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Abstract. This paper aims to optimize the transmission and control strategy of a
parallel hybrid electric vehicle in order to minimize Fuel Consumption (FC) and emissions,
simultaneously. Vehicle transmission is a Power Split Continuously Variable Transmission
(PS-CVT), while the employed Torque Coupler (TC) is a two-speed TC. Using this type
of TC increases designer ability to create a more e�cient transmission. In this vehicle, the
electric assist control strategy is used as the control strategy. In this strategy, the engine
operates at optimal operation points, obtained using the Global Criterion method (GC). A
multi-objective optimization is implemented using GC to minimize vehicle FC and emissions
without sacri�cing dynamic performance. Finally, results of the conventional method of
hybrid vehicle optimization and the results of using the Dynamic Programming method
are compared.
© 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Among all solutions for decreasing vehicle Fuel Con-
sumption (FC) and emissions, hybrid vehicles are one
of the most advantageous. These vehicles use two or
more distinct power sources to propel the vehicle. A
Hybrid Electric Vehicle (HEV) is a type of vehicle that
uses an electric system besides a conventional Internal
Combustion Engine (ICE) to provide propulsion en-
ergy. It may not be as advantageous as an Electric
Vehicle (EV) in terms of air-pollution, but it o�ers
signi�cant FC and emission bene�ts over conventional
vehicles without sacri�cing vehicle performance. There
are signi�cant factors which a�ect HEV performance
indices. One of these parameters is vehicle trans-
mission. Proper design of the transmission can de-
crease vehicle FC and emissions and satisfy the desired
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dynamic performance. One of the most promising
transmissions used in the HEV is the Continuously
Variable Transmission (CVT), which o�ers a contin-
uous speed ratio between ICE and the wheels, and,
therefore, allows the ICE to work e�ciently in terms
of FC or emissions. Furthermore, through application
of this transmission, vehicle jerking associated with
conventional transmissions is eliminated. The control
strategy is another important parameter of an HEV
which determines the power split between the power
sources. As the control strategy has many e�ects on the
performance of an HEV, its proper design could result
in better fuel economy, lower emissions, and better
dynamic performance of the vehicle. There are di�erent
strategies for controlling HEV and a well-known one
is the Electric Assist Control Strategy (EACS). It is
the most popular strategy among rule-based strategies,
and, at present, is still the most practicable method [1].

For the purpose of improving the control strategy,
many studies have been implemented. Montazeri et
al. [2] conducted an optimization on EACS parameters
in order to reduce the FC and emissions of the consid-
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ered vehicle. Van et al. [3] performed a multi-objective
optimization on a PHEV equipped with a CVT drive
train in order to optimize the distribution of power in
the vehicle. Dorriet et al. [4] de�ned a novel control
algorithm for a PHEV equipped with a CVT and then
optimized it with the aim of minimizing vehicle FC
and emissions. They used a weighted sum method to
minimize the objectives, simultaneously. Wu et al. [5]
used a Particle Swarm Optimization Algorithm (PSO)
to optimize the EACS strategy and the size of the HEV
elements in order to reduce FC, emissions and the total
production cost of the vehicle, at the same time. In this
study, for the purpose of simultaneous optimization of
these functions, the Goal Attainment method was used.

In some studies, an optimization procedure has
been accomplished in order to optimize the size of
power sources and the number of batteries, while
vehicle transmission has remained unchanged during
the optimization process [6-9]. Furthermore, some
research has tried to optimize the size of the power
sources and the control strategy [10-13].

In the mentioned studies, HEV transmission is
considered �xed and is not optimized. There are a few
studies on optimization of the HEV power train. Roy
et al. [14] optimized the power train of a HEV in order
to reduce the vehicle FC in di�erent drive cycles. A
similar study was implemented by Jianping et al. [15].

Some studies have been implemented on opti-
mization of the CVT transmission in a non-hybrid
vehicle. Akbarzadeh et al. [16] optimized a half-
toroidal CVT in order to increase its e�ciency and
reduce its weight under �xed operating conditions.
Delkhosh et al. [17,18] optimized the geometry of a
half and full toroidal CVT with the aim of increasing
e�ciency and decreasing weight. Also, the authors
of [19] embedded a �xed ratio mechanism between the
full-toroidal CVT and the �nal drive, and optimized
the proposed transmission in the NEDC drive cycle in
order to minimize vehicle FC. Furthermore, Delkhosh
et al. [20] implemented the same study on a power-split
CVT.

It is notable that there is no research into the
simultaneous optimization of continuous transmission
and the control strategy of a HEV, so far. As demon-
strated in [16-19], due to the high dependence of the
continuous transmission performance on its geometry,
its performance and, therefore, vehicle performance,
can be improved by its proper design. On the other
hand, the proper selection of control strategy param-
eters in the HEV will improve vehicle performance.
Consequently, optimization of continuous transmission
besides the control strategy may result in a more
e�cient vehicle. This study aims to optimize the
transmission and control strategy of a PHEV to mini-
mize vehicle FC and emissions, simultaneously. Vehicle
transmission is a Power Split Continuously Variable

Transmission (PS-CVT) added to a two-speed Torque
Coupler (TC). The proposed TC creates two gear ratios
between the Electric Motor (EM) and the wheels. In
this paper, �rstly, the considered PS-CVT and TC, as
well as the rules of the EACS strategy, are introduced.
Afterwards, the method of obtaining ICE optimum
operation points is explained. Then, the design pa-
rameters of the proposed transmission, besides the
control strategy parameters, are considered as opti-
mization variables, and a multi-objective optimization
problem is formulated and solved using the Global
Criterion (GC) method and the Backtracking Search
optimization Algorithm (BSA). Finally, the e�ective-
ness of the simultaneous optimization is evaluated by
comparing it with the conventional method in which
the transmission is optimized after �nding the optimal
control strategy [1]. Furthermore, in order to evaluate
the e�ectiveness of the obtained control strategy, it
is compared with the Dynamic Programming (DP)
strategy, for the case of using optimized transmission.

