Automotive Digest

Functional Analysis and Simulation Research on Powertrain of Hybrid
Electric Vehicle
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[Abstract]In the early stage of design and development for a model of Hybrid Electric Vehicle (HEV), the simulation
software is utilized to simulate and study the vehicle performances. This paper elaborates the powertrain structure of HEV
and the powertrain system functions, driving operation modes and control strategies of HEV are analyzed. Based on
simulation software of AVL CRUISE, the whole vehicle and powertrain models of HEV are built. The simulation and
analysis of the dynamic performance and economy of HEV are carried out. The simulation results show that HEV
performances and functions are met with the design specification, which provide basis for test verification of further
development.
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HMI Human Machine Interface

Abbreviation ]
HV High Voltage
NEV New Energy Vehicle HVAC Heating, Ventilation and Air Conditioning
HEV Hybrid Electric Vehicle IC Instrument Cluster
MicHEV Micro Hybrid Electric Vehicle MCU Motor Control Unit
MilHEV Mild Hybrid Electric Vehicle SOC State Of Charge
FHEV Full Hybrid Electric Vehicle TCU Transmission Control Unit
BMS Battery Management System NEDC  New European Driving Cycle
CAN Controller Area Network WLTC  World Light Vehicle Test Cycle
DC/DC Direct Current to Direct Current converter .
EMS Engine Management System 0 Introduction
ESP Electronic Stability Program At present, the pressure of energy shortage and environ-
HCU Hybrid Control Unit mental pollution across global is increasing!*. Major au-
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tomobile manufacturers around the world have strength-
ened the research and development of New Energy Vehi-
cle (NEV) and put them into the markets™. The ratio of
traditional vehicle population in China is still high with
much potentials for carbon reduction, and Hybrid Elec-
tric Vehicles (HEV) among the traditional vehicles are al-
so playing vital role in carbon reduction process for low
carbon mobility” to realize double carbon targets, market
share for traditional vehicles including HEV will be 50%
in 2035, with market volume of 40 million units in Chi-
na. Even in the context of electrification transformation™',
HEVs are important types of vehicles for traditional vehi-
cles to contribute to carbon reduction.

Motivation of adopting HEV in product portfolios for
automotive manufacturers is mainly for low carbon opera-
tion and fuel saving. In general, HEV contributes 7% ~
32% of fuel savings”. Fuel saving is also required for en-
terprise car fleets by Regulation of Dual Credits for pas-
senger vehicle enterprises'”.

During research and product development process,
simulation tools are crucial and key parts of optimization
for research objects and products, especially for handling
the complexity of HEV systems. Anselma, et al.” elabo-
rated that modelling approach is one of the design meth-
odologies in next generation design tools for HEV that
limited the powertrain system functions. Zhang, et al.” al-
so concluded that models need comparison with simula-
tion tools to achieve optimized model. Zhao, et al.”’ con-
ducted a research on driving cycle aware energy manage-
ment for HEVs to predict future driving tasks and energy
management.

Based on a Mild Hybrid Electirc Vehicle (MilHEV),
this paper elaborates the powertrain structure and analyz-
es the system functions, driving modes and control strate-
gies. Based on AVL CRUISE simulation software, the
whole vehicle and powertrain models of the HEV are
built, and the comprehensive performance simulation
and analysis for HEV are conducted to provide basis for

further development with prototype vehicles.
1 Structural Scheme of Powertrain

There are 3 types of HEVs in the markets, including Mi-
cro Hybrid Electric Vehicle (MicHEV), Mild Hybrid
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Electric Vehicle (MilHEV) and Full Hybrid Electric Ve-
hicle (FHEV)'"".

Due to the advantages of higher fuel saving potential
including fully transmission gears utilization, small mo-
tor, and easier layout for less design and development ef-
forts, MilHEV is chosen as research object which is part
of high end product portfolio. The powertrain architecture
of target MilHEV involved in this paper is shown in Fig.1,
which is a typical parallel HEV, with a motor and an en-
gine connected through the clutch CO, and the motor and
the transmission are connected through the clutch C1.

