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Abstract

Energy conservation and emissions reduction have become increasingly significant for automobiles due to the severity of
the current energy situation. Hybrid electric vehicle (HEV) technology is one of the most promising solutions. This study
investigated the total efficiency of a HEV powertrain. To improve the total efficiency, the engine should be regulated to
work at its highest efficiency and drive the wheels directly as much as possible. To accomplish this, we developed an energy
management strategy based on the direct drive area (DDA) of the engine’s efficiency map. Several typical HEV models
were built to compare the fuel consumption using DDA and rule-based strategies. Furthermore, the function of the HEV
transmission system with DDA was considered. The transmission in a HEV should regulate the engine to work at its highest
efficiency as much as possible, which is rather different than the regulation in an internal combustion engine vehicle. The
functional change may lead to transmission systems with fewer gears but optimal gear ratios. If this trend is realized, the
manufacturing cost of HEVs could be largely reduced.

Keywords HEV - Direct drive area - Energy management - Transmission cost reduction

Abbreviations

DDA Direct drive area

DP Dynamic programming

CVT Continuously variable transmission
EV Electric vehicle

FC Fuel consumption

HEV Hybrid electric vehicle

ICE Internal combustion engine

ICEV Internal combustion engine vehicle
NEDC  New European driving cycle

P2 HEV Parallel HEV

SOC State of charge

SPHEV Serial-parallel HEV

A Front face area

Cq Drag coefficient

f Rolling resistance coefficient
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I, Rotary inertia of wheel

I Rotary inertia of engine

iT Transmission gear ratio

io Gear ratio of final drive

m Curb mass

R Wheel radius

u Vehicle running speed

n Mechanical efficiency of power system

1 Introduction

Transportation demands are increasing as modern cities con-
tinue to grow quickly [1-4]. This tendency leads to increased
pollution, energy shortages, and other serious problems [5,
6]. Tailpipe emissions from vehicles must be controlled to
enable sustainable development [7-11]. Efforts have been
made in countries across the world to address the issues
of large energy consumption in the transportation sector
[12—14], including limiting transportation activity, restrict-
ing the purchase of automobiles, enacting strict emission
regulations, improving vehicle fuel efficiency, and develop-
ing new energy sources for vehicles [15, 16]. Among the
suggested solutions, the development of new energy sources
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is considered one of the most promising and practical meth-
ods [17-19]. Researchers and automotive manufactures have
therefore committed a great effort to progress in this field.

A hybrid electric vehicle (HEV) is a complex system that
integrates electronic, mechanical, chemical, and thermody-
namic technologies. When a HEV is in motion, power and
information are being transferred and transformed by vari-
ous flows. The potential for HEVs to save energy and reduce
emissions is determined by the means by which components
are connected mechanically and the management of energy
transfers between the internal combustion engine (ICE) and
electric motor. The HEV onboard generator can charge the
battery and recover energy by regenerative braking, allowing
the battery to sustain an advantageous state of charge (SOC).
A HEV that uses a smaller, more efficient ICE can achieve
better fuel economy. The ICE can also operate within its most
efficient operating area most of the time and can be switched
off when necessary.

By combining the advantages of ICEs and electric vehi-
cles (EVs), HEVs are quite promising for vehicle technology
development in the short to mid term [20]. Lave and MacLean
[21] compared a hybrid car to an ICE car and found that
HEVs are not only effective for improving fuel economy and
reducing emissions, but also, with gasoline price rising in the
future, significantly reducing vehicle operating costs. Norde-
lof et al. [22] investigated the usefulness of different types
of life-cycle assessments of HEVs and EVs to provide an
overview of the environmental impacts. Hannan et al. [23]
made a comprehensive review in the field of HEVs, conclud-
ing that existing technologies are capable of enabling good
HEV performance, but that the reliability and “intelligence”
of HEV systems are still somewhat inadequate. Cummings
etal. [24] investigated the effect of sensitivity for sensing and
prediction in vehicle fuel economy improvements. Morais
et al. [25] presented distributed energy resource manage-
ment using plug-in HEVs as a fuel-shifting demand response
resource, which scheduled the EV’s charging and discharg-
ing processes to avoiding network congestion. Chen et al.
[26] investigated the influence of electrification on trans-
portation and road systems. Lave and MacLean [21] made an
environmental-economic evaluation between the HEV Toy-
ota Prius and its ICE vehicle (ICEV) edition, the Corolla,
pointing out that with fuel prices rising, the HEV would have
significantly more market share in the future.