2. Method

In this section, �rst, the PHEV model is presented.
Then, the rules of EACS are explained and the \Part-
nership for a New Generation of Vehicles (PNGV)"
criteria are introduced.

2.1. PHEV model
In this section, the models of PHEV main elements
are presented. The considered vehicle is a post trans-
mission parallel hybrid vehicle. Figure 1 shows the
con�guration of this vehicle.

It mainly consists of an ICE, a PS-CVT trans-
mission, an electric motor, two automated dry clutches
and a TC. In Table 1, the detailed speci�cation of the
vehicle is listed. In this section, a brief description for
each element is presented.

The considered PS-CVT is equipped with a full-
toroidal CVT. In Figure 2, the arrangement of this
transmission is presented. As shown in the �gure,
this transmission consists of a CVT, a Planetary Gear
(PG), and a Fixed Ratio mechanism (FR). The reason
behind selecting a PS-CVT as the vehicle transmission
is because the torque capacity of the toroidal CVT
and its speed ratio range are limited, and connecting

Figure 1. Con�guration of the considered vehicle.
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Table 1. Characteristics of the vehicle's elements.

Element Characteristics
Internal combustion engine [21]
Volume 1.3 L
Maximum power 53.2 kW at 5200 rpm
Maximum torque 113 Nm at 288 rpm
Peak e�ciency 0.34
Electric motor [22] Asynchronous induction motor/generator
Maximum power 30 kW
Maximum torque 305 Nm
Maximum speed 6000 rpm
Peak e�ciency 0.9
Minimum voltage 60 V
Battery [23] Lithium-ion polymer rechargeable
Number of modules 96
Nominal capacity 10.05 Ah
Nominal voltage 14.8 V
Internal impedance 15 m

Maximum allowable current 10.05 A (charge), 120 A (discharge)
Vehicle [24] Light passenger car
Frontal area 1.94 m2

Rolling resistance 0.014
Drag coe�cient 0.46
Wheel radius 0.264 m
Cargo mass 136 kg
Total mass 1224 kg
Transmission Power split continuously variable transmission
E�ciency Variable with respect to input torque, speed and speed ratio
Di�erential speed ratio and e�ciency 3.778,97%
Torque coupler Two-speed gear mate

�PS-CVT =
�FR�PS-CVT

�
1
�FR
� �PG

�CVT

�
1� �FR�PG�CVT(T; !; �) + �PS-CVT

�
�FR�CVT(T;!;�)

�FR
� 1

�CVT

� ; (1)

Box I

the PG and FR mechanisms to CVT could increase
its speed ratio range and torque capacity [25,26].
Unlike conventional transmissions, PS-CVT e�ciency
is severely dependent on the speed ratio and e�ciency
of its elements, and also its operating condition, which
includes the input torque, speed and speed ratio [20].
In this paper, to simulate the PS-CVT, the model
introduced in [20] is employed. Using this model, the
e�ciency of PS-CVT as a function of its elements' e�-
ciency and speed ratio, which is expressed in Box I, can

be achieved where � and � denote the e�ciency and
speed ratio of each component of PS-CVT, respectively.
Furthermore, T and ! show the input torque and
rotational speed of CVT, respectively. The speed ratio
of each element is de�ned as its output speed divided by
input speed. For the given geometry of CVT, its speed
ratio range is de�nite. In this study, the speed ratio
range of CVT is [0.77-3.44]. If the speed ratio ranges of
CVT and PS-CVT are de�ned, the speed ratios of PG
and FR can be calculated [20]. Therefore, the speed
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Figure 2. Arrangement of PS-CVT elements.

Figure 3. E�ciency contours of the selected EM.

ratios of PG and FR are de�nite values if the speed
ratio range of PS-CVT is determined.

In this power transmission, the e�ciency of the
PG and the FR are almost �xed, compared to the
e�ciency of CVT which is a function of its operating
condition [18,27,28]. In order to calculate CVT e�-
ciency, the model presented in [18] is employed.

In order to simulate the EM, it is necessary to
use the e�ciency contours of the EM, with respect to
its rpm and torque. It is notable that the employed
EM can be used as a generator in the charge moments.
Figure 3 shows these data for the selected EM in both
motor and generator modes. These data are achieved
from the ADVISOR library [29].

In order to simulate ICE, the data of its FC and
emissions are needed. Figure 4(a) shows a schematic
of the ICE optimal operating points in terms of FC
and emissions. As seen in this �gure, the fuel-optimal
and emission-optimal points are not the same. ICE

Figure 4a. Optimal operating points of the ICE in terms
of FC and emissions.

Figure 4b. BSFC data of the ICE (in gr/kWh).

operation in the fuel-optimal area does not guarantee
low emissions, and vice versa.

The experimental data of the ICE emissions and
FC are available for simulation. For example, the Brake
Speci�c Fuel Consumption (BSFC) and CO data (in
gr/kWh) of the selected ICE, with respect to its power
and rpm, are shown in Figure 4(b) and (c), respectively.

In the ICE model, its dynamics are ignored due
to quasi-static assumption [30]. Furthermore, it is
assumed that the engine is fully warmed-up. There-
fore, the e�ect of engine temperature on the FC and
emissions is not considered.