The controllers in HEV are supposed to control the
corresponding components and realize the functions de-
signed for HEV. Different controllers communicate with
each other through CAN network. Moreover, HCU cooper-
ates with these controllers to realize different powertrain

system functions and modes.
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Fig.1 The Architecture of HEV Powertrain
HEVs have the advantages of dynamic and economy
performance and different powertrain system functions
can be realized by control strategies'* ', as shown in Fig.2.
The functions of various driving modes will be described

in the following chapter.
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Fig.2 Drive process and drive modes of HEV
2 Powertrain System Functions

2.1 Vehicle Stop Mode
The vehicle stop mode refers to a condition before the ve-

hicle is driven, and the vehicle start key is not triggered
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at this time. When the shift lever is in P or N gear, the
start key state is off and the vehicle is not power—up,
then HCU shall control the HEV to shift into vehicle stop
mode.

In this mode, the states of power assemblies are con-
trolled as follows: the engine is in the shutdown state, the
clutch CO is in the disengaged state; the motor is in the
shutdown state; the clutch C1 is in the disengaged state;
the HV battery is neither charged, nor discharged.

2.2 Pure Electric Drive Mode

When the power of hybrid electric comes, if the required
torque for driving the vehicle is relatively small and the
output torque of the motor can meet the driving torque de-
mand of the vehicle, the vehicle can be driven by motor
alone.

When the shift lever is in P or N gear, the start key
state is activated and started, and all of the following con-
ditions are met, then HCU shall control the vehicle to en-
ter into the pure electric drive mode.

(1)HV battery SOC is greater than the specified val-
ue, i.e. SOC> 35%.

(2)The engine has been warmed up, and the engine
water temperature is greater than the specified value, i.
e.> 40 °C.

(3) The HVAC has neither heating, defrosting, nor
defogging requirements.

(4)The driving power of the vehicle is less than the
specified value, indicating that the driving demand can
be met in the pure electric drive mode.

(5)The vehicle speed is less than the specified val-
ue, i.e.< 80 km/h.

In this mode, as is shown in Fig.3, the states of pow-
er assemblies are controlled as followings:

(1)The engine is in shutdown state.

(2)The clutch CO is in disengaged state.

(3)The motor is in electrically driven state.

(4)The clutch C1 is in engaged state.

(5)The HV battery is in discharged state.

2.3 Drive Power Generation Mode

In the vehicle driving process, if the SOC of HV battery
is insufficient, HCU will control the vehicle to enter into
the drive power generation mode. By adjusting the engine

to operate in an economically efficient working area, the

engine will be used to drive the vehicle, and the extra en-

ergy output of the engine will charge HV battery.
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Fig.3 Energy flow of pure electric drive mode

When the shift lever is in D or R gear, the start key
state is activated and started, and all of the following con-
ditions are met, then HCU shall control the vehicle to en-
ter into the drive power generation mode.

(1)The SOC of HV battery is less than the specified
value, i.e. SOC< 35%.

(2) The vehicle driving torque demand is less than
the external characteristics torque of the engine, which
means that the engine alone can meet the vehicle driving
demand, and the excess energy output of the engine can
be used to charge the HV battery through the motor gen-
eration.

In this mode, as is shown in Fig.4, the states of pow-
er assemblies are controlled as followings:

(1)The engine is in the driving state.

(2)The clutch CO is in the engaged state.

(3)The motor is in the power generation state.

(4)The clutch C1 is in the engaged state.

(5)The HV battery is in the charged state.
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Fig.4 Energy flow of drive power generation mode
2.4 Engine Drive Mode
During vehicle driving, if HV battery SOC is sufficient
and the engine is running in an area with high efficiency,
the vehicle can be driven by the engine working indepen-
dently.

When the shift lever is in the D or R gear, the start
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key state is activated and started, and the SOC of HV bat-
tery is greater than the specified value, i.e. SOC> 35%,
and if any of the following conditions is met, then HCU
shall control the vehicle to enter into the engine drive
mode.

(1) The engine water temperature is less than the
specified value, i.e. < 40 °C.

(2) The HVAC has heating, defrosting and defog-
ging requirements.

