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ABSTRACT

This paper aims to develop a systematical design
procedure to synthesize all feasible hybrid
transmissions, mainly on series-parallel hybrid
continuous variable transmissions (CVTs) with a
mechanical reverse driving mode. Following the
proposed design procedure and subject to the design
constraints, 21 novel hybrid CVTs are synthesized.
One is shown that the transmission system makes
possible a maximum vehicle speed of 226 km/h, a 0
~100 km/h acceleration time of 7.1439 seconds, and a
gradeability of 51.16 %. A simulation model is
developed to investigate the fuel efficiency
performance of the proposed design. In addition, a
control strategy is constructed to dynamically adjust
the operation mode of the hybrid transmission in
accordance with changes in the road conditions. It is
shown that the simulated vehicle with the proposed
hybrid CVT achieves a fuel consumption of 45 mpg
under urban driving cycles and 36 mpg under highway
driving conditions. As such, the HEV performance is
highly competitive with that of existing HEVs on the
commercial market.

INTRODUCTION

In response to growing global environmental
awareness and increasingly stringent international
laws and regulations on vehicle emissions, the
automotive industry has invested massive sums in the
development of green vehicles over the past few
decades. Although many electric vehicles have been
developed, their commercialization is hindered by
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existing battery technology, which necessitates their
frequent recharging. Hybrid Electric Vehicles (HEVS)
are a combination of conventional internal-combustion
engine vehicles and electric vehicles. HEVs use two or
more power sources to drive the vehicle. The engine
provides most of the energy to meet the vehicle needs,
while the motor serves mainly to increase the fuel
efficiency by adjusting the speed and torque in such a
way as to enable the engine to work in its optimum
condition. As a result, HEVs combine the advantages
of both conventional and electric vehicles, have
attracted much interest in recent years. With their
stable power, good acceleration performance, high fuel
efficiency and lack of carbon emissions, HEVs are
regarded as an extremely promising short-to-midterm
solution for transportation needs.

Many types of hybrid transmission have been
developed by the major automotive manufacturers in
recent decades. Honda developed its two-motor hybrid
system [1]. The system was installed in the 2014
Honda Accord and achieved a fuel consumption of 46
mpg in the charge-sustaining mode and 115 mpg
equivalent in the charge-depleting mode. Mitsubishi
also proposed a similar system and used in Mitsubishi
Outlander PHEV with one more independent electric
motor added to the rear wheels [2], making it a four-
wheel drive system.

Toyota is one of the leading manufacturers of
passenger hybrid vehicles, with the Prius being
probably the most well-known. The Prius is based on
the Hybrid Synergy Drive (HSD) [3], applying a PGT
to provide more flexibility in maintaining the power
sources in their respective high-efficiency regions.
Ford developed a similar hybrid system [4], but the
layout is quite different.

An increasing number of manufacturers now use
CVT to improve the fuel efficiency of their hybrid
vehicles by maintaining the power sources in their
efficient working ranges. General Motors and Nissan’s
systems [5, 6] are the typical examples of hybrid CVTs.
However, as for the other designs, vehicle reversing is
possible only in the EV driving mode. Most of the
hybrid transmission concepts were developed by
experience or modification of the existing designs.
Thus, there is a requirement for a more systematic
design procedure for hybrid transmissions in order to
ensure that the optimum design is obtained.
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CONCEPTUAL DESIGN

A systematical design procedure is proposed as
shown in Fig. 1, which is based on the extension of
creative mechanism design methodology [7] and
Ngo’s design procedure of configuration synthesis for
hybrid transmissions [8].

| Existing Designs Analyses |
Creative M m 3 -
Desi Specifications
| Feasible Mechanism |
CVU Ar 1t CVU Constraints
Feasible Continuous Vaniable
Mechanisms
Power Sources Power Sources
Arrangement Constraimts
| Clutchless Hybrid Transmissions. |
Clutch & Brake Operation Modes
Arrangement Constraints
| Clutched Hybnid Transmissions |
Existing Designs
Exclusion
| Novel Designs ‘
Fig. 1. Design procedure for hybrid CVTs

Based on the design procedure, novel hybrid
CVTs can be synthesized by the following six steps:

Step 1. Existing designs analyses

Existing hybrid transmission designs are
identified in the literature or patents, where each
design is based on a CVT and offers the following
operation modes: EV, engine alone, combined power,
split power, regenerative braking, stationary charging,
and mechanical reverse driving. Each design is
analyzed in terms of its components, configuration and
reverse driving mechanism. In this paper, Abe’s
system [9] is selected as the existing design because a
forward/reverse travel switching mechanism, PGT, is
disposed between the input shaft and CVU, as shown
in Fig. 2. It also has an engine (E), a generator (G), and
a motor (M) as the power sources. By different
engaging conditions of the clutch and brake, numerous
operation modes are achieved.