The battery module is simulated using the model
presented in [31]. The equivalent circuit diagram of the
battery is shown in Figure 5.
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Figure 4c. CO data of the ICE (in gr/kWh).

Figure 5. Equivalent circuit diagram of the battery.

According to this model, the e�ciency of the
battery during charge and discharge can be expressed
as:

�batt =
VocI(t)

VocI(t) + I2(t)R
; (2)

where Voc is the absolute of the open circuit voltage;
I(t) is the absolute of the battery current; and R is
its internal impedance. During the battery charge and
discharge, its current is calculated by:

Icharge =
�Voc +

p
V 2
oc + 4:R:P (t)
2R

; (3)

Idischarge =
Voc �pV 2

oc � 4:R:P (t)
2R

: (4)

In this equation, P (t) means the absolute of the
transferred power to/from the battery. The current
of the battery and also its e�ciency are obtained
easily, by knowing the power of the EM. Regarding
these relations, the maximum transmitted power of the

battery during charge and discharge stages is limited
by its maximum current. The limitations of the electric
power transfer, due to the limitations of battery charge
and discharge and motorpower, should be considered in
the hybrid vehicle model.

The number of battery modules to be connected
in series is determined knowing the minimum voltage
of the motor (VM min) and the battery (VBmin), as
below [9]:

NBseries = round
�
VM min

VBmin

�
: (5)

In this equation, the round function provides the
greater integer of the argument. The number of
battery packs to be connected in parallel is determined
according to the fact that the battery pack should not
limit the power which can be transmitted through the
EM. This value is achieved by:

NBparallel = round
�

PM max

VocNBseriesImax

�
; (6)

where Imax is the maximum current of the battery. As
shown in Table 1, the values of Imax for charge and
discharge modes are di�erent. Therefore, the minimum
value between these values is considered as Imax.

The required torque (which is determined consid-
ering vehicle speed and acceleration) is split between
the power sources by the vehicle TC. Another task
of TC is that, while the output torque of the ICE is
more than the required value, the additional torque
will be transmitted to the EM via the TC to replenish
the battery. Moreover, during braking, the absorbed
power is transferred to the battery by the TC and
the EM. In the conventional TC, an equal speed ratio
is used between the motor and wheels in all modes
of vehicle motion, i.e. charge and discharge modes.
In this study, in order to increase the e�ciency of
the electro-mechanical energy conversion, two di�erent
speed ratios between the motor and the wheels can be
used. One is used during transmitting power from/to
EM to/from wheels, and the other is used through
battery charging via the ICE. Using two di�erent gear
ratios gives the designer more latitude to design a more
e�cient TC. The structure of the proposed TC is shown
in Figure 6. In this �gure, the power ow direction in
di�erent modes is exposed. According to this �gure,
the speed ratio between the wheels and EM is Z5=Z3
during the battery charge/discharge by wheels, while it
will be Z6=Z4 for the case of battery charging by ICE.
The parameter, Zi, denotes the number of gear teeth.

For this mechanism, the relations between its
elements' speed and torque are as below:

!in1 =
Z2

Z1
!out; !in2 =

Z3

Z5

�
or
Z4

Z6

�
!out; (7)
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Figure 6. Structure of two-speed TC mechanism.

Tout = Tin1
Z2

Z1
� + Tin2

Z3

Z5

�
or
Z4

Z6

�
��; (8)

where ! and T mean the rotational speed and torque
of each shaft, while � denotes the power ow direction
of the EM. During the battery charge (negative motor
torque) � = �1, while it is equal to 1 through
discharging (positive motor torque). In this equation,
� is the e�ciency of the gear mate in TC.

As shown in Table 1, the �nal drive e�ciency is
considered �xed because of the low variation of gear
mate e�ciency in the di�erential.

The clutch used in this vehicle is a dry clutch
which acts as a Boolean switch. It connects and
disconnects the engine to the wheels immediately, and
its power losses during connecting and disconnecting
are ignored.

As presented in this section, the main components
of the introduced PHEV are simulated.

2.2. Control strategy
The control strategy de�nes the power split between
the power sources, regarding the operating condition
of the hybrid vehicle. The proper design of the control
strategy will result in better fuel economy and lower
levels of emission. Among di�erent methods, the rule-

based strategies are the most feasible patterns. EACS
is a well-known strategy among di�erent rule-based
methods. According to this strategy, while the vehicle
requires small amounts of power at low speeds, the ICE
would be o� and the required power is supplied by the
EM. The rules of this strategy are described briey as
follows:

1. If SOC>LSOC and

8><>:V <VLor
Preq<to�PEmax

,

then ICE o�, MG on;
2. If SOC>LSOC and Preq>to�PEmax,

then ICE on, MG o�;
3. If SOC<LSOC and Preq < tminPEmax, then PE =

tminPEmax. Battery is charged by additional power;
4. If SOC<LSOC and Preq� tminPEmax,

then PE = Preq + tchgPEmax. Battery is charged by
additional power;

5. If SOC<LSOC and Preq>PEmax,
then vehicle cannot provide required power;

6. If SOC>LSOC and Preq>PEmax,
then PE =Preq�tdischgPEmax. Motor supplies rest
of required power

7. SOC>HSOC, then ICE o�, MG on;
8. If vehicle is at standstill, then ICE o�, MG o�;
9. If vehicle brakes, then braking energy is stored in

the battery.

The schematic of this control strategy is shown in
Figure 7.