(3) The driving power of the vehicle is greater than
the specified value, which means that the driving de-
mand of the vehicle cannot be met only by motor drive.
The engine needs to be put into running and driving the
vehicle.

(4) The vehicle speed is greater than the specified
value, i.e. > 80 km/h.

In this mode, as is shown in Fig.5, the states of pow-
er assemblies are controlled as followings: The engine is
in the driving state, the clutch CO is in the engaged state,
the motor is in the follow—up state, the clutch C1 is in the
engaged state, and the HV battery is neither charged nor

discharged.
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Fig.5 Energy flow of engine drive mode
2.5 Combined Drive Mode
During the hybrid electric vehicle driving, if the required
torque for driving the vehicle is relatively large, the mo-
tor and engine shall be jointly driven to meet the driving
demand of the vehicle.

When the shift lever is in D or R gear, the key state
is activated and started, and all of the following condi-
tions are met, then HCU shall control the vehicle to enter
into the combined drive mode.

(1) The HV battery SOC is greater than the speci-
fied value, i.e. SOC> 35%.

(2) The vehicle driving torque demand is greater

than the external characteristic torque of the engine,
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which means the engine driving alone will not meet the
vehicle driving demand, and the motor is required to as-
sist the torque to further meet the vehicle driving demand.

In this mode, as is shown in Fig.6, the states of pow-
er assemblies are controlled as followings: the engine is
in the driving state, the clutch CO is in the engaged state,
the motor is in the electrically driven state, the clutch C1
is in the engaged state, and the HV battery is in the dis-

charged state.
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Fig.6 Energy flow of combined drive mode
2.6 Braking Energy Recovery Mode
When the hybrid electric vehicle is in the process of
coasting or braking, the motor is controlled for energy re-
covery, and then the recovered energy will be stored in
HV battery for subsequent driving, so as to achieve the
purpose of energy conservation and emission reduction.

When the shift lever is in D or R gear, the start key
state is activated and started, and all of the following con-
ditions are met, then HCU shall control the vehicle to en-
ter the braking energy recovery mode.

(1) The vehicle driving power demand is less than
0 kW. A negative driving power indicates that the vehicle
has triggered the energy recovery function.

(2) The HV battery SOC is less than the specified
value, i.e. SOC< 95%.

(3)The vehicle speed is within a certain range of 20
~ 120 km/h.

In this mode, as is shown in Fig.7, the states of pow-
er assemblies are controlled as followings: the engine is
in the shutdown state, the clutch CO is in the disengaged
state, the motor is in the power generation state, the
clutch C1 is in the engaged state, and the HV battery is
in the charged state.

2.7 Engine Start Mode
When the engine needs to be started during the hybrid

electric vehicle driving, the motor can be used to start
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the engine, which can achieve better smoothness and

comfort performance for the vehicle.
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Fig.7 Energy flow of braking energy recovery mode

When the shift lever is in D or R gear, the start key
state is activated and started, and all of the following con-
ditions are met, then HCU shall control the vehicle to en-
ter the engine start mode.

(1)The vehicle has traveled a certain distance, i.e.>
5 km.

(2) The powertrain system has triggered the engine
start command.

(3)The engine water temperature is greater than the
specified value, i.e.>=15 °C.

(4) The HV battery SOC is greater than the speci-
fied value, i.e.>25%.

In this mode, as is shown in Fig.8, the states of pow-
er assemblies are controlled as followings: the engine is
in the ignition starting state, the clutch CO is in the en-
gaged state, the motor is in the electrically driven state,
the clutch C1 is in the disengaged state, and the HV bat-

tery is in the discharged state.
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Fig.8 Energy flow of engine start mode

2.8 Idle Stop Mode

After the engine is started, if the vehicle has driven for
some distance and the vehicle is stationary and the en-
gine is running in the idle condition, when the engine
shutdown conditions are met, the engine will be con-
trolled to stop automatically.

When the shift lever is in P or N gear, the start key

state is activated and started, and all of the following con-
ditions are met, then HCU shall control the vehicle to en-
ter into the idle stop mode.

(1)The speed of the vehicle is 0 km/h.

