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Performance Modeling and
Optimization of a Novel
Multi-mode Hybrid Powertrain
This paper presents a systematic model for the operation simulation and optimization of
a novel multi-mode hybrid powertrain. The hybrid configuration proposed in the paper
features a planetary gear train for an electric CVT mode in addition to lay-shaft gears for
multiple speed ratios and realizes six operation modes in a simple structure. Detailed
component level models were established for the multi-mode hybrid transmission and
integrated to the overall vehicle model according to the system configuration using the
Simulink/Advisor platform. The vehicle control strategy was then established with the
objective to optimize the overall vehicle operation and each hybrid operation mode in
terms of fuel economy and emission levels. The performance of the proposed hybrid
vehicle system was studied using the developed model under various operation conditions
and benchmarked with a current market model with leading performance parameters.
The proposed hybrid configuration shows substantial improvements over the benchmark
and is validated as a viable hybrid design based on the model simulation.
�DOI: 10.1115/1.2114892�
1 Introduction
Vehicles with hybrid powertrains are more fuel efficient and

environment friendly compared with conventional vehicles that
are powered by internal combustion engines alone. The advan-
tages of hybrid powertrains are realized through the operation
optimization of the power sources and the recovery of vehicle
kinetic energy during braking and coasting. With the ever more
stringent standard on fuel economy and emission levels, hybrid
powertrain technologies have attracted intensive research and de-
velopment interests in the automotive industry. The Toyota Prius
and the Honda Insight were pioneers in the hybrid vehicle market,
followed by the Ford Escape, the GMC Sierra, and other models
from major automotive manufacturers. Although the market share
is insignificant today due to cost constraints, it is predicted that
hybrid vehicles will become more popular in the market as the
related technologies continue to mature.

The system configuration and operation optimization have been
the focus of research and development in hybrid vehicles in both
academic community and industry. Tsai and Schultz proposed a
hybrid design with multiple operation modes based on an auto-
matic transmission platform �1,2�. The mode shift strategies and
the model simulation results on the performance of the hybrid
vehicle were presented in a subsequent paper �3�. Using driving
pattern recognition, Jeon et al. proposed the algorithms for the
operation control and optimization of a parallel hybrid electric
vehicle �4�. Based on multi-objective nonlinear optimization, Won
et al. proposed an energy management strategy for the torque
distribution and charge sustaining control of a parallel hybrid ve-
hicle with continuously variable transmission �5�. Using a solid
oxide fuel cell as the auxiliary power unit, Gomez and Smith
recently proposed a mild hybrid configuration incorporated with a
continuously variable transmission for operation flexibility �6�.
Rizoulis et al. proposed the control strategies for a series-parallel
hybrid vehicle and improved vehicle performance in terms of ac-
celeration and fuel economy through model simulation and ex-
periments �7�.

In the automotive industry, the research efforts have been more
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concentrated on developing technologies for the design and manu-
facturing of production hybrid models. Walters et al. presented a
detailed comparison on the structure and performance of various
hybrid configurations in the market and under development �8�.
Technologies related with the hybrid system used in Prius have
been recently improved and new generation of hybrid vehicles are
being developed in Toyota Motor Corporation for further fuel
economy and performance improvement �9,10�. Research and de-
velopment at General Motors has led to the introduction of a
hybrid full-size pickup truck in the automotive market place
�11,12�. Hybrid technologies are not limited to passenger vehicles
and commercial vehicles with hybrid powertrains have been re-
cently developed and are now entering the commercial vehicle
market �13�.

Simulation based analysis on vehicle performance is crucial to
the development of hybrid powertrain systems since design vali-
dation by hardware measurement is impractical prior to the costly
prototype building. Significant amount of research efforts has re-
cently been devoted to the modeling, simulation, and control of
hybrid powertrain systems. Wipke et al. presented in detail the
modeling and overall approach of the vehicle simulation platform
ADVISOR and illustrated the application, capability, and recon-
figurability of the modeling software tool �14�. An integrated
simulation tool in Simulink was developed at the Automotive Re-
search Center of the University of Michigan for studies on hybrid
vehicle fuel economy �15�. Computer models on both component
and system levels were proposed by Powell et al. for the analysis
and control of the dynamic behavior of hybrid vehicles �16�. But-
ler et al. developed a Matlab/Simulink based modeling and simu-
lation package for the simulation of hybrid vehicle operation un-
der various drive cycles �17�. Rizzoni et al. proposed a system-
oriented approach to facilitate the performance analysis of hybrid
systems of different configurations �18�. As revealed by the litera-
ture survey, it is a standard practice to use model simulation for
the design and analysis of hybrid vehicles in both component and
system levels.

