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ABSTRACT
In order to improve the fuel economy and to satisfy the customer
acceptance constraints, Hybrid Electric Vehicles (HEVs) were introduced
in the market. By integrating an internal combustion engine and an
electrical system (one or more electric motor/generators (MGs) and a
battery) in the powertrain, HEVs can combine the benefits of electrical
vehicles and conventional internal combustion engine vehicles.
In this research project, the problem of optimizing the design of parallel
P2 full and plug-in HEVs powertrain was addressed considering as test
vehicle the Fiat Ducato delivery van. The exploration of the design space
is done using a brute force, by varying only two design parameters and
fixing the others (the 7 design parameters are: engine power scale,
hybridization factor, battery capacity and gear ratios), the best candidates
which are the best design solutions for our hybrid delivery van are
identified based on multiple performance objectives: the fuel consumption,
battery energy consumption, CO2 emissions, total cost and 0-100km/h
acceleration time test.
We used as control algorithm to accelerate the prediction of the fuel
economy the near-optimal off-line control algorithm known as SERCA
algorithm starting from a vehicle model implemented in MATLAB
software and various predefined drive missions. Then the particle swarm
optimization algorithm was employed to calculate the best CO2 emission
minimization and best total cost.
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Chapter 1
Introduction
1.1-Background:
For decades, the automotive industry has been concerned about
dwindling natural resources such oil and gas, as well as noise and
hazardous exhaust emissions. Car makers have been under constant
pressure to resolve these issues by developing new vehicles platforms with
lower fuel consumption and emissions.

1.1.1-Electric vehicles:
Electric vehicles (EVs) were introduced as a feasible alternative to gasguzzling, noisy internal combustion engines (ICEs). EVs eliminate the
need for direct fossil-fuel usage and emits no noise, or tailpipe emissions
by relying solely on electrical energy from the battery system for power.
Despite these benefits, EVs have yet to make a substantial influence on
global vehicle markets, which are still dominated by traditional ICE
vehicles. This is largely due to the expensive cost of electric vehicles and
their restricted range.
As a result, vehicle manufacturers have had to build platforms that can
effectively bridge the gap between ICE and zero-emissions (ZEV)
vehicles, functioning as transition technologies until the EVs can more
1

completely infiltrate the consumer market. As they work to resolve these
flaws. Full and plug-in HEVs are the product of this endeavor.

1.1.2-Hybrid electric vehicles:
HEV is a transitional solution that combines technologies from both the
EV and ICE platforms by integrating electric motors from the EV with an
internal combustion engine from conventional vehicles to provide an
alternative source of energy for vehicle propulsion. Therefore, the electric
system embedded in HEV powertrains makes them more efficient than
traditional vehicles since it assists the engine in functioning in its most
efficient range, such as allowing it to charge the battery using excess power
or turn the engine off during idling time leading to a lower fuel
consumption. Additionally, energy lost while braking can be recovered and
used to charge the batteries. All of these benefits contribute to increase fuel
efficiency. While HEVs cannot run solely on electricity and must
consequently burn some fuel, they can be considered a viable mid-term
alternative until zero-fuel, zero-emissions EVs are fully achieved.

1.1.3-Plug-in hybrid electric vehicles:
A plug-in hybrid electric vehicle is a HEV whose battery can be charged
externally from the electric grid. This type of architecture is characterized
by two distinct battery operation modes: charge sustaining (CS mode) and
charge depleting (CD mode). PHEVs have greater battery capacities than
full HEVs, allowing them to travel further on electric mode. As a result,
plug-in HEVs combine the advantages of HEVs and EVs, which make
them the best solution on the automotive market today.
2

According to the position of the power components and the type of
transmission embedded in the powertrain we can define different
categories of HEV powertrain architecture:

1.1.4-HEV powertrain architectures:
Full and Plug-in HEVs powertrains embed four main components: an
ICE, an electric motor, a generator and a battery pack. These components
can be connected to each other in many different ways, depending on the
division of power between the sources; however, the three configurations
typically seen in HEVs/PHEVs are series, parallel and power split.

A. Series architecture:
The generator and battery are connected to the electric motor in series
architecture (Figure 1), which pushes the vehicle by itself. In this system,
the ICE works in tandem with the generator to charge the battery or power
the electric motor. At lower speeds, the series design is more efficient,
making it ideal for city driving.

3

Figure 1- Series HEV configuration [37]

B. Parallel architecture:
In parallel configuration (Figure 2), both the ICE and the electric motor are
connected to the transmission, which can drive the wheels at the same time.
As a result, this setup is suitable for highway driving at greater speeds.