At each moment of the driving cycle, after de-
termining the ICE power, its rpm should be decided,
and the speed ratio of the transmission should be
determined with regard to vehicle speed and ICE rpm.
It is clear that proper determination of ICE rpm has a
signi�cant impact on the level of the FC and emissions.
The optimum operation point of the ICE is the point at
which its BSFC and emissions are as low as possible. In
many studies implemented on hybrid vehicles equipped
with CVT, the fuel-optimal operation line of the ICE
is considered as the operation line [32,33]. However,

Figure 7. The schematic of the EACS pattern.
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this method is not appropriate for a control strategy
that aims to minimize emissions as well as vehicle
FC.

The other method is on the basis of de�ning a cost
function, as below [3]:

F =
1

w1 + w2 + w3 + w4�
w1

FC
FC

+ w2
HC
HC

+ w3
CO
CO

+ w4
NOX
NOX

�
: (9)

In this function, HC, CO and NOX are functions de-
scribing pollutants, while FC denotes vehicle fuel con-
sumption. The methods of calculating these functions
are similar. For instance, the method of FC calculation
is presented in [19]. FC, HC, CO and NOX are mean
values of these functions in the ICE map, while wi
denotes the relative importance of the ith function.
This function is calculated for all operating points of
the ICE and its contours are plotted. According to
this method, at any speci�c power, the rpm at which
the cost function is minimal is selected, and the speed
ratio of the continuous transmission is determined to
create the desired speed. Obviously, this method uses
a `sum of weighted function' approach to determine
the optimum operation point of the ICE. However,
it has been demonstrated in relevant literature [34-
36] that this method is not successful in reaching
satisfactory results, especially in non-convex spaces,
and the result is highly sensitive to the importance of
weight.

The method of determining the optimal operation
points of the ICE employed in the present study is on
the basis of minimizing FC and emissions using the GC
method. This method has more advantages over the
sum of weighted function approach [35]. This method
will be described in the \Optimization" section. In this
way, for a de�nite value of ICE power, the lowest values
of BSFC and emissions are determined. Then, using
the GC method, the rpm, where BSFC and emissions
are as close to their minimal values as possible, is
determined. This process is accomplished for di�erent
values of ICE power and the optimum points of the

Figure 8. Optimum operation points of the ICE.

ICE rpm versus its power are attained. These points
are shown in Figure 8. In the control strategy, for each
value of the ICE power, its rpm is determined using
these data.

A model of the introduced vehicle is created in
MATLAB containing very detailed component maps,
which yield realistic FC and emission results for a non-
hybrid vehicle. A conventional way to simulate the
hybrid vehicle is to use ADVISOR software. However,
since the model of vehicle components, e.g. PS-
CVT transmission and TC, includes lots of details,
in this study a model created in MATLAB was
used.

2.3. PNGV criteria
One of the main concerns in the hybridization of
vehicles is degradation of their dynamic performance.
Therefore, in order to prevent a decline in vehicle per-
formance, some constraints on dynamic performance
must be de�ned during the optimization process. These
constraints are called \Partnership for a New Gen-
eration of Vehicles (PNGV)" and are summarized in
Table 2.

PNGV criteria satisfaction depends heavily on
the characteristics of the power sources and vehicle

Table 2. PNGV criteria [37].

Performance requirement Value

Gradeability
� 88:5 km/h at 6.5% grade in 5th gear
� 30% grade

Acceleration time for
0-97 km/h: � 12 sec
0-137 km/h: � 23:4 sec
64-97 km/h in 5th gear: � 5:3 sec

Maximum speed � 161 km/h

Distance in 5 sec � 42:7 m
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transmission. In this study, speci�cations of ICE
and the EM are pre-de�ned and their e�ects on mass
distribution of the vehicle are taken into account.
Therefore, the transmission must be designed in order
to satisfy all PNGV constraints. The most important
parameters of the transmission that could a�ect vehicle
dynamic performance is the PS-CVT speed ratio range
(�min��max) and the speed ratios of TC (Z1=Z2, Z6=Z4,
Z5=Z3). Therefore, these parameters should be con-
sidered design variables to satisfy PNGV constraints.
As is clear, these parameters a�ect the transmission
performance and, therefore, impact vehicle FC and
emissions.

3. Optimization

As stated above, vehicle FC and emissions are strongly
inuenced by the control strategy and the transmission.
In addition, dynamic performance depends on trans-
mission design. Therefore, by varying the parameters
of the control strategy and transmission, it is possible
to decrease vehicle FC and emissions without sacri�c-
ing dynamic performance. This goal can be achieved by
optimization. The optimization problem is summarized
below:

Minimize fi(X)

where:

f1(X) = vehicle FC (L/100 km);

f2(X) = NOX emission (gr/km);

f3(X) = CO emission (gr/km);

f4(X) = HC emission (gr/km);

X =
�
Z1=Z2; Z5=Z3; Z6=Z4; �max; �min; � � �
LSOC;HSOC; to�; tmin; VL; tchg; tdischg

�T
:

Subject to:

- PNGV criteria (listed in Table 2),

- !Emin � !E � !Emax,

- !M � !M max,

- TE � min(TEmax(!E); TPS-CVT max(�PS-CVT)),

- TM � TM max(!M ),

- LSOC � SOC � HSOC,

- PElec � min(PM max(!M ); PBatt max),

- PE � PEmax,

- �min � �PS-CVT � �max,

where !E and !M are rotational speeds of ICE and
EM, respectively, while !Emax and !M max are their
maximum allowable values, and !Emin is the ICE mini-
mum allowable speed. Furthermore, PElec is the electric
power transferred through the battery and EM. In the
optimization process, the optimization parameter set
which violates PNGV criteria is eliminated and an
in�nite value is assigned to the objective function.

