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ABSTRACT Hybrid powertrains have widely been developed as eco-friendly system and commercialized
in the passenger vehicle market with clear benefits over conventional powertrains. Accordingly, there
have been various research topics on architectures of hybrid power systems to further improve the system
performance ability and sizing optimization for the packaging and production cost reduction. In this study,
a novel multimode power split hybrid architecture has been suggested, which is based on multiple driving
modes such as input- and output-power split and parallel hybrid modes in order to achieve fuel efficiency
improvement and sizing optimization. The performance ability and sizing aspects of the invented system
have been analyzed in comparison with Toyota Hybrid System (THS), which is a kind of typical power split
hybrid architecture. The fuel efficiency of the suggested system has been compared by a backward-facing
simulation with Dynamic Programming (DP) for representative driving test cycles from Environmental
Protection Agency (EPA). In terms of the component sizing, the maximum torque and speed variation trends
of motors have been analyzed according to the velocity variation. In the simulation and analysis results, the
invented system shows opportunities to improve fuel efficiency with multiple driving modes and to reduce
component sizing of power electronics which is related to the production cost reduction as well as the vehicle
packaging space minimization.

INDEX TERMS Hybrid power systems, dynamic programming, fuel efficiency, power split hybrid
transmission.

NOMENCLATURE
BSFC Brake-Specific Fuel Consumption.
DHT Dedicated Hybrid Transmission.
DP Dynamic Programming.
DSHS Dual Split Hybrid System.
EPA Environmental Protection Agency.
FTP Federal Test Procedure.
HEV Hybrid Electric Vehicle.
HWFET Highway Fuel Economy Test.
MG Motor and Generator Unit.
SOC State of Charge.
THS Toyota Hybrid System.
UDDS Urban Dynamometer Driving Schedule.
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I. INTRODUCTION
Eco-friendly vehicles such as hybrid vehicles and pure elec-
tric vehicles have widely been researched and developed
by most automotive companies due to the reasons like the
unstable oil price and the environmental regulations by gov-
ernments. According to the current situation, hybrid electric
vehicles (HEVs), among the different kinds of eco-friendly
vehicles, are currently the most popular alternatives to con-
ventional vehicles. Multiple types of hybrid systems have
been commercialized by automotive manufacturers in the
passenger vehicle market.

There have been various research topics related to hybrid
vehicle systems. The research topics of the recent studies
include diverse research areas such as driving and regen-
erative control strategy of HEVs [1]–[3], optimal design
of component sizing and electrical energy storage [4], [5],
driving energy management strategy for HEV [6], a design
methodology for compound-split hybrid electric vehicles
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with the compound lever diagram [7], comparative analysis
of classical energy management optimization with reinforce-
ment learning [8], a parametric model for power split hybrid
transmissions [9], and thermal management and analysis of
electrified drive systems and hydraulic hybrids [10]–[13].
For the research on architectures of hybrid systems, there
have existed a number of studies for past decades since the
1970s and diverse recent studies like a multimode power split
hybrid transmission [14], hybrid powertrain architectures for
a four-wheel drive [15], series-parallel and power split archi-
tecture based dedicated hybrid transmissions (DHTs) [16],
powertrain configuration of singlemotor hybrid systems [17],
and novel powertrain architectures with Ravigneaux and
planetary gear trains [18].

In this study, a hybrid architecture based on multiple
driving modes with power split and parallel hybrid modes,
named Dual Split Hybrid System (DSHS), has been studied
in order to analyze the performance ability and other aspects.
The invented system has been compared with Toyota Hybrid
System (THS), which is a typical power split hybrid system,
in terms of the performance ability and component sizing
aspects. In order to analyze the performance ability, both
systems have been simulated by a backward-facing method
with Dynamic Programming (DP) for Urban Dynamometer
Driving Schedule (UDDS), which is also called FTP-72, and
Highway Fuel Economy Test (HWFET), which are among
the representative Environmental Protection Agency (EPA)
driving test cycles. The component sizing aspect has been
compared by analysis of the torque and speed variation of
motors according to an example driving case. The potential
and advantages of DSHS have been described in comparison
with THS and discussed with the results from the simulation
and analysis.