Fig. 2. Abe’s hybrid system

Step 2. Feasible mechanisms

The methodology of creative mechanism design
[7] is applied to generate feasible mechanisms. In
particular, the topological structures of the existing
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designs are identified and the corresponding atlas of
generalized chains obtained using a number synthesis
algorithm [10]. The types of members and joints in
each generalized chain are assigned using a process of
specialization to obtain the atlas of feasible specialized
chains. Finally, the feasible specialized chains are
converted into corresponding schematic diagrams of
feasible mechanisms. Finally, a reverse process of
generalization graphically called particularization is
applied. The feasible specialized chains are converted
into the corresponding schematic diagrams of feasible
mechanisms, as shown in Fig. 3.

Fig. 3. Feasible mechanisms

Step 3. Feasible continuous variable mechanisms
Having obtained all the feasible mechanisms via
the creative mechanism design methodology described
above, the next step is to arrange the CVT. Fig. 4
shows all the feasible continuous variable mechanisms
obtained subject to the following design constraints.

ol .- 1 {
[ % : _
3 —

Fig. 4. Feasible continuous variable mechanisms

Step 4. Feasible continuous variable mechanisms
Once the feasible continuous variable
mechanisms have been synthesized, a power
arrangement process [8] is applied to assign the inputs
and output to the synthesized mechanisms and obtain
the corresponding atlas of clutchless hybrid CVTs.

Step 5. Feasible continuous variable mechanisms
Based on a clutch and brake arrangement
technique, clutches and brakes are added to each
clutchless hybrid transmission to have desired
operation modes. And, the atlas of clutchled hybrid
CVTs can be obtained with the following requirements:

Step 6. Novel hybrid CVTs:

Finally, all the novel hybrid CVTs are generated
by excluding the existing designs from the atlas of
clutchled hybrid CVTs. As a result, 21 novel hybrid
CVTs are generalized, as shown in Fig. 5.

Every configuration has its own features with
different pros and cons. In this paper, the design in Fig.
5(r) is selected for further analysis. This novel design
can perform 11 operation modes as shown in Fig. 6.
Six of them are forward modes, three of them are
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reverse driving modes, and the other two are
regenerative braking mode and stationary charging
mode. Every operation mode is achieved by engaging
different combination of the clutching conditions, as
listed in Table 1.

Fig. 5.  Novel hybrid CVTs
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Fig. 6. Power flow of different operation modes

Table 1. Operation modes of proposed novel design
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Modeling

In order to test the feasibility of the proposed
novel design, vehicle dynamic, power source,
transmission, and battery models are established for
vehicle performance analysis and fuel economy
simulation.

Vehicle dynamic model

When the vehicle is moving at a velocity v and up
a slope of angle, the power sources provide traction
force to overcome the resistance, including
aerodynamic resistance, rolling resistance, and grade
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resistance. These forces can be describes as:

Far = 05pCdAf172 (1)
Fy = Cymg cos @ (2)
F; = mgsin 6 @)

The vehicle speed is calculated using the equation of
motion given by:

dv (4)
Fo = Fap + For 4 Fy m—r

Power source models

Power sources are selected based on the
evaluation of performance requirements. In this study,
the technical data of the power sources is obtained
from the software ADVISOR [11], as listed in Table 2.

Table 2. Specifications of the power sources

Engine Motor Generator

Model Slaguan Westinghouse | Prius_JPN

Max. | 165 Nem | 271 Nem 55 N-m

torque

Max. | g5 75 kw 15 kW

power

Max.

speed 6,000 rpm 10,000 rpm 5,500 rpm

Max. | o34 0.90 0.84

eff.

Transmission model

For the optimization of fuel consumption and
simulation purposes, the transmission model of this
novel system must be built. The kinematic and
dynamic characteristics of forward operation modes
can be described as follows:

lglf lCthf lf
Tw = (TEicvtnCVt + TMigng + TG)ifr]f (6)

For reverse driving modes, the kinematic and
dynamic characteristics are presented as:

w w
wy, = _M = .E. @)
lglf lelgls
Tw = (TEicnc + TM)igngifnf (8)

Battery model
In this paper, a valve-regulated lead-acid battery

type is chosen. Its model is called Hawker Genesis [12].