Figure 2-Parallel HEV configuration [37]
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C. Power split architecture:
The power-split configuration (Figure 3) combines the advantages of series
and parallel architectures, making it the most efficient but also the most
difficult to design. The transmission is a planetary gear, and the electric
motor, generator and ICE are connected to the ring, sun and carrier gears,
respectively.

Figure 3- Power split HEV configuration [37]

1.1.5-Electric motor(s) positions in the powertrain:
One or more electric motor/generator (MGs) can be added to the
powertrain at the positions specified by the designers, these positions are
[1]:
-P0: MG is located upstream the ICE (belt-driven)
-P1: MG is located downstream the ICE (keyed directly onto the same
shaft)
-P2: MG is located between the ICE and the transmission gearbox (being
linked through clutch connections)
5

-P3: MG is located between the transmission gearbox and the final drive
-P4: MG is located separately from the ICE in the rear axle (that performs
as pure electric driven axle)

1.1.6-Transmission technologies:
HEVs may be categorized into electrically variable transmission (eVT)
and stepped gear transmission (SGT) kind.
eVT HEVs are primarily based on planetary gear sets composed of a ring
gear, a sun gear and a carrier, which permits decoupling of the ICE
rotational speed from the vehicle linear speed, hence increasing fuel
economy potential through increased operational flexibility [2,3].
SGT HEVs, on the other hand, are equipped with an ICE, a clutch, gearbox
and a final drive-in sequence, which preserves the normal structure of road
vehicle drivetrain [4].

1.1.7-Degree of hybridization:
HEVs can be micro, mild, full or plug-in hybrids depending on the
powertrain electrification. Micro and mild hybrid vehicles have the least
degree of hybridization. Known as start-stop vehicles, micro vehicles turn
off the car engine when it comes to a stop and then restart when the driver
commands. The battery has been upgraded to allow for this large number
of starts due to the intense operation. Beyond start-stop operation, mild
vehicles use regenerative braking to recharge the battery from the vehicle's
kinetic energy, allowing the electric motor to work in tandem with the
combustion engine to supply power to the vehicle.
Full and plug-in hybrid vehicles have the maximum degree of
hybridization. The battery should be able to pull the car without the help
6

of the ICE in both cases. The difference between both technologies is the
ability to recharge the battery from an outlet, which means that electricity
can be supplied to the accumulator from a source outside the car [5].

1.2-Objective:
Growing environmental concerns have compelled all governments in the
world to enact new, far-reaching restriction that will result in automobiles
that are more fuel efficient and emit less pollutants in the near future.
Therefore, automakers are under constant pressure to reduce the fuel
consumption of their vehicle fleets. Electric vehicles (EVs) technologies
are good answer to these standards, but they have significant drawbacks
that limit costumer appeal, especially cost and driving range. Thus,
discovering new ways to reduce fuel consumption is constantly a priority
for automotive researchers and manufacturers. Consequently, this research
has attempted to reduce fuel consumption as much as possible in full and
plug-in HEVs, in particular the parallel P2 Fiat Ducato delivery van.
There are several options for achieving this goal. One strategy, and the one
used here, is to size the HEV’s primary components in such a way that they
consume the least amount of fuel while retaining adequate vehicle
performance. A vehicle model and an optimization algorithm are
prerequisites for optimizing the size of components.
For modelling, the well-known backward quasi-static approach is used to
model our test vehicle with Fiat Ducato characteristics, and for what
concerns the power components, they are modeled through their empirical
operational lookup tables.
We used to estimate fuel economy the SERCA algorithm by driving the
vehicle through standard drive cycles, in our case study we used WLTP
7

and NREL Baltimore cycles. And for the optimization of the HEV design
firstly we use a brute force method, by exhaustively exploring the design
space (fixing five parameters and varying only two) and comparing the
obtained results, to see the effect of each component parameter on the fuel
economy, battery energy consumption, CO2 emission, 0-100km/h
acceleration time and total cost to end up with the best configurations that
satisfy our requirements. Secondly, we used as a search algorithm to find
the best powertrain design ensuring the lowest CO2 emission and the least
total cost respecting some performance requirements the derivative free
algorithm which is the Particle Swarm optimization (PSO).

1.3-Outline:
The content of this thesis is divided into five chapters. Chapter 1 presents
a brief introduction to the hybrid vehicles and the general goal of this study,
this chapter is followed by Chapter 2 which provides a review of the
literature relating to the modeling, control and sizing optimization of
HEVs. Chapter 3 describes the modeling of the parallel P2 HEV, as well
as the control utilized for fuel economy prediction. In Chapter 4, the sizing
of the powertrain components is addressed by using first an exhaustive
search and then applying PSO algorithm. Finally, the overarching
conclusions that can be drawn from this research are outlined.
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Chapter 2
Literature review
HEVs are currently a profitable technology that can help customers meet
their needs while also complying with stringent CO2 emission rules around
the world. Nonetheless, compared to both conventional vehicles (i.e., those
powered exclusively by an internal combustion engine (ICE)) and battery
electric vehicles (BEV), HEVs have a substantially more difficult design
environment, involving hundreds of design parameters.
As a result, each parameter must be carefully selected at the design stage
to achieve better HEV performance. Because prototyping and testing each
design combination is costly and time-consuming, optimization algorithms
and simulation techniques that simplify validation operations are essential
for attaining optimal component sizing at a low cost.
This chapter present some challenges related to modeling, control and
design optimization of HEVs.