Different types of HEVs are classified by their degree of
hybridization or their mechanical configuration. The main
challenge for HEVs is splitting the power in an optimal
way while delivering the desired performance under sys-
tem constraints [27, 28]. Specifically, an energy management
system is needed to select or combine the power sources
for driving the vehicle [29-31]. Many different mechanical
designs and energy management strategies have previously
been presented by researchers using simulations and road
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tests [32—35]. Researchers have made great progress in regard
to HEV general configurations, power electronic compo-
nents [32, 33], and energy management strategies [34, 35].
The technology has developed rapidly and seen many break-
throughs. Morteza and Mehdi [36] developed a new energy
management strategy for power splitting in HEVs using a
multi-input fuzzy logic controller to further improve their
fuel economy, tailpipe emissions, and performance in vari-
ous driving cycles. Finesso et al. [37] applied an equivalent
consumption minimization strategy to identify the optimal
control strategy for a parallel HEV (P2 HEV). Li et al.
[38] introduced a downshift strategy, and their hardware-in-
the-loop simulation showed that this strategy can improve
the energy conservation of HEV regenerative braking by
10%—-32%. Hannan et al. [39] studied a control system for a
multi-energy source HEV. The control algorithm was devel-
oped to fulfill various driving conditions, and the simulation
model [40] was built under the ECE-47 driving cycle. Their
results showed that their multi-source control strategy could
be efficient and conserve energy.

However, most research on the topic of HEVs is based on
an architecture that uses traditional transmissions. Because
the transmission system in a HEV should have functions
different from those in an ICEV, its development direction
should be different from that for ICEVs. In this context, this
paper discusses the future direction of HEV transmission
development.

2 Modeling of Hybrid Electric Vehicles
2.1 Base Parameters

In this study, several configurations of base ICEVs and P2
HEVs were modeled. The fuel consumption (FC) of these
models was used as a reference baseline. To obtain the FC
values, the energy consumption was calculated first with
a vehicle dynamics formula. The formula includes rolling
resistance, gradient resistance, aero resistance, acceleration
resistance, and inertial resistance to model vehicle-specific
running conditions and obtain vehicle-specific energy con-
sumption. The vehicle dynamics formula is as follows:

CqAu?  du I+ Li}iln du
+tm—+ ———,
21.15 dr r2 dr

F=mgf+ €))

where F is the longitudinal force to drive the vehicle, m is
the curb weight, g is the gravitational acceleration, f is the
rolling resistance coefficient, Cq is the drag coefficient, A is
the front face area, u is the running speed, /; is the rotary
inertia of the wheels, I, is the rotary inertia of the engine, r
is the wheel radius, it is the transmission gear ratio, iy is the
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Table 1 Key parameters of the

vehicle Parameter Value
m 1386 kg
R 0.287 m
Cq 0.30
A 1.746 m?
f 0.012
I 0.36 kg/m?
I, 0.46 kg/m?
io 4.5
n 0.95
i 2.804
i 1.978
i3 1.531
is 1.000
is 0.705

gear ratio of the final drive, and 7 is the mechanical efficiency
of the power system.

The New European Driving Cycle (NEDC) was applied to
the calculation. The NEDC was established by the European
Union and is applied in China. In the NEDC cycle, the vehicle
is operated according to a given velocity curve. The total
cycle lasts for 1200 s and has a top speed of 120 km/h. With
vehicle velocity as input data, the force and power needed in
aNEDC cycle for a typical car are obtained. The total energy
consumption in a NEDC cycle is obtained by integration of
the power data.

A typical mid-sized sedan was used in this study for
the calculation. Key parameters of the vehicle are listed in
Table 1. The sedan was equipped with a five-speed transmis-
sion having the gear ratios shown in the table.

A typical ICE was used in the modeling, and its effi-
ciency map is shown in Fig. 1. The engine has its highest
efficiency of 40% at 2100 rpm and 100 N m. The FC rate
of the engine at the optimal brake-specific fuel consumption
was also obtained for use in the FC calculation.