In order to optimize the objectives simultane-
ously, the GC method is used. This method is a scalar-
ization method. In the scalarization methods group,
the objectives are converted to a scalar function and
this objective is optimized similar to single-objective
optimization. This method has some advantages, e.g.
its simplicity, and the ability to reach Pareto optimal
solutions, etc. [38]. In the GC method, �rst, the opti-
mal value of each objective is obtained by optimization
without considering other objectives. These values are
called utopia points. Afterwards, employing the func-

tion, F (X) =
�

kP
i=1

h
foi �fi(X)

foi

i2� 1
2

, the multi-objective

problem is converted to a single-objective one. In
this function, fi denotes the ith objective, foi means
its utopia point, and X is the vector of optimization
parameters. In fact, this function shows the sum of the
normalized Euclidean distances between each objective
and its utopia point. Minimizing this function leads to
a reduction in the mentioned distances, and, therefore,
leads the objectives to their optimal value.

The optimization parameters and their variation
ranges in the optimization process are listed in Table 3.
As discussed above, these parameters are the design
parameters of the introduced transmission (Z1=Z2,
Z5=Z3, Z6=Z4, �max, �min) and the control strategy
(LSOC, HSOC, to�, tmin, VL, tchg, tdischg). The ranges
of speed variators in TC are determined considering
production limitations. In addition, variation ranges
of �min and �max are decided, regarding conventional
transmissions. Ranges of LSOC and HSOC are de�ned,
with regard to the recommendations of the battery
manufacturer. The upper bounds of tchg and tdischg
are determined considering the maximum charge and
discharge rates of the battery. Finally, the variation
ranges of other control parameters in the optimization

Table 3. The optimization parameters and their variation
range in the optimization process.

Parameter Range Parameter Range

Z1=Z2 [0.25-4] Z5=Z3 [0.25-4]
Z6=Z4 [0.25-4] �min [0-2]
�max [1-4] LSOC [0.2-0.5]
HSOC [0.55-0.8] to� [0.01-0.6]
tmin [0.01-1] VL (m/s) [2-12]
tchg [0.01-0.035] tdischg [0.01-0.35]



1850 M. Delkhosh et al./Scientia Iranica, Transactions B: Mechanical Engineering 22 (2015) 1842{1854

process are determined considering conventional val-
ues.

Obviously, energy is consumed in the HEV by
the ICE and the EM. Therefore, it is necessary to
consider both energy consumptions in the vehicle. In
this study, in order to eliminate the e�ect of energy
usage by the battery, at each iteration of the opti-
mization process, the simulation is accomplished with
di�erent initial SOC until the �nal SOC value (SOC
at the end of the drive cycle) satis�es the inequality,
jSOCInitial�SOCFinalj

SOCInitial
� 0:01. This technique is called the

\dichotomy method" [12,39].
Vehicle motion is considered in the SC03 drive

cycle. The reason for selecting this driving cycle is
because the vehicle experiences high accelerations and,
therefore, needs high power values.

In the present study, the BSA is used to reach the
minimum value of the considered objective function,
at each step of the multi-objective optimization. This
method is a new Evolutionary Algorithm (EA), which
can be used to optimize non-di�erentiable, non-linear
and complex functions. As discussed in [40], since this
method uses only one control parameter, its sensitivity
is lower than that of other EA methods. This method
is thoroughly introduced in [40]. In this reference, this
method has been compared with some EA methods us-
ing some benchmark problems, and the higher success
rate of this method in solving optimization problems
has been demonstrated.

3.1. Optimization results
As stated above, in order to optimize the objective
functions using the GC method, it is necessary to
�nd the utopia point of each objective. The utopia
point of each objective is obtained by optimizing it,
while ignoring other objectives. The achieved values
are shown in Table 4. At each row of this table, the
optimization results for each objective are shown. At
this row, besides the optimal value of the considered
objective function, the values of other objectives for
this case are presented.

Obviously, in case of optimizing one of the ob-
jectives, other objectives are away from their utopia
points. It is because the optimal regions of the ICE
in terms of FC and emissions are di�erent. This fact
can be drawn from Figure 4(a). According to this �g-
ure, the NOX and CO-optimal regions are completely

distinct. Thus, in case of optimizing CO emission, the
NOX value is not minimized and the results shown in
Table 4 con�rm this fact. As shown in the third row
of this table, through minimization of the CO value,
NOX emission reaches the maximum value among all
single-objective optimization cases. Similarly, through
minimization of NOX emission, the CO value reaches
its maximum value among all optimization cases. Due
to this fact, in order to reach the optimum point
in terms of vehicle FC and emissions, multi-objective
optimization seems to be essential.

Once the utopia points are obtained, the optimal
value of the de�ned objective function presented in the
previous section can be found using the GC method.
This optimization was implemented several times and
the optimization results were achieved using BSA
methodology. Furthermore, the optimization was run
again, using PSO. Objective function variations during
both optimization processes are shown in Figure 9.
According to this �gure, BSA gives better results and
the objective function converges at a lower number of
iterations, compared to the PSO method. Therefore, it
can be concluded that the BSA method is more e�cient
than PSO, in this case.

The optimal values of optimization parameters
added to optimal values of the considered objectives
are shown in Table 5.

Figure 9. Variation of the objective function during the
optimization process.

Table 4. Optimization results for single-objective optimizations.