In the battery pack, 26 Amp-h cells are connected in
series, and there are totally 16 modules.

To evaluate the performance of the battery, a
common technique is to calculate the state of charge by
the following equation [13]:
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) :ﬂ I,(1) dr )
SoC = S0C; — —+———
Cmax
. Yoo =Vt — 4RP, (10)
b =
2R

It is positive when the battery is discharging, negative
when charging. And, P, is calculated as:

Pb = TM(IJM + TGO)G (11)
Vehicle Performance

The performance of vehicle powertrains is
generally evaluated in terms of the maximum vehicle
speed, the acceleration time and the gradeability. In
evaluating the performance of the hybrid CVT
transmission system proposed in this research, the
parameters used in the proposed novel system shown
in Table 3.

Table 3. Parameters used in proposed novel system
Parameter Value
Vehicle mass 1850 kg
Wheel radius 0.3262 m
Drag coefficient 0.335
Rolling coefficient 0.02
Frontal area 2.15 m?
Air density 1.21 kg/m®
Grawtathnal 9.81 m/s?
acceleration
CVT ratio 0.443~2.416
Gear ratio 1.1
Chain drive ratio 3.5
Final drive ratio 5.36
CVT efficiency 0.85
Gear efficiency 0.98
Final drive efficiency 0.95
Chain drive efficiency 0.95
Chain drive ratio 3.5
Top speed

The maximum vehicle speed is defined as the
constant cruising speed that the vehicle can maintain
with all the power sources engaged and providing full
power. Under such a condition, the tractive effort and
total resistance are in equilibrium, i.e.,

T,i 1 12
%m = EpCdAfvz + C,,mg cos 6 (12)

+mgsinf

The intersection points of the force curves with the
total resistance curve represent the force equilibrium
condition. In other words, the intersection points
correspond to the velocity beyond which the vehicle
speed cannot be further increased. With all the power
sources driving the vehicle, the top speed is 226 km/h.
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Acceleration time

The acceleration rate is one of the most important
measures of a vehicle’s performance, and is defined as
the time required for the vehicle to move from a
stationary position to a certain high speed on level
ground. In accordance with Newton’s second law, the
acceleration of the vehicle can be calculated as:

dv Ft - FR (13)

a=
dt m

Although the acceleration varies with the vehicle
speed, it can be regarded as a constant value under the
assumption of a sufficiently small change in the
vehicle speed (Av). Therefore, the time required to
achieve a small increase in the vehicle speed can be
approximated as:

Av (14)
a(d)

Finally, the acceleration time to accelerate the
vehicle from zero speed to 100 km/h is obtained by
calculating the summation of all the little time. The
acceleration time converges to a value of 7.1439
seconds given an incremental velocity of 0.001 km/h.

t@) =

Gradeability

Gradeability is defined as the grade a vehicle can
ascend maintaining a certain speed. Basically, the
gradeability is represented as a percentage, where this
percentage represents the inclination angle in
accordance with.

G =tanb (15)

Graphical method is applied to analyze the
gradeability of the vehicle as shown in Fig. 7. By
adding the gradeability curves for the vehicle, i.e., the
variation of the traction force required to maintain a
certain vehicle velocity for different inclination angles,
it is seen that the maximum gradeability is equal to
51.16 %, and is obtained in the combined power II
operation mode.

100 150
Vehicle Speed (km/h)

Fig. 7. Gradeability analysis

Simulation Structure

Fig. 8 shows the simulation structure of proposed
simulator. Giving a driving cycle, simulation results
are obtained for the ideal operating points of the
individual power sources, the battery SOC, the CVT
ratio, the shift process, and the fuel consumption. The
simulation structure comprises four main components,
as described in the following.