II. SYSTEM DESCRIPTION
Architectures for hybrid vehicles can mainly be divided into
series, parallel, and power-split systems according to how
the power paths are constructed. The suggested novel archi-
tecture consists of multiple different driving modes such as
power split and parallel hybrid modes.

The power split hybrid system is mainly classified into
two architectures; the input-split (or output-coupled) power
split and output-split (or input-coupled) power split systems.
For both systems, three mechanical paths from a planetary
gear train are connected to the engine, the final drive, and
a motor, respectively. The difference is the location of the
secondary motor. A motor is mechanically coupled with
the path of the final drive for the input-split system, while
for the output-split system, a motor is connected to the
mechanical path between the engine and the planetary gear
train.

The mechanical layout difference between input- and
output-split power split architectures results in different
power distribution and system efficiency according to the
speed ratio between the engine and the final drive [19]–[21].
The driving modes of power split hybrid systems can mainly

be divided into power additive, full mechanical, and power
recirculation modes.

When the system is under the power additive mode with
the power ratio between the electrical and mechanical paths
greater than zero, the power flow from the engine splits into
the mechanical and electrical paths.

For the power recirculation mode with a power ratio
between the electrical and mechanical paths less than zero,
a part of the power from the mechanical path recirculates
through the electrical path and is delivered again through
the mechanical path. The power recirculation is undesirable
because the system efficiency gets worse as the amount of
power recirculation through the electrical path increases.

FIGURE 1. Hybrid system efficiency and power path ratio for input- and
output-split power split transmissions.

When there is no power through the electrical path, the
system is under the full mechanical mode, which shows the
highest efficiency among the three modes due to no electrical
power loss. The input- and output-split power split hybrids
have different driving modes according to the speed ratio and
it results in a different system efficiency distribution.

Fig. 1 shows the hybrid system efficiency and power path
ratio for the power split hybrid transmissions according to
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the speed ratio, which is drawn with assumptions of the
constant motor efficiency and standing gear ratio of 2.6 for
the planetary gear train. Fig. 1 (a) and (b) are figures for the
input-split power split system and the output-split power split
system, respectively. The trends of efficiency and power ratio
for input- and output-split power split systems are different
according to the speed ratio of the engine and wheel speeds.
As expected, both systems have the highest efficiency when
the speed ratio is the full mechanical point of 1.385 with the
full mechanical mode. When the speed ratio is greater than
the full mechanical point, the input-split power split system
is under the power additive mode, while the output-split
power split system is under power recirculation mode. On the
other hand, when the power speed ratio is less than the full
mechanical point, the input- and output-split power split sys-
tems have the power recirculation and power additive modes,
respectively.

Since the efficiency of the power additive mode is higher
than that of the power recirculation mode in general, the
input-split power split system has higher system efficiency
compared to the output-power split hybrid system for the
speed ratio greater than the full mechanical point. On the
other hand, the output-split power split hybrid system shows
higher efficiency than the input-split power split hybrid sys-
tem for the speed ratio less than the full mechanical point.

Typical examples of the input- and output split power split
systems are THS and Chevrolet Volt, respectively [22], [23].
As described, since the output-split power split system has
relatively low efficiency for the low vehicle speed, the output-
split power split system usually includes another driving
mode for the low vehicle speed such as full electric and series
hybrid modes.

FIGURE 2. Power split hybrid architecture with an input-split hybrid mode
(Toyota hybrid system).

There are 12 possible power split architectures for the
power split hybrid systems with a planetary gear train [24].
THS is based on an input-split power split transmission
among them. Fig. 2 shows the schematic of the power split
hybrid architecture for THSwith a single planetary gear train,
where R is the ring gear, C is the carrier, and S is the sun
gear. The engine, final drive, and MG-1 are connected to the
carrier, ring gear, and sun gear of the planetary gear train,
respectively. MG-2 is coupled with the mechanical path by
an external gear between the ring gear and the final drive.