The Toyota Prius uses a parallel hybrid configuration, where a
planetary gear train is used to split the engine torque between the
drive shaft and the generator shaft. The electricity generated can
be used either to charge the battery or power the motor to drive
the output shaft. This design achieves an electric CVT mode for

the vehicle since the planetary gear train has two degrees of free-
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dom. The speed of the generator can be controlled according to
the vehicle driving conditions to keep the engine within the opti-
mal operation range. Despite its advantages, the Toyota Prius has
an intrinsic structural drawback in that it does not allow direct
mechanical torque transmission from the engine to the drive shaft.
The generator must be always loaded to provide the reaction re-
quired for the planetary gear train to transmit the engine toque to
the output. Under normal driving conditions, the electricity gen-
erated is directed to power the motor and assist the drive shaft.
This power flow path involves two conversions of energy forms,
first by the generator and then by the motor, and each conversion
results in a power loss. Consequently, the overall vehicle fuel
economy performance may not be the best even though the engine
operation is optimized at the most efficient status.

In this paper, a novel hybrid configuration is proposed to over-
come the disadvantages of the Toyota Prius with a simple struc-
ture. This design uses one planetary gear train to provide an elec-
tric CVT mode and lay-shaft gears for other modes. Mode
switching and gear shifting are actuated by step motors as in an
automated manual transmission. The design uses only one electric
machine, either functioning as a generator or a motor, and realizes
all the functionalities required of a hybrid on an automated
manual transmission platform. A detailed description on the hy-
brid structure and the kinematics in each operation mode are pre-
sented in Sec. 2.

The main objective of this paper is to present the novel multi-
mode hybrid configuration mentioned above and the systematic
model for the operation simulation and optimization of vehicles
equipped with this hybrid system. Detailed component level mod-
els have been established for the multi-mode hybrid transmission
and integrated to the overall vehicle model according to the sys-
tem configuration and power flow paths on the Simulink/Advisor
platform. The vehicle control strategy is then established with the
objective to optimize the overall vehicle operation and each hy-
brid operation mode in terms of fuel economy. The performance
of the proposed hybrid vehicle system is studied using the devel-
oped model under various operation conditions and benchmarked
with a current market model with leading performance param-
eters. The model simulation has demonstrated substantial im-
provements over the benchmark and validated the proposed multi-
mode hybrid configuration as a feasible vehicle powertrain with

Fig. 1 Configuration of the
high fuel efficiency.
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2 Operation Modes and Kinematics
The configuration of the proposed hybrid powertrain system is

shown in Fig. 1. The design is based on the concept of automated
manual transmissions. It uses a combination of lay-shaft gearing
and planetary gearing for power transmission. The lay-shaft gears
on the input shaft and the motor shaft free wheel unless engaged
by the shifter-synchronizer assemblies. The carrier of the plan-
etary gear train is connected with the input shaft that picks up the
engine torque. The sun is connected with the motor shaft if so
engaged. One motor is used either as the driving assisting unit or
as the generator in charging and energy recovery operations.
Mode switching and gear shifting are realized by shifters actuated
by computer controlled step motors as in an automated manual
transmission. The hybrid system has five operation modes for ve-
hicle driving and one stand still mode for emergency or conve-
nience operations. The six operation modes and the related kine-
matics are described in the following.

Motor Alone Mode. The vehicle is always launched in the mo-
tor alone mode. In this mode, the motor shaft is engaged by the
shifter and power is transmitted to the final drive by the motor
gears. Vehicle backup is realized by reversing the motor rotation.
All other gears free wheel in this mode. The operation parameters
for the engine and the motor in this mode are related by

�o =
�m

im

To = imTm �1�

where �o and �m are the angular velocities of the output shaft and
the motor, respectively, To and Tm are the output torque and the
motor torque respectively, im is the motor gear ratio.