Objective function FC (L/100 km) HC (gr/km) CO (gr/km) NOX (gr/km)
FC (L/100 km) 2.08 0.31 2.95 0.41
HC (gr/km) 2.17 0.18 3.3 0.29
CO (gr/km) 4.1 0.42 1.40 0.56
NOX (gr/km) 5.77 0.49 6.54 0.09
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Table 5. The results of multi-objective optimization.

Parameter or
function

Value Parameter or
function

Value

Z1=Z2 2.16 Z5=Z3 2.21
Z6=Z4 0.87 �min 1.37
�max 3.67 LSOC 0.45
HSOC 0.66 to� 0.40
tmin 0.65 VL (m/s) 5.78
tchg 0.01 tdischg 0.24
NOX (gr/km) 3.47 FC (L/100 km) 0.37
CO (gr/km) 2.21 HC (gr/km) 0.40
Objective
function

3.47

Comparison of the objective values shown in
Tables 4 and 5 reveals that the objective function values
achieved from the multi-objective optimization are not
minimal (the values shown in Table 4), but are accept-
able. According to Tables 3 and 5, the optimized LSOC
and tmin are high values. This condition increases the
possibility of ICE operation at higher power (according
to the third to �fth laws of EACS).

As stated above, the transmission parameters
should satisfy optimization constraints, e.g. PNGV
criteria. PNGV criteria and the dynamic performance
resulted from the optimized transmission are shown in
Table 6.

Figure 10 shows variations of the vehicle speed,
ICE power, EM power and the battery SOC during
the �rst 100 seconds of SC03. As can be seen, while
the vehicle is at standstill, both the ICE and EM are
turned o� and the battery SOC is unchanged. Through
braking, braking energy is saved in the battery and its
SOC increases. During a large part of the considered
time, EM propels the vehicle and ICE is turned o�.
This is because the ICE is ine�cient at low power. At
these moments, the battery SOC decreases.

To examine the e�ectiveness of the simultane-
ous optimization of the transmission and the control
strategy, the results can be compared with the results
of the conventional method. As the conventional

Figure 10. Variations of the vehicle speed, ICE power,
EM power and the battery SOC during the �rst 100
seconds of SC03.

method, at �rst, the control strategy is optimized using
the �xed transmission. After reaching the optimal
control strategy, the transmission is optimized [1]. This
method is considered conventional and its results are
compared with simultaneous optimization results.

In order to more accurately investigate the opti-
mization results, another way is to compare the results
of the employed control strategy with another strategy,
for certain values of design parameters. In much
literature, the Dynamic Programming Method (DP)
has been used as a benchmark to evaluate rule-based
controllers [41,42]. In this section, vehicle FC and
emissions for the case of employing DP and the optimal
strategy are compared, while the design parameters are
the values shown in Table 5. These two comparisons
are shown in Table 7.

The comparison reveals that the presented
method gives better fuel economy and low levels of
emission compared to cases using conventional and DP
methods.

4. Conclusion

The goal of this paper is to introduce a parallel
hybrid vehicle equipped with a power split continuously

Table 6. The desired and achieved dynamic performances.

Performance requirement Required value Achieved value

Gradeability
� 88:5 km/h at 6.5%

grade in 5th gear
100 km/h at 6.5% grade in

upper bound of transmission
� 30% grade 32% grade

Acceleration time for
0-97 km/h: � 12 sec 9 sec
0-137 km/h: � 23:4 sec 17.6 sec
64-97 km/h in 5th gear: � 5:3 sec 4.1 sec

Maximum speed � 161 km/h 180 km/h
Distance in 5 sec � 42:7 m 42.96 m
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Table 7. The comparison between the presented
optimization method, the conventional one and DP
strategy.

Presented
method

Conventional
method

DP
method

FC (L/100km) 3.47 5.78 4.82

HC (gr/km) 0.40 0.55 0.42

NOX (gr/km) 0.37 0.39 0.37

CO (gr/km) 2.21 5.31 3.45

variable transmission, and to optimize vehicle trans-
mission and the parameters of the control strategy,
with the aim of simultaneous minimizing vehicle FC
and emissions. For this purpose, �rst, PS-CVT, as
the vehicle power transmission, was introduced. In
order to increase the degree of freedom of the employed
TC and the ability to increase its performance, a new
con�guration for this component was proposed. In this
mechanism, a two-speed gear ratio was used between
the motor and the wheels. Since the considered
transmission (PS-CVT and TC) has a signi�cant e�ect
on the dynamic performance of the vehicle and also its
FC and emissions, their parameters were considered
part of the optimization parameters.

Afterwards, the rules of the EACS were described.
A map of the optimal operation points of the ICE,
in terms of FC and emissions, was achieved using
the GC method, and is used in the EACS for de-
termining the ICE operation point at each moment
of the driving cycle. Since the parameters of the
EACS impact its performance and, therefore, vehicle
FC and emissions, these parameters were considered
the remaining part of the optimization parameters.
The aim of optimization was to attain an acceptable
value for vehicle FC and emissions without sacri�cing
dynamic performance. In order to optimize vehicle
FC and emissions simultaneously, the GC method was
employed. It can be concluded from the optimization
results that the achieved values for the objectives
are not the same utopia points, but are acceptable
values. Then, it was demonstrated that the optimized
parameters satisfy the PNGV criteria. Finally, the
e�ectiveness of the simultaneous optimization was eval-
uated by comparison with conventional methods and
it was demonstrated that simultaneous optimization
gives better results. Also, the optimized EACS and the
DP strategy were compared using optimal transmission
and the superiority of the EACS over the DP was
shown.