Driving cycle

Torque & Speed demand

| Driving condition

Feaslble cperallon modes

$3223352
L]

Series ‘ split power HEngmealone Cnmbmedl chmbmedIIHRegene'a"W 5'3"°'Ta'y ‘
braking charging

Best operation mode

Fuel consumption

Fig. 8. Simulation structure

Part 1: Driving condition

A driving cycle is basically a series of data points
showing the changes in the vehicle speed over time.
Having selected a driving cycle, the required traction
force at each time step is calculated based on Equation
(4), with a zero slope. The corresponding torque
demand (T,;) and speed demand (w,) on the wheels are
then derived respectively as:

Td = Ft Xr (16)
_v (17)
(Ud = r

Part 2: Feasible operation modes

The present research proposes the rule-based
control strategy [15] shown in Fig. 9. As shown, the
control strategy identifies the most feasible operation
mode at every time step based on a joint consideration
of the torque demand, the starting condition, the
shifting smoothness, the capabilities of the power
sources, and the SOC of the battery. Notably, the
reverse driving modes are not considered in the control
strategy since neither of the two driving cycles used in
the present simulations involve the vehicle traveling in
the reverse direction. If a particular operation mode is
feasible, its switch is set to be “ON”. For example,
model=1 when the EV mode is feasible.

Part 3: Best operation mode
Once a switch is set to be “ON”, the
corresponding subroutine is launched to calculate the
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torque and speed that the power sources need to supply.

In order to minimize the fuel consumption, the
equivalent consumption minimization (ECSM) [16] is
applied. The objective function, equivalent fuel
consumption, is:

(18)

SCpPy

— SCePeng

NO
Engine alone.
mode3 =0, mode4 =0 YES
o>
ES

‘ SOC <04 ‘ ‘D.Assocwve‘ ‘0.assoc<0va‘ ‘ 08=S0C ‘

model =0 mode2 =0
mode5 =0 mode3 =0

mode1 =0 mode2 =0

Fig. 9. Control strategy

Part 4: Fuel consumption

The fuel consumption of the vehicle is evaluated
by determining the total amount of fuel used by the
vehicle in traveling the distance associated with the
selected driving cycle. The total fuel consumption is
determined by deriving the equivalent fuel
consumption at each of the operating points in the
simulation and then integrating the results over all the
operating points in the cycle. Similarly, the distance
traveled by the vehicle during the driving cycle is
evaluated as the area under the corresponding velocity-
time curve. The average fuel consumption is then
obtained simply by dividing the total consumed fuel by
the total distance.

Simulation Result

Given the proposed control strategy and the fuel
consumption analysis, simulations were performed to
evaluate the operating points in the power source
efficiency maps, the CVT ratio data, the battery SOC,
and the historical operation mode for each of the two
EPA driving cycles as shown in Fig. 10.

Fig. 11 shows the simulated operating points, red
circles, in the engine efficiency map during the urban
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Fig. 10. Operating points in engine efficiency map

and highway cycles, respectively. In the urban cycle,
the power demand is sometimes high and sometimes
low, depending on the road conditions. Consequently,
the operating points are widely scattered in the energy
efficiency map and are not always located in the region
of highest efficiency. For the highway cycle, the
vehicle speed remains high most of the time.
Consequently, the vehicle is driven mainly in the
engine alone mode, and hence almost all of the
operating points are located within the high-efficiency
region of the efficiency map since the control strategy
seeks to minimize the fuel consumption over the
duration of the driving cycle.

(a) Urban (b) Highway

Fig. 11. Operating points in engine efficiency map

Fig. 12 shows the operating points in the motor
efficiency map during the two driving cycles. For the
urban cycle, many operating points are associated with
a negative torque due to the inherent *“stop and go”
nature of urban driving. Under such driving conditions,
the controller frequently selects the regenerative
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braking mode to scavenge energy to recharge the
battery. Furthermore, since the engine works poorly at
low vehicle speeds, the controller mainly selects the
EV mode to drive the vehicle. Since the power demand
is not high when the EV mode is used, none of the
operating points are located in the high-efficiency
region of the map. Under highway driving conditions,
the vehicle travels at a high speed. However, the power
demand is not as high as that when the vehicle is
climbing or accelerating. Consequently, the motor is
not required to support the engine under the combined
power mode. Moreover, in contrast to the urban cycle,
the vehicle does not stop during highway driving.
Consequently, the motor is seldom required in the
highway cycle, and hence the efficiency map contains
relatively fewer operating points.

(b) Highway

(a) Urban

Fig. 12. Operating points in motor efficiency map

Fig. 13 shows the operating points in the
generator efficiency map. For both driving cycles, all
of the operating points are associated with a positive
torque. In other words, combined power mode 11 is not
used in either cycle. Operating points with a negative
torque imply that the generator receives power from
the engine. Thus, the results presented in Fig. 13 show
that the split power mode is selected frequently in both
driving cycles. In addition, compared to highway
driving, the road conditions in urban driving vary more
dramatically. Consequently, the operating points in
Fig. 13 (a) are more widely scattered than those in Fig.
13 (b).