Combined Power Mode. The combined mode is used when high
power is required in situations such as acceleration and slope
climbing. In this mode the motor shaft and one of the lay-shaft
pairs are engaged. One of the four available gears �as shown in
Fig. 1� can be selected according to the vehicle operation condi-
tion. The motor and the engine operate at speeds that are mechani-
cally linked by the gear ratios and drive the vehicle jointly, with

ultimode hybrid powertrain
m
the operation parameters related as follows
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�o =
�e

ik
=

�m

im

To = ikTe + imTm �2�

where �e and Te are the angular velocity and the torque of the
engine, respectively, ik �with k=1, 2, 3, 4� is the gear ratio of the
lay-shaft gear pairs.

Engine Alone Mode. The engine alone mode is the most effi-
cient mode for highway cruising. In this mode, a lay-shaft gear
pair with low gear ratio is engaged to transmit the engine torque to
the output shaft with the motor shaft at neutral. The vehicle runs
like a conventional vehicle in this mode. The operation parameters
are linked by the lay-shaft gear ratio

�o =
�e

ik

To = ikTe �3�
Electric CVT Mode. The electric CVT mode provides two de-

grees of freedom for vehicle operation control that allows for the
optimization of engine operation for best fuel economy. In this
mode, the engine is the only power source that drives the vehicle
and powers the generator for battery charging at the same time.
The sun gear of the planetary gear train is coupled to the motor
shaft by the shifter and the fourth lay-shaft gear is coupled to the
ring gear. The operation parameters of the system are governed by
the characteristics of the planetary gear train as follows

�m + �i4�o − �1 + ���e = 0 �4�

To = i4TR =
i4�

Te

Fig. 2 Eng
1 + �
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Tm = Ts =
1

1 + �
Te �5�

where � is the parameter of the planetary gear train. TR and Ts are
the ring gear torque and sun gear torque which are distributed
from the engine torque at a constant proportion. The output torque
To and the angular velocity �o are determined by the vehicle
driving condition. The engine torque and the torque provided to
the generator are determined by Eq. �5�. In the electric CVT
mode, the engine speed �e is optimized at the point for the highest
efficiency corresponding to the required torque determined by Eq.
�5�. The generator speed �m is controlled to follow up the engine
speed according to Eq. �4�.

Energy Recovery Mode. In the energy recovery mode, the mo-
tor is coupled to the output shaft through the motor gear pair by
the shifter and functions as a generator. The relations on the op-
eration parameters are the same as that in the motor alone mode,
with the power flow reversed.

Stand Still Mode. In this mode, the motor is engaged by the
shifter to the sun gear and the parking locker is applied to lock the
output shaft. The lay-shaft gears free wheel. This mode can be
used to crank start the engine or charging a low battery at stand
still by the engine. It can also be used as a generator for household
electricity or other conveniences

�e =
1

1 + �
�m

Te = �1 + ��Tm �6�

It should be pointed out that this mode is not used for vehicle
driving and thus not included in the powertrain system model.

Power Required on the Output Shaft. In the performance simu-
lation of the vehicle, only the longitudinal motion of the vehicle
and the associated road loads are incorporated in the system
model. The output shaft torque in each driving mode must over-

e fuel map
in
come the road loads, including rolling resistance, air resistance,
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in
and grade resistance, as well as the vehicle inertia during accel-
eration to follow up speed-time profiles. The equation governing
the longitudinal motion of the vehicle is presented as follows

m
dv
dt

=
ia�aTo

rt
− FB − RR

RR = fmg + cv2 + Gmg

v = rt
�o

ia
�7�

where v is the vehicle velocity and m is the vehicle mass. ia and
�a are the final drive ratio and efficiency. FB and RR are the brake
force and road load. f ,c ,G, and rt are the rolling coefficient, air
drag factor, grade factor, and tire radius, respectively. For a given
driving condition, the required output shaft torque To and angular
velocity �o, and therefore the required power, are determined by
Eq. �7�. The vehicle controller will select the appropriate driving
mode and optimize the operations of the power sources to meet
the power requirement with the lowest possible fuel consumption.

3 Vehicle Control
There are two major technical issues in the operation control of

vehicles equipped with the multi-mode hybrid powertrain: the se-
lection of the five driving modes �excluding the stand still mode�
and the optimization of the power sources in each operation mode.
Mode selection is primarily based on vehicle power requirements
under various driving conditions, with the battery state of charge
as a secondary factor to be considered. It should be pointed out
that the transient behaviors in mode switching processes and the
related control strategy are not the main concern in the research

Fig. 3 Engine m
work reported in this paper. The vehicle power requirement is
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decided by road loads, vehicle speed follow-up, and driver’s in-
tention reected by throttle opening, as implemented in the stan-
dard ADVISOR models �14�. The vehicle controller will first
choose the appropriate operation mode from the five available
driving modes based on the power requirement and the battery
charge state. Once an operation mode is chosen, the vehicle con-
troller then optimizes the engine operation status for the best fuel
efficiency based on the conditions allowed by the selected mode.