The invented hybrid architecture, DSHS, consists of mul-
tiple driving modes including input- and output-split power
split hybrid modes. The architecture of DSHS is similar to
THS in terms of the mechanical connections of the planetary
gear train to the engine, final drive, and MG-1.

FIGURE 3. Multimode power split hybrid architecture with input- and
output-split hybrid modes (dual split hybrid system).

Fig. 3 shows the schematic of the power split hybrid
architecture for DSHS. The structural difference from THS
is that a mechanical synchronizer is connected between the
carrier of the planetary gear train and MG-2. DSHS has the

FIGURE 4. Power flow diagram for different driving modes of dual split
hybrid system.
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parallel and output-split power split hybrid modes in addition
to the input-split power split hybrid mode by just adding a
mechanical synchronizer to the typical architecture of THS.

Fig. 4 shows the power flow diagram for different driv-
ing modes of DSHS, which includes three different driving
modes. First, when the mechanical path of the mechanical
synchronizer is connected to the right side, MG-2 is coupled
with the final drive and the system operates as an input-split
power split hybrid transmission as shown in Fig. 4 (a).
Second, if the sleeve of the mechanical synchronizer is in the
neutral position, MG-2 is connected to both the final drive
and the carrier of the planetary gear train as in Fig. 4 (b).
As a result, the speed ratio between the engine and final drive
becomes constant and the system operates as a parallel hybrid
transmission. Lastly, as in Fig. 4 (c), when the sleeve of the
mechanical synchronizer is connected to the left side, MG-2
is connected to the carrier of the planetary gear train, which
makes the system work as an output-split power split hybrid
transmission.

Since the driving modes of DSHS involve multiple hybrid
modes, the fuel economy can be improved by using differ-
ent driving modes for the different driving conditions. Even
though there have been several studies on multimode hybrid
systems, DSHS has a relatively simple structure compared
to other multimode hybrid transmissions. DSHS uses only a
mechanical synchronizer in addition to the structure of THS
in order to achieve multiple kinds of hybrid driving modes.
Another advantage of DSHS is that the sizing of the electrical
components can be reduced because the amount of the power
through the electrical path is less than other typical power
split hybrid transmissions like THS. The detailed analysis
results and discussion for the fuel efficiency and component
sizing are described in the following sections.

III. ANALYSIS METHOD
The backward-facing simulation was applied with DP for the
fuel economy analysis of the systems, which can provide
globally optimized solutions for the given driving test cycles.
Since the purpose of the study is the performance analysis of
the suggested system, the methods in recent studies were not
been applied in this paper [8], [25]. In the backward-facing
simulation, the speed and torque of components are calcu-
lated from the vehicle speed data without driver models [26].
The wheel speed is obtained from the driving test cycle
and the wheel demand torque is calculated by the derivative
of the vehicle speed, which are used for the vehicle dynamics
during the system modeling.

A. SYSTEM MODELING
For the vehicle dynamics, the required wheel traction force
can be calculated from the force balance equation, which is
given by,

ma = Ft + Fg + Fr + FD (1)

wherem is the mass of the vehicle, a is the acceleration of the
vehicle, Ft is the traction force, Fg is the gravitational force,

Fr is the rolling resistance, and FD is the aerodynamic drag.
The traction force, gravitation force, rolling resistance, and
aerodynamic drag can be expressed as,

Ft =
Mw

rdyn
(2)

Fg = −mgsinθ (3)

Fr = −Cr · mg cos θ (4)

FD = −
1
2
ρAf Cdv2 (5)

where Mw is torque loaded on the wheel, rdyn is the wheel
dynamic radius, g is the gravitational acceleration, θ is the
angle of the slope, Cr is the rolling resistance coefficient, ρ
is the density of the air, Af is the frontal area of the vehicle,
Cd is the drag coefficient of the vehicle, and v is the velocity
of the vehicle.