2.2 Rule-Based Energy Management

The existing energy management strategies for HEVs can
be mainly classified into rule-based and optimization-based
management. Both types have been extensively studied. The
researches have covered various aspects of these strategies,
including the state of the art of energy management strategy,
general formalization of the energy management problem,
and characteristics and control effects of different strategies
[32-39]. In an industrial application, rule-based strategies are
more widespread. Although they cannot obtain an optimum
solution, they are easy to implement because they have fixed
rules. Thus, rule-based strategies have been successfully used
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Fig. 1 Engine efficiency map

Table 2 FC values of baseline models

Model FC (L/100 km)
ICEV without trans. 6.74
ICEV with trans. 6.48
ICEV with CVT 5.61
P2 HEV without trans. 475
P2 HEV with trans. 4.29
Serial HEV 4.13

in commercial HEVs, and they provided the baseline for this
study.

The logic flow of the rule-based strategy for P2 HEVs used
in this study is as follows. First, the demand power P, demand
torque 7'y, and acceleration a. are obtained as base demands.
Second, the torques of best efficiency, motor working area,
and maximum torque of the engine at a certain speed are
determined. Third, the charging or discharging work mode
is determined using the battery SOC. Finally, the demand
engine and motor torque and battery charge or discharge state
are obtained.

2.3 Fuel Consumption Baselines

With the necessary data and energy management strategy
ready, the baseline ICEV and HEV models could be created.
The NEDC condition was applied to calculate the FC, as
implemented by the FC testing and evaluation provisions of
the China National Standard.

The FC values of the baseline models are given in Table 2,
including an ICEV without a transmission, ICEV with a
five-speed transmission, ICEV with a continuously variable
transmission (CVT), typical P2 HEV with rule-based energy
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Fig. 2 Working points of baseline models. a ICEV without transmission.

without transmission. € P2 HEV with transmission

management, and serial HEV. The NEDC includes idle con-
ditions for ICEVs, and the idle FC was set as 1.5 L/h, which
is a typical value for an ICE in a sedan. For the HEVs, the
engine shut down when the demand vehicle velocity was 0
and thus did not consume fuel when at a standstill.

The engine working points distribution for each model is
shown in Fig. 2. The working points distribution can explain
differences in FC values for the baseline models. For exam-
ple, note that in Fig. 2a, some points are outside the engine
full-load curve because this model has no transmission to
regulate the speed and torque.

3 Direct Drive Area (DDA) Energy
Management

3.1 Improving Total Efficiency

A HEV is driven by an ICE in combination with one or more
electric motors. A battery package is connected to the motors
as a secondary system to provide power to them. Reducing
the FC of a HEV is equivalent to improving the efficiency
of the HEV powertrain system, especially the working effi-
ciency of the ICE. As the high-efficiency area of an engine
efficiency map is rather small, engine speed/torque regulation
is necessary to keep it working in this area.
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However, regulating the engine working points to remain
only at the best efficiency point is not the best solution. This
regulation is usually done by motor torque adjustment. When
the engine working point is regulated to the best efficiency
point or line, the energy loss of motor and battery efficiency is
inevitable. If the torque demand is less than the engine’s best
torque at a certain speed, the generator works and the energy
is stored in the battery. Otherwise, if the torque demand is
more than the engine’s best torque, the motor works to pro-
vide the torque needed. Neither approach will cause energy
loss in the motor drive or battery.

Thus, when the ICE drives the wheels directly, there is
an area near the engine’s best efficiency point in which
the total ICE efficiency is higher than that obtained by the
best efficiency regulation. We call this area the “direct drive
area” (DDA), and it is determined by the efficiencies of the
motor and battery charging/discharging cycle. If the motor
and battery efficiencies are higher, the DDA will be larger;
otherwise, it is smaller. The DDA of the engine used in
this study is shown in Fig. 3. The outline of the DDA is
obtained by multiplying the best efficiency value by the aver-
age motor efficiency and battery efficiency. Then, the DDA
can be drawn as an engine efficiency map, as shown in Fig. 3.

In the DDA strategy, the engine will directly drive the
wheels in the DDA, rather than being regulated to the best
efficiency point. In this way, energy loss in the motor and bat-
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tery is avoided. Actually, similar results have been obtained
using a dynamic programming (DP) method [27]. The work-
ing points regulated by the DP method are usually distributed
near the DDA, and the results show good FC reduction. But
the DP method can only be used when the whole work-
ing condition is already known, and the calculation speed
is rather slow. Thus, it is not used in industrial applications.
While the DDA method is a rule-based strategy, the DDA is
determined in advance. During the driving cycle, the working
point of the torque and speed is determined. If it is within the
DDA, the engine directly drives the wheels; otherwise, the
working point is regulated to the best efficiency point, with
the motor assisting the power output.