3.1 Mode Selection. During vehicle operation in any drive
range, the vehicle controller will select one of the five driving
modes based on the conditions presented as follows:

Motor Alone Mode:

�Preq � Peng−on� � �vreq � vlaunch� � �Soc � Soceng−on� �8�

Here, Preq is the required final drive power and Peng−on is the
threshold to turn on the engine when the required power is above
it; vreq is the required vehicle speed in the drive range and vlaunch
is a specified low speed value below which the engine mode is
turned off; Soc is the current state of battery charge and Soceng−on
is the state of battery charge above which the engine power supply
is turned off and the motor is turned on to avoid battery over-
charge. This logical expression will guarantee that the motor alone
mode will be in action when the required power is low, or when
the required vehicle velocity is low.

Combined Power Mode:

�Treq � Tavl−CVT� � �Soc � Soclow� �9�

Here, Treq is the required final drive torque and Tavl−CVT is the
engine torque available in the electric CVT mode, which depends
on the full throttle engine torque and the proportion determined by
Eq. �5�; Soclow is the low limit battery state of charge below which

imal fuel curve
the motor is not allowed to provide power and the battery must be
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charged. This logical expression will guarantee that the combined
mode will be in action when the required torque is larger than
what the engine can provide alone and the battery state of charge
is above the specified low limit.

Engine Alone Mode:

Fig. 4 Maximal en
Fig. 5 Configuration of the integrate

Journal of Mechanical Design
�Treq � Tavl−CVT� � �Soc � Soclow�

Or

e efficiency curve
gin
d multimode hybrid vehicle model
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Fig. 6 Transmission model block diagram
Fig. 7 Operation control block diagram
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Fig. 8 Simulation results

Journal of Mechanical Design
�Soc � Sochc� � �vreq � vhighway�

Or

�Treq � Tavl−CVT� � �Soc � Sochigh� �10�

Here, Sochigh is the upper limit of the state of charge above which
battery charging must be stopped; Sochc is a state of charge value
above Soclow and the difference between the two provides a buffer
zone to avoid oscillation between the engine alone mode and the
electric CVT mode under highway driving conditions. The logical
expression above guarantees that the vehicle will be driven on the
engine alone mode in highway driving if the battery does not need
charging.

Electric CVT Mode:

with Prius in some driving cycle

Prius hybrid

/mile�

Fuel economy �mpg�

Emissions �g/mile�

NOx HC CO NOx

0.345 31.3 3.352 3.565 0.532
0.31 42.9 0.917 1.141 0.282
0.854 18.4 6.978 7.639 1.133
1.084 24.0 11.80 13.05 1.89
0.397 42.4 1.20 1.497 0.34
0.463 50.7 1.03 1.741 0.519
Table 1 Input data for model simulation

Vehicle data Mass: 1368 kg, Coefficient of Aerodynamic drag:0.3
Engine data Maximum power: 43 kW at 4000 rpm, Peak torque: 75

lb ft at 4000 rpm. Engine map range: 0–4000 rpm.
Electric motor Maximum power: 30 kW, Torque range: from 305.0 Nm

to 47.7 Nm �corresponding speed from 0 rpm to 6000
rpm�, Inverter/controller efficiencies: 0.95, Motor
efficiency: 0.95, Motor inertia: 0.0226 kg m2

Transmission Multimode hybrid powertrain: Fourth gear ratio: 0.6,
Third gear ratio: 0.8, Second gear ratio: 1.2, First gear
ratio: 2.4, Planet gear train parameter ���: 2.6.