Table 1 shows the simulation conditions for vehicle
dynamics. The weight and road load coefficient are chosen
from EPA fuel economy test data for Toyota Prius Prime with
the model year of 2020 [27].

TABLE 1. Simulation conditions for vehicle dynamics.

The planetary gear train can be modeled by the speed and
torque relation equations as,

(1+ h) ωC = ωS + hωR (6)

τS : τC : τR = 1 : − (1+ h) : h (7)

where h is the standing gear ratio of the planetary gear train,
ωC is the angular speed of the gear carrier, ωS is the angular
speed of the sun gear, ωR is the angular speed of the ring gear,
τS is the torque on the sun gear, τC is the torque on the gear
carrier, and τR is the torque on the ring gear. For the speed,
at least two speed values need to be determined, and then,
the rest speed can be obtained from (6). On the other hand,
for the torque, once any torque of the sun gear, the carrier,
and the ring gear is determined, the other two values can be
calculated from (7).

The fuel consumption of the engine was calculated by the
brake-specific fuel consumption (BSFC) map with engine
speed and torque, which is based on the empirical data. The
efficiency of the motors was also determined empirically
with the efficiency map by the motor speed and torque. The
temporary manipulated map data were used for the engine
and motor, which are not the same as the map data for the
production car.

A battery model with empirical data is used for obtaining
the state-of-charge (SOC) variation. Once the battery demand
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power is calculated from the engine and motor models with
vehicle dynamics, the derivative of SOC can be calculated as
follows [28],

˙SOC =
VOC −

√
V 2
OC − 4RinPbat

2RinIbat
(8)

where ˙SOC is the balance rate of the state-of-charge, VOC
is the open circuit voltage of the battery, Rin is the internal
resistance of the battery, Pbat is the battery power exchange
with electric components, and Ibat is the current from the
battery. The open circuit voltage and internal resistance can
be obtained with empirical relation data, which are expressed
as a function of SOC.

B. OPTIMAL CONTROL MANAGEMENT
In this study, DP was used for describing the optimal control
policy of the simulation models, which guarantees global
optimal solutions, even though it requires heavier com-
putational time compared to other optimization methods.
According to Bellman’s principle of optimality, the remaining
decisions must include optimal policies for the states result-
ing from the beforehand decisions [29]. The time step of
the given driving test cycle is divided into N stages and the
transition function can be expressed as follows [30],

x (k + 1) = f (x (k) , u (k)) (9)

where x is the state variables, u is the control variable, and k
is the stage of time.

The optimization problem for DP can be formulated by the
choice of control variables at each state to find the optimal
value of the objective function. The objective function can be
expressed as [28], [31], [32],

J∗ = min
∑tend

t0
L (x (k) , u (k)) (10)

where J is the objective function, and L is the instantaneous
cost function. The instantaneous cost function includes the
instantaneous fuel consumption rate and penalty function
which is given by,

L = ṁfuel + fp (11)

where ṁfuel is the instantaneous fuel consumption rate and
fp is the instantaneous penalty function. In this study, fuel
consumption during the engine start-up was considered in the
penalty function in order to prevent the engine from starting
frequently.

IV. RESULTS AND DISCUSSION
The performance ability and component design aspects of
DSHS have been analyzed in comparison with THS. For the
performance analysis, both systems have been simulated by
the backward-facing modeling with the energy management
strategy by using DP approach. The electrical component
sizing aspects have been analyzed in terms of the required
power and torque of the electric motors with an example case
study.

A. PERFORMANCE ANALYSIS
The engine operating points were observed with the engine
BSFC map in order to check the simulation control optimiza-
tion policy and engine power consumption. The engine map
in the simulation was modified based on the empirical data
in order to make it different from that of the vehicle in the
market due to the data security purpose.