Nomenclature

� E�ciency
Imax The maximum current of the battery

� Speed ratio
Zi The number of gear teeth
T Torque
VL Lunch speed
! Rotational speed
PE ICE power
Voc The absolute of the battery open

circuit voltage
PEmax ICE maximum power
I(t) The absolute of the battery current
Preq Required power
R Internal impedance of the battery
LSOC Lower limit of battery state of charge
P (t) The absolute of the transferred power

to/from the battery
HSOC Higher limit of battery state of charge
VM min Minimum voltage of the motor
wi Relative importance of ith function
VBmin Minimum voltage of the battery
�min Minimum speed ratio of transmission
!E Rotational speed of ICE
�max Maximum speed ratio of transmission
!M Rotational speed of EM
X The vector of optimization parameters
PElec Electric power transferred through

battery and EM
foi Utopia point of ith function

References

1. Wang, F., Mao, X.-J., Zhuo, B., Zhong, H. and Ma, Z.-
L. \Parallel hybrid electric system energy optimization
control with automated mechanical transmission", P I
Mech Eng D-J Aut, 223(2), pp. 151-167 (2009).

2. Montazeri-Gh, M., Poursamad, A. and Ghalichi, B.
\Application of genetic algorithm for optimization of
control strategy in parallel hybrid electric vehicles", J.
of Franklin Inst., 343(4), pp. 420-435 (2006).

3. Won, J.S., Langari, R. and Ehsani, M. \An energy
management and charge sustaining strategy for a par-
allel hybrid vehicle with CVT", IEEE Trans. Control
Syst. Technol., 13(2), pp. 313-320 (2005).

4. Dorri, M. and Shamekhi, A.H. \Design and optimiza-
tion of a new control strategy in a parallel hybrid
electric vehicle in order to improve fuel economy", P I
Mech Eng D-J Aut, 225(6), pp. 747-759 (2011).

5. Wu, J., Zhang, C.-H. and Cui, N.-X. \PSO algorithm-
based parameter optimization for HEV powertrain and
its control strategy", Int. J. of Automot Techn., 9(1),
pp. 53-59 (2008).



M. Delkhosh et al./Scientia Iranica, Transactions B: Mechanical Engineering 22 (2015) 1842{1854 1853

6. Ehsani, M., Rahman, K.M. and Toliyat, H.A. \Propul-
sion system design of electric and hybrid vehicles",
IEEE T Ind Electron, 44(1), pp. 19-27 (1997).

7. Chu, L., Li, Y. and Wang, Q. \Study on the parametric
optimization for a parallel hybrid electric vehicle power
train", SAE Technical Paper 2000-01-3109.

8. Wipke, K., Markel, T. and Nelson, D. \Optimizing en-
ergy management strategy and degree of hybridization
for a hydrogen fuel cell SUV", in Proceedings of 18th
Electric Vehicle Symposium (2001).

9. Galdi, V., Ippolito, L., Piccolo, A. and Vaccaro, A. \A
genetic-based methodology for hybrid electric vehicles
sizing", Soft Computing, 5(6), pp. 451-457 (2001).

10. Wu, J., Zhang, C.-H. and Cui, N.-X. \PSO algorithm-
based parameter optimization for HEV powertrain and
its control strategy", Int. J. of Automot Techn, 9(1),
pp. 53-59 (2008).

11. Montazeri-Gh, M. and Poursamad, A. \Application
of genetic algorithm for simultaneous optimisation of
HEV component sizing and control strategy", Int. J.
Altern. Propul., 1(1), pp. 63-78 (2006).

12. Long, V.T. and Nhan, N.V. \Bees-algorithm-based
optimization of component size and control strategy
parameters for parallel hybrid electric vehicles", Int.
J. of Automot Techn., 13(7), pp. 1177-1183 (2012).

13. Assanis, D., Delagrammatikas, G., Fellini, R., Fil-
ipi, Z., Liedtke, J., Michelena, N., Papalambros, P.,
Reyes, D., Rosenbaum, D., Sales, A. and Sasena, M.
\Optimization approach to hybrid electric propulsion
system design", Mech. Struct. Mach., 27(4), pp. 393-
421 (1999).

14. Roy, H.K., McGordon, A. and Jennings, P.A. \A gen-
eralized powertrain design optimization methodology
to reduce fuel economy variability in hybrid electric
vehicles", IEEE Trans. Veh. Technol., 63(3), pp. 1055-
1070 (2014).

15. Gao, J.P., Wei, Y.H., Liu, Z.N. and Qiao, H.B.
\Matching and optimization for powertrain system of
parallel hybrid electric vehicle", Appl Mech Mater,
341, pp. 423-431 (2013).

16. Akbarzadeh, S. and Zohoor, H. \Optimizing the ge-
ometry of a half-toroidal CVT", SAE Technical Paper
2005-01-3780.

17. Delkhosh, M., SaadatFoumani, M., Boroushaki, M.,
Ekhtiari, M. and Dehghani, M. \Geometrical optimiza-
tion of half toroidal continuously variable transmis-
sion using particle swarm optimization", Sci. Iranica,
18(5), pp. 1126-1132 (2011).

18. Delkhosh, M. and SaadatFoumani, M. \Multi-
objective geometrical optimization of full toroidal
CVT", Int. J. of Automot Techn., 14(5), pp. 707-715
(2013).

19. Delkhosh, M. and SaadatFoumani, M. \Optimisation
of full-toroidal continuously variable transmission in

conjunction with �xed ratio mechanism using particle
swarm optimisation", Vehicle Syst. Dyn., 51(5), pp.
671-683 (2013).