Constant
Electric Load

700 W

Battery Peak power: 25 kW, Nominal voltage: 274 V
Table 2 Simulation results compare

Driving Cycle

Proposed multimode hybrid

Fuel economy �mpg�

Emissions �g

HC CO

CYC_1015_6Prius 36.3 3.521 3.36
FTP 48.0 0.823 1.139
NYCC 20.3 7.424 7.312
ECE 30.8 12.27 11.88
UDDS 46.5 1.061 1.507
CONSTANT_65 58.6 1.027 1.659
for UDDS driving cycle
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�Treq � Tavl−CVT� � �Soc � Sochigh�

Or

�vreq � vhighway� � �Soc � Sochc� �11�

Here, vhighway is the speed above which the vehicle enters highway
driving condition. As controlled by the above logical expression,
the electric CVT mode will be in action when the required torque
is smaller than what the engine can provide in CVT mode and the
battery can be charged, or when the required vehicle speed is
above the pre-defined highway speed and the battery needs to be
charged.

Energy Recovery Mode:

Preq � 0 �12�

The required power Preq becomes negative when the vehicle is
being braked or when the vehicle is coasting. The energy recovery
mode will be in action whenever the required power is negative,
as controlled by the inequality above.

In addition to the conditions described above which are specific
to the proposed multi-mode hybrid system and directly associated
with the powertrain output requirements and battery status, the
vehicle controller also factors in other vehicle operation condi-
tions implemented in the driver controller of the standard ADVI-
SOR models.

3.2 Operation Optimization. The focus of the mode opera-
tion control is to optimize the engine operations in each of the
selected driving modes in terms of the fuel consumption. The
engine mapping data available in the ADVISOR model for Toyota
Prius is used in the research for engine operation control and for

Fig. 9 Contribution of ope
the comparative studies between the proposed hybrid system and
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the benchmark. The operation control strategies are constructed
based on the flexibility and constraints of each of the three engine
related modes, respectively, as described in the following.

Combined Power Mode: In the combined power mode, the re-
quired engine speed is coupled to the vehicle speed by the ratios
of the lay-shaft gears as shown in Eq. �2�. The variables available
for engine operation control are the four stepped lay-shaft gear
ratios and the assisting power to be provided by the motor. For a
given engine, the fuel consumption Ff is a function of the engine
output torque Te and angular velocity �e, as shown in Fig. 2 for
the Toyota Prius engine, i.e.

Ff = f�Te,�e� = f�Pe

�e
,�e� �13�

The function Ff is available for a given engine in terms of a
two-dimensional look-up table, and if the engine power Pe is
specified, it becomes a function of the engine angular velocity
alone. There exists a minimal fuel consumption for a given engine
power within the operation range at a certain angular velocity
when the following condition is observed

�

��e
f�Pe

�e
,�e� = 0 �14�

The above equation is solved numerically for each given Pe and
the solutions lead to a function curve between Pe and �e. The
curve shown in Fig. 3 is obtained using the Prius engine map data.
Along this curve, the engine fuel consumption for a given power
requirement is the minimal. In the combined power mode, the
power to be provided by the engine is first selected based on the
road load requirement. The corresponding engine angular velocity

tion modes in UDDS cycle
ra
for minimal fuel consumption is then selected from Fig. 3. One of
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the four lay-shaft gears is chosen to provide a gear ratio that is the
closest to the ratio between the angular velocities of the engine
and the output shaft. The motor is controlled to operate at the
angular velocity and output torque determined by Eq. �2� to pro-
vide the required torque assistance.

Engine Alone Mode: In the engine alone mode, the engine is the
only power source and its output power is determined by the
output shaft torque and angular velocity. For a given power re-
quired at the output shaft, the fuel consumption is the lowest if the
engine operates at the lowest speed and at the highest torque that
satisfy the power requirement. Therefore, the four gears are cho-
sen in descending priority in terms of the gear ratios, with the
lowest gear ratio always chosen as the first priority, so that the
engine runs at the lowest angular velocity in the normal operation
range. The strategy leads to the lowest fuel consumption and is
similar to that adopted by a skilled driver operating a manual
transmission vehicle.

Electric CVT Mode: The electric CVT mode offers the flexibil-
ity in the control of engine operation status. For a given driving
condition, the engine torque and generator torque are determined
by Eq. �5�, but there exists an extra degree of freedom for the
angular velocities as shown by Eq. �4�. In the engine fuel map,
there exists a maximal engine efficiency curve along which the
following equations are observed

Ff = f�Te,�e�

�

��e
f�Te,�e� = 0 �15�

Here, function f�Te ,�e� represents the engine fuel consumption
rate at a given operation status and is usually available in terms of
two-dimensional lock up table. The maximal engine efficiency

Fig. 10 Engine operation
line is determined by numerical interpolation of the engine map

Journal of Mechanical Design
data or can be directly selected from the engine fuel consumption
contour plot. This line is shown in Fig. 4 for the Prius engine map.
In the electric CVT mode, the torque required from the engine is
calculated according to the road load. The engine angular velocity
is then interpolated at this torque from the line shown in Fig. 4 for
the lowest fuel consumption. The motor angular velocity is con-
trolled to follow the engine according to Eq. �4�.