Fig. 5 shows the simulation results of the engine operating
points for UDDS driving test cycle. Fig. 5 (a) and (b) are
the results for DSHS and THS, respectively. The blue line
in the figure shows the optimum operating line and the black
line represents the maximum engine torque line. As shown in
the figure, the operating points are located near the optimum
operating line for both cases. This means that the simulation
control optimization policy is well organized according to the
given driving test cycle for both of them.

The difference between the two structures for the engine
operating points is that DSHS uses an engine speed area

FIGURE 5. Simulation results of the engine operating points for UDDS
driving test cycle, (a) DSHS and (b) THS.

VOLUME 10, 2022 2595



H. Kwon et al.: Novel Architecture of Multimode Hybrid Powertrains for Fuel Efficiency and Sizing Optimization

between 1000 and 2300 rpm, while the engine speeds of
THS are located between 1500 and 2900 rpm. This is due to
that DSHS has more chances to choose lower engine speed
with more driving modes in order to minimize the engine
power consumption. As a result, DSHS consumes less fuel
for UDDS driving test cycle than THS, because the engine
power consumption gets lower with slow engine speed when
the operating points are under the optimum operating line.

FIGURE 6. Simulation results of the operating modes according to the
wheel demand power and velocity for UDDS, (a) DSHS and (b) THS.

The operating modes of the system were analyzed for
the wheel demand power and torque with vehicle speeds.
Fig. 6 shows the simulation results of the operating modes
according to the wheel demand power and velocity for UDDS
driving test cycle. Fig. 6 (a) and (b) show the results for DSHS
and THS, respectively. For DSHS, all four driving modes
are used for the given driving test cycle. The EV mode is
used for the overall area, the input-split power split hybrid
mode is used for the low speed and high demand power area,
the parallel hybrid mode is used for the high speed area,

and the output-split power split hybrid mode is used for the
relatively low power area near 40 km/h vehicle speed. On the
other hand, THS utilizes the input-split power split hybrid
mode for the high demand power area and the EV mode for
the relatively low power area. We see that DSHS exploits
multiple driving modes for the different velocity and wheel
demand power conditions compared to THS.

FIGURE 7. Simulation results of the operating modes according to the
wheel demand torque and velocity for UDDS, (a) DSHS and (b) THS.

Fig. 7 shows the simulation results of the operating modes
according to the wheel demand torque and velocity for UDDS
driving teat cycle. Fig. 7 (a) and (b) are figures for DSHS and
THS, respectively. As the operating modes on the velocity
and wheel demand power map, DSHS additionally utilizes
the parallel hybrid mode and output-split power split hybrid
mode, while THS only has two driving modes for the given
driving test cycle. The EV mode is exploited relatively slow
velocity area, and the parallel hybrid mode is used for high
velocity area. The input- and output- power split hybrid
modes are mainly utilized for the velocity near 40 km/h.
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Fig. 8 shows the simulation results of the SOC variations
for UDDS driving test cycle. The initial SOC for both systems
is set to 50 % and the final SOC is controlled by the optimal
control strategy in order to have the same value as the initial
SOC. The SOC variation range of DSHS is wider than that
of THS. DSHS stores more energy into the battery compared
to THS around between 200s and 800s, and utilizes it for the
end of the driving test cycle. It shows that DSHS has more
chance to store residual power from the engine by choosing a
more efficient driving mode, and it utilizes the battery energy
space more actively, which results in better fuel economy.

FIGURE 8. Simulation results of the SOC variations for UDDS.

FIGURE 9. Simulation results of the accumulated fuel consumptions
for UDDS.

Fig. 9 shows the simulation results of the accumulated fuel
consumptions for UDDS driving test cycle. As expected, the
engine for DSHS consumes more fuel energy between 200s
and 800s. Even though the SOC variation range of DSHS is
larger than that of THS, the final fuel consumption of DSHS
is less than that of THS, since DSHS utilizes the residual
space of the battery more actively using optimal control with

multiple driving modes. The overall fuel consumption of
DSHS is 1.7 % less than THS with more opportunities for
the driving modes.