(2) The accelerator pedal of the vehicle is not de-
pressed.

(3) The HV battery SOC is greater than the speci-
fied value, i.e. SOC> 35%.

(4)The engine has been warmed up, and the engine
water temperature is greater than the specified value, i.
e.>40 C.

(5) The HVAC has neither heating, defrosting nor
defogging requirements.

In this mode, the states of power assemblies are con-
trolled as followings: the engine is in the shutdown state,
the clutch CO is in the disengaged state, the motor is in
the shutdown state, the clutch C1 is in the disengaged
state, and the HV battery is neither charged nor dis-
charged.

3 Vehicle Operation Mode Analysis

Different vehicle operation modes are designed for the hy-
brid vehicle described in this paper. There are 3 vehicle
operation modes, including: economic mode, comfort
mode and sport mode. The driver can select the corre-
sponding operation mode according to the driving needs.
The driver can manually select operation modes through
physical keys or soft switches, and the instrument cluster
has different displays to remind the driver of the current
operation mode status.

3.1 Economic Mode

The economic mode achieves the best economy of the ve-
hicle and meets the needs of economic driving. The dy-
namic performance of the vehicle is slightly poor in this
mode. The dynamic response speed of the accelerator
pedal is relatively slow compared with the comfort mode
and sport mode, and the HVAC is in the energy saving
state in the economic mode.

3.2 Comfort Mode

The comfort mode takes into account the dynamic and
economy performance of the hybrid electric vehicle. It is
a comprehensive performance driving mode that pursues

comfort, smooth dynamic and energy consumption. In the
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comfort mode, the accelerator pedal response is stable,
and the electric drive system and air conditioner are not
limited.

3.3 Sport Mode

The sport mode is used to achieve the best dynamic re-
sponse characteristics of the vehicle. The sport mode can
meet the aggressive driving requirements, and the dynam-
ic response of the vehicle is the most sensitive in this
mode. The accelerator pedal has the fastest response, the
output capacity of the powertrain system is not limited in
the sport mode.

3.4 Driving Mode Display

In order to further increase the Human Machine Interface
(HMI) experience, different instrument display contents
can be designed based on the system functions and opera-
tion modes of hybrid electric vehicle, so as to improve
the driving experience of users"”. During the running of

hybrid electric vehicle, HCU sends the display signals of

energy flow and operation modes to instrument cluster
(IC), and then IC will display the corresponding modes in-

formation.
4 Modeling and Simulation

In the AVL CRUISE simulation software environment,
the models of various components of the hybrid electric
vehicle are established. Based on the above system func-
tional analysis, the different models of control strategies
are built, including pure electric drive mode, engine
drive mode, combined drive mode, braking energy recov-
ery mode and other modes.

The simulation software is used to simulate the econ-
omy and dynamic performance of the vehicle. The estab-
lished simulation model of the hybrid electric vehicle is
shown in Fig.9. The relevant parameters of the hybrid
electric vehicle are shown in Tab. 1, and the parameters

of each component are shown in Tab. 2.
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Fig.9 Simulation models of Hybrid Electric Vehicle

Tab. 1 Relevant parameters of HEV

Parameter item Value
Vehicle mass/kg 2370
Frontal area/m’ 2.65
Drag coefficient 0.33
Coefficient of rolling resistance/% 0.7
Tire model 255/45 R19
Single wheel braking drag torque/N *m 1.5

According to the parameters of the hybrid electric

vehicle and various components of the powertrain system,
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the models are built in the AVL. CRUISE software envi-
ronment. The economy simulation calculation of the hy-
brid electric vehicle is carried out in WLTC and NEDC
Standards test cycles.

NEDC test cycle is composed of 4 urban cycles and
one suburban cycle " The test distance is 11.022 km
and the test time is 180 s. The urban cycle is used to sim-
ulate the traditional urban road conditions. Each urban
cycle includes acceleration, deceleration, uniform speed

and idle speed. The duration of the 4 urban cycle condi-
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tions is 780 s and the driving distance is 4.067 km. The
suburban cycle is used to simulate the suburban road
conditions. The duration is 400 s, the driving distance is
6.956 km, and the maximum speed is 120 km/h (Fig.10).