4 Model Integration
The main task in the model development is focused on the

transmission and vehicle controllers on the subsystem level. These
models are then integrated into the vehicle system model accord-
ing to the hybrid system structure, the power flows, and the con-
trol logic as shown in Fig. 5. The integrated hybrid vehicle model
is established through modification and reconfiguration on the
Toyota Prius model available on the ADVISOR platform. As high-
lighted in Fig. 5, the model blocks for the transmission, the motor/
generator and the vehicle controller are modified to fit the pro-
posed configuration. The power flow and control signals are also
shown in Fig. 5. The control information input includes the ve-
hicle speed, torque and speed required, and the battery state of
charge. The control signal output includes the engine operation
command, hybrid mode selection and optimization, and motor/
generator operation command.

The Simulink model for the hybrid transmission is illustrated in
Fig. 6. This model implements the kinematical relations for all the
operation modes described in Sec. 2 and provides the interface
among the transmission, the power sources, the final drive, and
the vehicle controller. The power flow paths and the relations on
the transmission operation parameters are imbedded in the five
driving modes, respectively.

The vehicle controller contains four parts: operation controller,

ge in UDDS driving cycle
ran
motor controller, brake controller, and traction controller. The
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brake and traction control models are the same as the standard
models available on the ADVISOR platform. The motor controller
of the ADVISOR Prius model is modified and adopted to the
proposed hybrid configuration. The operation controller imple-
ments the strategy described in Sec. 3 and coordinates the opera-
tions of the power sources, the transmission, and other powertrain
subsystems. The structure of the controller and the interactive data
flows are shown in Fig. 7. As shown in the figure, the operation
controller has two functions: mode selection and operation opti-
mization for the selected mode. The optimization block contains
the optimization strategies described in Sec. 3 for the combined
mode, engine alone mode, and the electric CVT mode. The mode
selection block implements the mode selection conditions de-
scribed by the logical expressions �8�–�12�. The input signals are
the battery state of charge �Soc�, torque and speed required on the
final drive shaft. Upon receiving the input signals, the controller
first selects the appropriate hybrid mode and then optimizes the
engine and motor operations for the best fuel economy.

5 Model Simulation and Analysis
The vehicle used for the model simulation is the same as the

Toyota Prius except for the multi-mode transmission. The engine
map data, vehicle dimension, and weight data are exactly the same
as that for Toyota Prius. The vehicle data and the transmission
design parameters are shown in Table 1. The efficiency of the
powertrain is assumed to be a constant for simplicity and is the
same as the ADVISOR Prius Model. The model has been applied
for the performance simulation under various driving conditions,

Fig. 11 Operation modes and b
including five standard drive cycles and a constant speed highway
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cruising range. In the performance simulation, the vehicle opera-
tion is optimized in terms of the fuel consumption alone and the
low emission levels are the results of low fuel consumption. The
performance data from the model simulation are compared against
that of the benchmark, the Toyota Prius, in each category and
drive range under the same condition.

The integrated vehicle model has been used to simulate the
performance on fuel economy and emissions for six driving cycles
listed in Table 2. The driving cycle “CYC_1015_6 Prius” is de-
signed for dyno test of Prius model according to the Japanese
standard. FTP stands for Federal Test Procedure and represents a
driving cycle used by the US Environmental Protect Agency
�EPA� for emissions certification of passenger vehicles in the
United States. NYCC is a driving cycle that mimics the traffic
patterns in the city of New York. ECE stands for the driving cycle
emulating urban driving in European countries and UDDS is the
US EPA Urban Dynamometer Driving Schedule that simulates
city driving in the United States. As an example, the simulation
results for the UDDS cycle are shown in Fig. 8. The speed follow-
up, the engine torque, the motor torque and battery state of charge
are shown in the figure, respectively, for the whole range. The
battery state of charge is assumed to be 0.5 at the start of the drive
range. It fluctuates during the simulation process and remains to
be about 0.5 at the end of the cycle. All of the five driving modes
are actuated in the drive range and the percent of time of each
mode in the range is shown in Fig. 9. As shown in the figure, the
motor alone mode and energy recovery mode contribute about
57% of the total driving time because of the urban driving nature

tery status in highway cruising
at
of UDDS range. The electric CVT mode and the combined mode
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also play an important role, contributing about 23% and 20% of
the driving time, respectively. The contribution of engine alone
mode is insignificant in this drive range because of the constraints
on the vehicle speed.