The performance abilities of both given systems have
been simulated and analyzed for HWFET driving test cycle.
Fig. 10 (a) and (b) show the simulation results of the engine
operating points for HWFET driving test cycle, for DSHS and
THS, respectively. As the result of UDDS driving test cycle,
the engine operating points of both systems are well posi-
tioned near the optimum operating line. The engine speed of
DSHS is slightly lower than that of THS. The operating points
of DSHS aremainly located between 1200 rpm and 2300 rpm,
while those of THS are mainly placed between 1500 rpm
and 2800 rpm of the engine speed. This is due to that DSHS
has more opportunities to select the driving modes with low
engine speed, which results in less engine power consumption
for UDDS driving test cycle.

The schematics of operating modes for HWFET according
to the wheel demand power and vehicle speed are shown

FIGURE 10. Simulation results of the engine operating points for HWFET,
(a) DSHS and (b) THS.
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in Fig. 11. Fig. 11 (a) and (b) show the results for DSHS
and THS, respectively. For DSHS, mainly two driving modes
are utilized for HWFET because the overall wheel demand
power is lower than that for UDDS driving test cycle. The
EVmode is used for the overall region, and the parallel hybrid
mode is used for the high speed region, while the input- and
output-split power split hybrid modes are rarely exploited,
relatively. On the other hand, THS utilizes the input-split
power split hybrid mode for the relatively high power area
and the EVmode for the relatively low power with high speed
area.We can see that the control strategies of both systems are
totally different according to the possible operatingmodes for
the given driving test cycle.

FIGURE 11. Simulation results of the operating modes according to the
wheel demand power and velocity for HWFET, (a) DSHS and (b) THS.

Fig. 12 shows the simulation results of the operating
modes according to the wheel demand torque and velocity
for HWFET driving test cycle. Fig. 12 (a) and (b) are the
results for DSHS and THS, respectively. Unlike the results
for UDDS driving test cycle, the input-split and output power

split hybrid modes are hardly used for DSHS. The EV mode
is mainly used for the low velocity and low torque area, while
the parallel hybrid mode is mainly utilized for the high veloc-
ity with high demand torque area. According to the results,
on the wheel demand power map, the main operating modes
for DSHS are different from those for THS with a different
control strategy. Both systems utilize different driving modes
with the optimal control strategy in order to minimize fuel
consumption and SOC balancing control.

FIGURE 12. Simulation results of the operating modes according to the
wheel demand torque and velocity for HWFET, (a) DSHS and (b) THS.

The simulation results of the SOC variations for HWFET
driving test cycle are compared as in Fig. 13. The SOC starts
from 50 % for both systems and the final SOC is set to the
same as the initial SOC. Even though the variation trends for
the first half of the driving test cycle are different, the trends
are similar for the second half. According to Fig. 11 and 12,
the DSHS uses mainly EV and parallel hybrid modes, while
THS mainly uses EV and input-split hybrid modes. The
difference of the main operating modes according to the
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time makes the SOC balancing strategies different between
both hybrid systems. As a result, different SOC balancing
strategies result in different SOC variation trends.

FIGURE 13. Simulation results of the SOC variations for HWFET.

Fig. 14 shows the simulation results of the accumulated
fuel consumptions for HWFET driving test cycle. The trends
of the accumulated fuel consumptions for both systems are
similar since there are no big SOC variations for both sys-
tems. Even though the trends are similar, the overall fuel
consumption of DSHS is 5% less than THSwithmore options
of the driving modes for optimal system control.

FIGURE 14. Simulation results of the accumulated fuel consumptions
for HWFET.

According to the simulation results for UDDS andHWFET
driving test cycles, DSHS shows better performance ability
compared to THS in terms of the fuel economy for the given
simulation conditions. The fuel energy consumptions for
UDDS and HWFET driving test cycles are around 1.7 % and
4.5 % less than THS, respectively, even though the amount
of the fuel consumption difference can be changed according

to the vehicle specifications. The operating modes of DSHS
are more variable and it makes the engine and motor of the
vehicle operating points located in a more efficient position.