3.2 Application of DDA Method

The DDA method can be realized in several ways. It can be
applied in a typical P2 HEV or a serial-parallel (SP) HEV.
The architecture of the SP HEV, which was developed by
Honda Co., is shown in Fig. 4. When the engine working con-
dition is in the high-efficiency area, the clutch is locked so that
engine power directly drives the wheels. Otherwise, under
low-speed conditions for instance, the engine efficiency is
rather low and the clutch is released to drive the wheels only
with the motor. The HEV system works as a serial HEV in
this case.

To demonstrate that the SP HEV is a good application
of the DDA, we built a model. Figure 5 shows the engine
working point distribution of the SP HEV model without a
transmission. The red square shows the engine DDA, out-
side of which the working points are regulated to the best
efficiency point (as a serial HEV). Note that only few direct

Wheel Battery
]

r L
1 1
1 1
Motor J [ Generator
ED
|1
|

Clutch

Wheel

Fig.4 Architecture of SP HEV

driving points are available in the NEDC because its driving
load is mostly rather low. In the SP case, FCis 4.12 L/100 km,
which compares with 4.13 L/100 km in the serial HEV case.
The slight improvement comes from the fewer direct driving
points. When a high-load or high-speed working condition is
considered, a better FC reduction may be achieved. Although
the working point distribution in Fig. 5 is obtained by investi-
gating a typical SP HEV model, it still provides the common
features of an SP system.

DDA can also be applied to P2 HEVs. When a rule-based
strategy is applied to P2 HE Vs, all engine working points are
regulated to the best efficiency, including those in the DDA.
In this study, the control strategy was changed using the rule-
based strategy. For those points inside DDA, the ICE drives
the wheel directly, as described above. The engine working
points distribution when the DDA method is applied to a P2
HEYV with a five-speed transmission is shown in Fig. 6b, com-
paring with the working points of P2 HEV without applying
DDA in Fig. 6a. As can be seen, some of the points in Fig. 6b
are away from the best efficiency line, when the ICE directly
drives the wheels. Other points that are regulated to the best
efficiency line in Fig. 6a are the points outside the DDA area,
which can be found in Fig. 2b. In general, the FC of a P2
HEV controlled with the DDA method is 4.09 L/100 km,
compared with the 4.29 L/100 km of a rule-based P2 HEV
and the 6.48 L/100 km of a pure ICEV with a transmission.
Note that the FC value is even lower than that for the SP HEV
because the transmission regulates some working points into
the DDA. If we add a transmission to the SP HEV to regulate
the working points, the FC value will be lower than that for
the P2 HEV.

4 HEV Transmission Improvement Tendency
4.1 Functions of HEV Transmission
Application of the DDA method changes the function of the

transmission in a HEV. In an ICEV, the function of the trans-
mission is to regulate the working point as close as possible

@ Springer
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Fig. 5 Working point distribution of SP HEV. a Working points of SP
HEV in DDA. b Working point regulation

to the best efficiency line of the engine at a given power.
This means that more gears in a transmission result in better
regulation. But more gears mean higher costs. Thus, most
commercial transmissions have five or six gears. In theory,
the CVT could achieve an infinite number of gears to realize
the best efficiency point under any condition. However, the
transmission efficiency of CVTs is rather low due to the appli-
cation of a torque converter. Transmissions in ICEVs have
already been thoroughly addressed along with the develop-
ment of vehicles.

When an electric motor is introduced into vehicles, the
function of the transmission changes, especially when apply-
ing the DDA method. In HEVs using the DDA method, the
FC will be significantly reduced if there are more points
in the DDA. The transmission could regulate engine work-
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Fig.6 Working point distribution of P2 HEV. a Working points of DDA
method. b Working points of rule-based strategy

ing points to realize this. The function of transmission is
to regulate a wide speed range (1500-3000 rpm, e.g.) to a
rather narrow DDA area speed interval (500—-600 rpm in this
study). To illustrate the new function of a transmission in a
HEV controlled with the DDA method, a typical five-speed
transmission was added to the SP HEV model. The engine
working point distribution is shown in Fig. 7, along with that
of the baseline ICEV. It can be seen that more points are
inside the DDA, where the wheels are directly driven. For
other points, they are regulated to the engine’s best efficiency
point, as in a serial HEV. With more direct driving points, the
FC value is 4.06 L/100 km, compared with 4.12 L/100 km
in a SP HEV without speed regulation.