20. Delkhosh, M., SaadatFoumani, M. and Boroushaki,
M. \Geometrical optimization of parallel in�nitely
variable transmission to decrease vehicle fuel consump-
tion", Mech. Based Des Struc., 42, pp. 483-501 (2014).

21. [Online]. Available: http://www.megamotor.ir/.

22. Van Sterkenburg, S., Rietveld, E., Rieck, F., Veen-
huizen, B. and Bosma, H. \Analysis of regenerative
braking e�ciency; A case study of two electric vehi-
cles operating in the Rotterdam area", IEEE Vehicle
Power and Propulsion Conference (VPPC), pp. 1-6
(2011).

23. [Online]. Available: http://www.gitabattery.com/.

24. \Saipa Corporation." [Online]. Available: http://
www.saipacorp.com/portal/Home/.

25. Mangialardi, L. and Mantriota, G. \Power ows and
e�ciency in in�nitely variable transmissions", Mech.
Mach. Theory, 34(7), pp. 973-994 (1999).

26. Mantriota, G. \Fuel consumption of a vehicle with
power split CVT system", Int. J. Vehicle Des, 37(4),
pp. 327-342 (2005).

27. Mantriota, G. \Performances of a parallel in�nitely
variable transmissions with a type II power ow",
Mech. Mach. Theory, 37(6), pp. 555-578 (2002).

28. del Castillo, J.M. \The analytical expression of the e�-
ciency of planetary gear trains", Mech. Mach. Theory,
37(2), pp. 197-214 (2002).

29. \National Renewable Energy Lab" (2001). [Online].
Available: http://www.ctts.nrel.gov/analysis/.

30. Kolmanovsky, I., Nieuwstadt, M. and Sun, J. \Op-
timization of complex powertrain systems for fuel
economy and emissions", IEEE Intl. Conf. Contr.
(1999).

31. Boyali, A., Acarman, L.G. and G�uven, L. \Com-
ponent sizing in hybrid electric vehicle design using
optimization and design of experiments techniques",
in Workshop on Hybrid Electric Vehicle Modeling and
Control in Connection with IEEE 2007 Intelligent
Vehicle Symposium (2007).

32. Won, J.-S., Langari, R. and Ehsani, M. \An energy
management and charge sustaining strategy for a
parallel hybrid vehicle with CVT", IEEE T Contr.
Syst. T, 13(2), pp. 313-320 (2005).

33. Hofman, T., Steinbuch, M., van Druten, R. and
Serrarens, A. \Design of CVT-based hybrid passenger
cars", IEEE Trans. Veh. Technol., 58(2), pp. 572-587
(2009).

34. Statnikov, R.B. and Matusov, J.B., Multicriteria Op-
timization and Engineering, Springer (1995).

35. Marler, R.T. and Arora, J.S. \Survey of multi-
objective optimization methods for engineering",
Struct Multidisc Optim, 26(6), pp. 369-395 (2004).

36. Das, I. and Dennis, J.E. \A closer look at drawbacks



1854 M. Delkhosh et al./Scientia Iranica, Transactions B: Mechanical Engineering 22 (2015) 1842{1854

of minimizing weighted sums of objectives for Pareto
set generation in multicriteria optimization problems",
Struct. Optimization, 14(1), pp. 63-69 (1997).

37. Schouten, N.J., Salman, M.A. and Kheir, N.A. \En-
ergy management strategies for parallel hybrid vehicles
using fuzzy logic", J. of Control Eng. Prac., 11(2), pp.
171-177 (2003).

38. Hwang, C.L. and Masud, A.S.M., Multiple Objec-
tive Decision Making-Methods and Applications, 164,
Springer (1979).

39. Shimizu, K. and Seimiya, S. \Test procedure to eval-
uate fuel consumption of HEVs-Universal procedure
to secure accuracy", 18th Electric Vehicle Symposium,
Germany (2001).

40. Civicioglu, P. \Backtracking search optimization al-
gorithm for numerical optimization problems", Appl.
Math. Comput., 219(15), pp. 8121-8144 (2013).

41. Mansour, C. and Clodic, D. \Optimized energy man-
agement control for the TOYOTA hybrid system using
dynamic programming on a predicted route with short
computation time", Int. J. of Automot. Techn., 13(2),
pp. 309-324 (2012).

42. Pisu, P. and Rizzoni, G. \A comparative study of
supervisory control strategies for hybrid electric vehi-
cles", IEEE Trans. Control Syst. Technol., 15(3), pp.
506-518 (2007).

Biographies

Mojtaba Delkhosh received BS and MS degrees in
Mechanical Engineering in 2009 and 2011, respectively,
from Sharif University of Technology, Tehran, Iran,
where he is presently a PhD degree student of Ap-
plied Mechanical Engineering. His �elds of interest
include vehicle dynamics, machine design, vibration
analysis, power transmission systems and optimization
algorithms.

Mahmoud SaadatFoumani received a PhD degree
in Mechanical Engineering, in 2002, from Sharif Uni-
versity of Technology, Tehran, Iran, where he is cur-
rently a faculty member of the Mechanical Engineering
Department and instructs the `Applied Design Group'
at undergraduate and graduate levels. His teaching
focuses on mechanical engineering design, vehicle dy-
namics, chassis design and advanced mathematics.

Pejman Rostami received BS and MS degrees in
Mechanical Engineering, in 1999 and 2003, respec-
tively, from Sharif University of Technology, Tehran,
Iran, where he is presently a research assistant in
the Mechanical Engineering Department. His �elds
of interests include engineering design methodologies,
Multi-disciplinary Design Optimization (MDO), opti-
mization algorithms, and machine design.