(b) Highway

(a) Urban
Fig. 13. Operating points in generator efficiency map

The CVT reduction ratio changes continuously
over the driving cycle in accordance with changes in
the instantaneous power demand. Fig. 14 shows the
historical values of the CVT ratio in the simulated
urban and highway cycles. For urban driving, the

vehicle speed changes frequently in response to
changing driving conditions. Consequently, the CVT
ratio varies widely over the duration of the driving
cycle. However, in highway driving, the vehicle speed
remains relatively constant and the vehicle never stops.
As a result, the CVT ratio is maintained in the range of
0.5-1 for virtually the entire driving cycle.

©) Urban

(b) Highway
Fig. 14. Historical data of CVT ratio

The simulations assumed an initial battery SOC
of 0.6. In other words, the battery lacked power
initially. However, the proposed control strategy uses
the engine to drive the generator and generate
electricity to charge the battery whenever it is feasible
(and necessary) to do so. Consequently, as shown in
Fig. 15, the SOC increases with time, irrespective of
the driving cycle (urban or highway). Notably, the
SOC approaches a final value of approximately 0.625
in both cycles. However, the required charging time is
longer under urban driving conditions than under
highway driving. Furthermore, the vehicle operates
mainly in the EV mode under urban driving, and hence
the motor draws heavily on the battery power to drive
the vehicle.  Consequently, the rate at which the SOC
increases is reduced.

Time (sec) Time (sec)

(a) Urban (b) Highway
Fig. 15. Historical data of SOC

The proposed novel design consumes 45 and 36
miles per gallon in urban and highway respectively,
which is very competitive to the existing HEVs
developed by some well-known automakers as listed
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in Table 4. The key point that Toyota Prius and
Hyundai lonig consume less fuel is their lightness. The
mass of the proposed novel design is larger than the
other wvehicles, but it still consumes less fuel
consumption than Ford Fusion and Chevrolet Volt in
urban.

Table 4. Fuel economy of the existing HEVs

ievs | eS| e | e
R |
T | m
Hon(dzazﬁ%cord 1580 49 47
Sy | B 8@
Chezlzrglle;)Volt 1607 43 42

Fig. 16 compares the simulated vehicle velocity
with the target velocity during both driving cycles. The
simulated vehicle speed is obtained by applying the
kinematic model with the historical data of operating
points and CVT ratios. It is observed that a good fit
exists between the two velocity profiles. Hence, the
validity of the simulation results is confirmed.

f (WMWMM

1200

Speed (kmih)

(a) Urban

Speed (kmih)

4
Time (sec)

(b) Highway

Fig. 16. Simulation verifications

Conclusions
The transmission system is a key component of
HEVs and has a critical effect on the vehicle
performance. Numerous designs have been presented
for HEV transmissions. However, these designs are
generally based on the designers’ personal experience
and preferences. Hence, there is a danger that the
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optimal HEV design may be overlooked. Accordingly,
this paper has presented a systematic design
methodology for CVT-based HEV transmission
systems encompassing the conceptual design, the
detailed design, systems analysis, and computer
simulation and verification.

As the result, 21 novel hybrid CVTs are
synthesized, 13 of them using PGT as reverse
mechanisms and 8 of them applying chain drives.
Assuming the installation of the proposed design in a
vehicle with known specifications, it is shown that the
transmission system makes possible a maximum
vehicle speed of 226 km/h, a 0 ~100 km/h acceleration
time of 7.1439 seconds, and a gradeability of 51.16 %.
A simulation model is developed to investigate the fuel
efficiency performance of the proposed design. With a
ruled-based control strategy and optimization for fuel
consumption, it is shown that the simulated vehicle
with the proposed hybrid CVT achieves a fuel
consumption of 45 mpg under urban driving cycles
and 36 mpg under highway driving conditions.
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NOMENCLATURE
6  theslope of road

F,  the traction force
F,.  the aerodynamic resistance
E..  the rolling resistance
the grade resistance
p  theair density
C; the aerodynamic drag coefficient
Ay the frontal area
C,- therolling coefficient
m  the vehicle mass
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the gravitational acceleration constant
the rotational speeds of the element i
the torque of the element i

the power of the element i

the reduction ratio of the element i
the efficiency of the element i

the state of charge

the open-circuit voltage

the circuit resistance

the current

the battery power

the acceleration

the acceleration time

the gradeability

the equivalent fuel consumption

the fuel mass flow rate

the equivalent fuel consumption conversion
factor
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