As the engine working points regulated by the trans-
mission follow a hyperbola, different operating profiles are
revealed at higher and lower speeds. When regulating the
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Fig. 7 Working point distribution of SP HEV with five-speed transmis-
sion. a SP HEV with transmission. b Baseline ICEV with transmission

higher-speed working points to lower speed, the torque will
increase correspondingly to ensure the same power out-
put. Because most high-speed conditions are associated with
lower torque demands, points in this area could be regulated
into the DDA with a high probability of better efficiency.
However, when regulating a lower-speed point to high
speed, the torque decreases. If the original torque is low,
then the regulated torque decreases and might fall out of
DDA. In this case, the hybrid mode will be engaged. If the
torque is too low, the electric mode becomes active and the
vehicle is driven only by the motor. Otherwise, the hybrid
mode is active, and the driving point is forced to the best
torque/speed ratio that drives the wheels while charging the
battery. Meanwhile, the battery SOC is also considered to
decide which mode to select. In either case, the objective is

to make the total efficiency higher than the original (unregu-
lated) efficiency point. For example, some driving points at
lower speeds have higher torque. In this case, these points
could probably be regulated into the DDA to improve total
efficiency.

The above considerations indicate that the future HEV
transmission development trends might be as follows. First,
as the regulation target is an interval rather than a point, more
gears are not necessary for HEVs. Second, to regulate a wide
speed range into a narrow speed interval, transmission ratios
must be redesigned.

4.2 Transmission Improvement

Verification models were built to support evaluation of the
two major directions of HEV transmission development. The
SP HEV system could be considered as an electric CVT
between the engine and wheels. This is because all the points
outside the DDA can be regulated to the best efficiency point
(2100 rpm/100 N m), just like a continuous speed change.
In contrast, in the P2 HEV system, the transmission changes
speed in steps, and speed intervals can be achieved only by
regulating the efficiency points. From the perspective of cost,
it is suggested that a step-changing transmission is prefer-
able when applying the DDA method. Recall that the FC
value of an SP HEV with transmission is 4.06 L/100 km, and
that of a P2 HEV with transmission is 4.09 L/100 km. The
slight change comes from the regulated points that are out-
side DDA. In the SP HEV system, these points are regulated
to the best (40%) efficiency point. In the P2 HEV system,
the points are along the line nearest the best point, with a
slightly lower average engine efficiency. Note that the P2
HEV system is constructed with fewer components, that is,
engine, motor, and transmission. The SP HEV system with
transmission has these components plus an additional gen-
erator. It should be noted that the commercial SP HEV cars
of Honda have no transmission, as shown in Fig. 4. As the
P2 HEV has a better cost performance, we further studied
transmission applications based on P2 HEV systems.

A P2 HEV model with a three-speed transmission was
built. The three-speed transmission was obtained by using
the first, third, and fifth gears of the original five-speed trans-
mission. The working point distribution is shown in Fig. 8
and compared with the five-speed transmission. The FC value
is 4.09 L/100 km, which is equal to that of the five-speed
version. In Fig. 8, it can be seen that the two models share
similar point distributions because they share three gear sets.
More points in the three-speed version are outside the DDA,
and they are regulated along the best efficiency line. But the
total number of these points is too small to influence the final
FC result. Even for the points outside the DDA, the engine
efficiency is still more than 30%. Furthermore, the ratios of
gears may not be optimal, and the gear shift strategy could
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also be improved. Thus, the FC can still be further reduced.
If the control strategy’s potential is fully developed, the FC
might meet even stricter FC regulations.

The results presented above support the utility of the
HEV transmission development trends that we have pro-
posed. With fewer gears but optimal ratios, the cost of HEV
transmissions could be reduced and help increase HEV pen-
etration in the vehicle market.

5 Conclusions
This paper described how the future function of HEV trans-

missions will be different, which will regulate engine speed
into a certain speed interval, rather than to the best efficiency

@ Springer

point for a given power. Development trends of HEV trans-
missions based on this new function were predicted, that
is, that fewer gears will be used in HEV transmissions, but
the gear ratios will be optimized. This conclusion is based
on several HEV models, an energy management strategy
considering total efficiency, and an engine working point
distribution analysis. The presented DDA method made the
engine drive the wheels directly in the high-efficiency area. In
contrast, the rule-based strategies forced the engine to work
along the best efficiency line in the efficiency map. The DDA
method was verified by applying it to different HEV models.
With fewer transmission gears, the total cost of an HEV will
be reduced, which is beneficial for increasing market share.
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