Tab.2 Parameters of main components

Assembly Parameter item Value
components
Peak power/kW 110
Drive motor Peak torque/N+m 400
Voltage range/V 350~400
Total energy/ kW +h 2.1
Continuous discharge power 110
HV battery kW
Continuous charge power 20
kW
Displacement/L 3.0
Cylinder number 6
Engine
Maximum power/k W 260
Maximum torque/N +m 550
gearl-5.5
gear2—3.5
gear3—2.2
) " geard—1.7
Gearbox Ratio gear5—13
gear6—1.0
gear7—0.8
gear8-0.6
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Fig.10 NEDC test cycle
WLTC" test cycle is composed of 4 parts, including
low speed, medium speed, high speed and super high
speed working condition. Compared with NEDC test cy-
cle, the speed of WLTC test cycle is much more fluctu-
ate. WLTC test cycle has no special regularity, which be-
longs to the category of transient working condition. The

speed covers a wider range. The maximum speed of

WLTC is 10 km/h, higher than that of NEDC, and the

test period of WLTC is longer than that of NEDC. The
test time of WLTC is 10 min longer than that of NEDC,
and the cycle distance of WLTC is 12 km further than
that of NEDC (Fig.11).
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Fig.11 WLTC test cycle

Through the functional analysis of different modes
for the hybrid electric vehicle and the development of
simulation models, the corresponding functions can be re-
alized. Based on the simulation models, the operation
conditions of power sources under different working con-
ditions can be obtained.

The simulation results of motor output speed of the
hybrid electric vehicle in WLTC test cycle are shown in
Fig.12. The simulation results of motor output torque and
power of the hybrid electric vehicle in WLTC test cycle
are shown in Fig.13 and Fig.14. The established models
can be used to simulate the fuel consumption in different
test cycles such as NEDC test cycle and WLTC test cy-
cle. The operating points of the motor and engine can be
obtained in different test cycle, and then the optimization
simulation of the control strategy can be carried out. The
simulation result of hybrid electric vehicle under wide
open throttle acceleration is shown in Fig.15. In the con-
dition of wide open throttle acceleration, the engine and
motor are driven together to achieve the best dynamic
performance of the hybrid electric vehicle.

The established models can be used to simulate dif-
ferent vehicle driving operation modes, and the power-
train system functions and modes can be operated accord-
ing to the established control strategies, including pure
electric drive mode, engine drive mode, combined drive
mode and braking energy recovery mode. Simulation is
carried out based on AVL CRUISE software, the simula-

tion results of dynamic performance of the hybrid electric
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vehicle are shown in Tab.3. In conclusion, the estab-
lished simulation models can realize the simulation of the
dynamic and economy performance of the hybrid electric
vehicle.
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Tab. 3  Simulation results of HEV performance

Performance index Item Value
NEDC fuel consumption 79
/L+(100 km)™ :

Fuel econom;
Y WLTC fuel consumption

/L+(100 km)™ 8.4

0 ~ 100 km/h Acceleration/s 52

Dynamic Maximum speed in 30 min/km-h™ | 245
performance

Maximum climbing gradient/% 35

5 Conclusions

This paper elaborates the powertrain architecture, analyz-

es the system functions, driving operation modes and con-

trol strategies of the hybrid electric vehicle. The whole
vehicle and powertrain system models are built in AVL

Cruise software, and the components are electrically, me-

chanically and signal connected according to the control

strategies. Verified by vehicle development, the simula-
tion models are established effectively and correctly.

Based on the built models, the system energy con-
sumption simulation is carried out in NEDC test cycle
and WLTC test cycle, and the simulation of wide open
throttle acceleration is also carried out. The values of 3
major indexes of dynamic performance (acceleration,
maximum speed and maximum climbing gradient) and
economic index (fuel consumption) are calculated. These
calculations and studies can provide references for the
pre—development of hybrid electric vehicles.

Further test bench and field tests, as well as fine
tuning calibration with production purpose prototype
HEVs and special engine for HEV are under planning in
future.
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