B. COMPONENT SIZING
As well as the performance aspect, DSHS has a chance to
reduce the size of electrical components by reducing the
maximum power through the electrical path. During the
design process of the system, the sizing of motors is deter-
mined with the maximum power and torque requirements
for the test development process. If the maximum power and
torque requirements are reduced, the motors can be designed
smaller. For the design aspect of DSHS, the variation trend of
speed and torque of motors were analyzed with assumptions
that the vehicle velocity increases and the engine operates at
a constant speed.

Fig. 15 shows the torque and speed variations of MG-1
when the vehicle velocity increases with a constant wheel
demand torque. The torque for the output-split power split
transmission is constant, while that for the input-split power
split transmission increases along with increasing vehicle
velocity. It results that the torque of the input-split power
split transmission is lower than that of the output-split power
split transmission when the motor speed is positive, and it
becomes higher when the motor speed becomes negative.
For DSHS, it can utilize the input-split power split hybrid
mode for positive MG-1 speed and the output-split power
split hybrid mode for negative MG-1 speed. As a result, the
maximum required power of MG-1 for DSHS is smaller than
the input-split power split transmission. It means that the
maximum power and maximum torque of MG-1 for DSHS
can be designed smaller compared to THS.

The component sizing of MG-2 can be analyzed as MG-1.
Fig. 16 shows the torque and speed variations of MG-2
when the vehicle velocity increases with a constant wheel

FIGURE 15. Torque and speed variations of MG-1 when the vehicle
velocity increases with a constant wheel demand torque.
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FIGURE 16. Torque and speed variations of MG-2 when the vehicle
velocity increases with a constant wheel demand torque.

demand torque. The speed of MG-2 increases along with
increasing vehicle velocity for the input-speed power split
transmission. For the output-split power split transmission,
the speed of MG-2 is constant since the engine speed is
assumed as constant. As shown in the figure, when the vehicle
velocity is slower than the full-mechanical point, the MG-2
for the output-slit power split transmission consumes more
power, while the MG-2 for the input-split power split trans-
mission requires higher power when the velocity becomes
high. Since DSHS can select the input-split power split hybrid
mode for the low velocity and the output-split power split
hybrid mode for the high velocity, the maximum required
power and torque for sizing the MG-2 can be reduced com-
pared to other single mode power split systems.

In conclusion, DSHS shows the possibility of the reduction
of component sizing for both MG-1 and MG-2 compared to
other typical power split architectures by reducing the maxi-
mum torque and power requirements for the given example
case. The sizing reduction of the motors affects not only
the production cost reduction but also the vehicle packaging
space minimization by reducing the physical volume of the
motors, which can give an opportunity while producing vehi-
cles by automotive manufacturers.

V. CONCLUSION
The invented novel multimode power split hybrid architecture
based on input- and output-split power split hybrid modes
has been studied by comparison with THS, which is a typical
architecture of the power split hybrid systems. Both systems
have been simulated by DP for UDDS and HWFET driving
test cycles from EPA in order to compare the performance
ability of the systems. In the result, the fuel consumption
of DSHS shows around 1 to 5 % less than that of THS,
even though the amount of difference depends on the vehicle
specifications and driving test cycles. In addition, the com-
ponent sizing aspect has been compared with an example
case using constant wheel demand torque according to the

varying vehicle speeds. In the case study, DSHS shows more
opportunities to select driving modes with lower demand
power for motors compared to THS, because DSHS has more
available modes for driving conditions. As a result, the size of
the motors for DSHS can be smaller than that for THS. Since
the component sizing affects not only the vehicle packaging
space but also the cost of production, it can be said that the
sizing aspect is one of the key factors for vehiclemass produc-
tions. In the simulation and case study, theDSHS shows better
aspects in terms of fuel economy and component sizing.
As future work, the given system can be analyzed further by
other simulation methods and experimental studies.
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