure 14. Vehicle modification photograph.

As can been seen in Figure 15, we tested the power and economy of the prototype on the chassis
dynamometer. For vehicle dynamics, we tested the vehicle’s 100-km acceleration time, maximum
speed, etc. For the economy of the vehicle, we mainly tested the New European Driving Cycle (NEDC)
fuel consumption of the vehicle to calculate the equivalent fuel consumption of 100 km.



Vehicles 2020, 2 246

Figure 15. Test photograph.

The test results are shown in Table 3. The results show that the EMT can simultaneously meet the
dynamic and economic requirements of PHEVs. The prototype development and the vehicle matching
verify the effectiveness and practicability of the new configuration based on AMT.

Table 3. The test results on the chassis dynamometer.

Mode Index Test results
Maximum velocity >160 km/h

Maximum slope >30%

HEV mode 0~100 km/h acceleration time <12s

Fuel consumption per hundred kilometers ~ 5.38 L/100 km

Maximum velocity >130 km/h

Maximum slope >30%

EV:mode 0~100km/h acceleration time <17s

Pure electric driving range >50 km

Because we did not modify the engine, the comparison of vehicle dynamics is not meaningful.
So, we only conducted economic tests on unmodified cars. Compared with the experimental results
of unmodified vehicles, it is found that the vehicle’s power and economy have been improved, and
the fuel-saving rate of 100 km has been achieved at 35.18% ((8.30 — 5.38)/8.30 ~ 0.3518) (Table 4).
The prototype’s dynamic and economical tests validate the design’s effectiveness.

Table 4. The economical test results before modification.

Index Test Results

Fuel consumption per hundred kilometers ~ 8.30 L/100 km

5. Conclusions

Based on the AMT, a PHEV hybrid transmission for low-end MPVs is developed. The parameter
design and prototype development are carried out, and the following conclusions are obtained:

1.  The power demand and energy demand of PHEVs can be decoupled. In the distribution of engine
and motor power, the engine just needs to meet the vehicle’s constant driving power, and the
backup power can be provided by the motor, which means we can use an engine with a smaller
power rating. Compared with EV, PHEV can easily meet the needs of short-distance travel and
long-distance travel with a small battery capacity.

2. The scheme is based on the AMT, with a single motor parallel design, using P3 as the basic
working mode and setting the P2 mode at the same time. The energy of short-distance travel is
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mainly provided by the motor, which can make full use of the battery, reducing fuel consumption.
The energy of long-distance travel is mainly provided by the engine, which can reduce the need
for battery capacity. So, the energy of daily driving is provided by the battery, while the backup
energy for long-distance driving is provided by the engine.

Compared with the experimental results of unmodified vehicles, it is found that the vehicle’s
economy has been improved, and the fuel-saving rate of 100 km has been achieved at 35.18%
((8.30 — 5.38)/8.30 = 0.3518). The prototype’s dynamic and economical tests validate the
design’s effectiveness.
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