The engine operation status in the UDDS range is shown in Fig.
10. As shown in the figure, engine operation points in the electric
CVT mode have two concentrations. One is along the vertical line
at 2500 rpm while the engine torque ranges from about 20 Nm to
76 Nm, the other corresponds to a torque range between 76 Nm
and 92 Nm and a speed range of 1500 rpm and 2500 rpm. This
result is in full agreement with the control strategy based on the
maximal engine efficiency curve shown in Fig. 4. In combined
mode, the operation control strategy is based on the minimal fuel
consumption curve as shown in Fig. 3. The engine operation
points in the combined mode can be roughly grouped into two
areas, one with the torque larger than 67 Nm and engine speed
higher than 1000 rpm �corresponding to engine power above the 7
kW point in Fig. 3�, and the other with the engine torque below 67
Nm and speed near 1000 rpm. Since the gear pair ratios do not
provide the exact match for the required engine speed, the actual
engine speed is slightly different from the ideal value determined
from Fig. 3. The isolated points shown in Fig. 10 near 2000 rpm
indicate the status of the engine alone mode.

The engine alone mode has the highest priority for mode selec-
tion in highway cruising. Whenever the vehicle is operated, there
always exists a constant battery power consumption to power the
auxiliaries and thus the battery needs to be charged when the state
of charge is lower than specified threshold. Figure 11 shows the
alteration of the engine alone mode and the electric CVT mode
when the vehicle cruises at a constant speed of 65 mph. It is
clearly demonstrated that the electric CVT charging mode is
needed to keep the battery state of charge above the usable level.

The simulation results on fuel economy and emissions of the
multi-mode hybrid vehicle are compared with that obtained from
the ADVISOR simulation model for Toyota Prius. The compari-
son on each of the drive ranges is shown in Table 2. In all of six
driving cycles, the initial battery state of charge is assumed to be
0.5 in order to eliminate the effects of pre-stored battery energy on
the fuel economy performance. The state of charge at the end of
simulation remains to be about 0.5 for all of the six driving cycles,
as shown in Fig. 8 for the UDDS cycle. The proposed multi-mode
hybrid vehicle shows significant improvement in fuel economy for
all the drive ranges, from 10% for the NYCC cycle �New York
City Cycle� to 28% for the UDDS.

6 Conclusion
This paper presented a multi-mode hybrid configuration and the

systematic model for the operation control and performance simu-
lation of a vehicle equipped with this hybrid design. The hybrid
configuration proposed in the paper realizes six operation modes
based on an automated manual transmission platform and pro-
vides the flexibility for vehicle operation optimization under all
driving conditions. Component level models for the hybrid con-
figuration are developed in Simulink environment and integrated
to the overall vehicle model using the Simulink/Advisor platform.
The vehicle control strategy is established with the objective to

optimize vehicle fuel economy performance. The performance of
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the proposed hybrid vehicle system is studied based on model
simulation under various driving cycles. The simulation analysis
verifies the capabilities and the advantages of the proposed hybrid
system and the associated operation control. Furthermore, the
multimode hybrid is benchmarked with a current hybrid vehicle
using the existing Advisor model. The proposed hybrid configu-
ration shows substantial improvements over the benchmark in fuel
economy under the same conditions and is validated as a feasible
hybrid design based on model simulation.

References
�1� Tsai, L. W., Shultz, G., and Higuchi, N., 2001, “A Novel Parallel Hybrid

Transmission,” ASME J. Mech. Des., 123, pp. 161–168.
�2� Tsai, L. and W., Shultz, 2004, “A Motor-integrated Parallel Hybrid Transmis-

sion,” ASME J. Mech. Des., 126, pp. 889–894.
�3� Shultz, G., Tsai, L. W., Higuchi, N., and Tong, I. C., 2001, “Development of A

Novel Parallel Hybrid Transmission,” SAE Paper Number 2001-01-0875, SAE
2001 World Congress, Detroit, MI, March 2001.

�4� Jeon, S. I., Park, Y. I., and Lee, J. M., 2002, “Multi-mode Driving Control of
a Parallel Hybrid Electric Vehicle Using Driving Pattern Recognition,” ASME
J. Dyn. Syst., Meas., Control, 124, pp. 141–149.

�5� Won, J. S., Langari, R., and Ehsani, M., 2002, “Energy Management Strategy
for a Parallel Hybrid Vehicle,” Proceedings of the 2002 ASME International
Mechanical Engineering Congress and Exposition, IMECE2002, Nov. 2002,
New Orleans, Louisiana.

�6� Gomez, M. M., and Smith, J. E., 2004, “A Mild Hybrid Engine-Solid Oxide
Fuel Cell Vehicle Configuration Using a continuously Variable Power-Split
Transmission,” Proceedings of the Second International Conference on Fuel
Cell Science, Engineering and Technology, IMECE2002, June 2004, Roches-
ter, NY,

�7� Rizoulis, D., Burl, J., and Beard, J., 2001, “Control Strategies for a Series-
Parallel Hybrid Electric Vehicle,” Proceedings of SAE 2001 World Congress,
March 2001, Detroit, Michigan.

�8� Walters, J., Husted, H., and Rajashekara, K., 2001, “Comparative Study of
Hybrid Powertrain Strategies,” Proceedings of Future Transportation Technol-
ogy Conference, SAE 2001-01-2501, August 2001, Costa Mesa, CA.

�9� Endo, H., Ito, M., and Ozeki T., 2003, “Development of Toyota’s Transaxle for
Mini-Van Hybrid Vehicles,” JSAE Rev., Japanese Society of Automotive En-
gineers, 24�1�, pp. 109–116.

�10� Muta, K., Yamazaki, M., and Tokieda, J., 2004, “Development of New-
Generation Hybrid System THS II -Drastic Improvement of Power Perfor-
mance and Fuel Economy,” Proceedings of SAE 2004 World Congress, March
2004, Detroit, Michigan.

�11� Evans, D. G., and Maanen, K. D. V., 2003, “Electric machine Powertrain
Integration for GM’s Hybrid Full-Size Pichup Truck,” Proceedings of SAE
2003 World Congress, March 2003, Detroit, Michigan.

�12� Evans, D. G., Polom, M. E., Poulos, S. G., Maanen, K. D. V., and Zarger, T.
H., 2003, “Powertrain Architecture and Controls Integration for GM’s Hybrid
Full-Size Pickup Truck,” Proceedings of SAE 2003 World Congress, March
2003, Detroit, Michigan.

�13� Nellums, R., Steffen, J. H., and Naito, S., 2003, “Class 4 Hybrid Electric Truck
for Pick Up and Delivery Applications,” Proceedings of 2003 SAE Interna-
tional Truck and Bus Meeting and Exhibition, Nov. 2003, Fort Worth, Texas.

�14� Wipke, K. B., Cuddy, M. R., and Burch S. D., 1999, “ADVISOR 2.1: A
User-Friendly Advanced Powertrain Simulation Using a Combined Backward/
Forward Approach,” IEEE Trans. Veh. Technol., 48, pp. 1751–1761.

�15� Lin, C-C., Filipi, Z., Wang, Y., Louca, L., Peng, H., Assanis, D., and Stein, J.,
2001, “Integrated, Feed-Forard Hybrid Electric Vehicle Simulation in Simulink
and its Use for Power Management Studies,” Proceedings of SAE 2001 World
Congress, March 2001 Detroit, Michigan.

�16� Powell, B. K., Bailey, K. E., and Cikanek, S. R., 1998, “Dynamic Modeling
and Control of Hybrid Electric Vehicle Powertrain Systems,” IEEE Control
Syst. Mag., 18�5�, pp. 17–33.

�17� Butler, K. L., Ehsani, M., and Kamath, P., 1999 “A Matlab-Based Modeling
and Simulation Package for Electric and Hybrid Electric Vehicle Design,”
IEEE Trans. Veh. Technol., 48, pp. 1770–1118

�18� Rizzoni, G., Guzzella, L., and Baumann, B. M., 1999, “United Modeling of
Hybrid Electric Vehicle Drivetrains,” IEEE/ASME Trans. Mechatron., 4.,

pp.246–257.

JANUARY 2006, Vol. 128 / 89