2.1-Powertrain modeling:
Different types of physics-based dynamic modeling or empirical
modeling (using look-up tables or maps) can be used to construct a HEV
model, depending on the level of details required. Nevertheless, there is a
trade-off between model quality and runtime; greater fidelity models,
which more accurately capture a system ‘s behavior, often take longer to
compute and simulate. Having said that, a model should always be built
with enough accuracy to address the intended application and goal. The
9

evaluation of a control plan, for example, necessitates a more fidelity and
detailed model. There are three types of models: steady state, quasi-static
and transient [6]. Transient models offer more features and dynamical
information for the components considered than steady state models, while
quasi-static models are middle between the two. Fully detailed transient
modeling is typically employed in real-time and HIL simulations, and it
takes longer to compute.
Models can be split into backward and forward categories from another
standpoint. The driving cycle is the input for a backward model, which
assumes the model follows it exactly. As a result, the model assumes that
the vehicle speed and acceleration are known beforehand and estimates the
required power. Backward modeling is commonly used in steady-state
models [6].
Because of its simplicity and quick computation time, backward modeling
is an excellent method for sizing components.
Forward modeling tries to imitate real-world driving; hence it takes longer
to simulate. These models receive the driver’s acceleration and braking
commands as input and output the vehicle’s performance.
The MATLAB/Simulink environment is used by many of the tools and
simulation packages developed for car powertrain modeling. Other
modeling simulators on the market include ADVISOR, V-Elph,
MapleSim, PSAT and Autonomie. Each offers a user-friendly setting
[7,8,9].
As a result, work on HEV modeling can be classified according to which
simulation tool was used, what type of architecture was addressed, and
which components were modeled. In terms of model fidelity, however, it
can be stated that the tendency is toward constructing models that contain
10

sufficient information and depth while yet requiring short simulation
periods.

2.2-HEV control:
The fuel efficiency potential of HEV design alternatives is explored in
early

vehicle

development

phases

by

using

HEV

powertrain

energy management strategies. The chosen energy management algorithm
then optimizes the powertrain operations (e.g., number of gears engaged,
torque split) to forecast the optimal fuel consumption value. A successful
HEV energy management strategy (EMS) should also show the ability to
efficiently produce acceptable hybrid powertrain drivability and comfort
behavior. HEV control can be classified into two types: off-line and online
controls, based on whether the future driving missions are known a priory
or not.
Major evolutions in on-line control can be divided into three categories;
the enhanced calibration or rule-based strategies (both heuristic and fuzzylogic based) based on off-line optimization processes [10,11,12,13], the
development of battery state -of-charge adaptive control strategies, usually
ECMS-based [14,15,16], and the first adoption of machine learning
techniques to optimally control HEVs [17,18,19,20,21,22,23,24].
As what concern the off-line HEV control, we have two different
approaches to solve this control, known as global optimal control and rapid
near-optimal control. Both global optimal control and rapid near-optimal
control begin by exploring all feasible sub-solutions (which are the control
actions) for each sub-problem (time instant) of the maintained driving
cycle. While the former can produce a global optimal solution via an
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exhaustive search that is typically computationally expensive, the other can
rapidly obtain a heuristic approximation of the global optimal solution.
Dynamic Programming (DP) is currently the most widely used method for
obtaining a global optimal solution for the control problem. DP is an
exhaustive search algorithm that finds the best solution using a discretized
state vector, backward induction and the Bellman equation [25]. One of the
most significant disadvantages of DP is its high computational cost. To get
around this limitation, scientists and researchers have recently been
inventing near-optimal algorithm capable of approaching the global
optimal solution obtained by DP while also reducing the required
computational cost. The Pontryagin’s Minimum Principle (PMP), which
executes a local optimization using a dual-term cost function, is one of the
most well-known near-optimal HEV control in this context [26]. Zhang et
al. in 2013 [27], Qin et al. in 2018 [28], and Anselma P., Biswas A.,
Belingardi G. and Emadi A. [4,29], respectively, introduced three
additional rapid near optimal HEV off-line control techniques: the powerweighted efficiency analysis for rapid sizing (PEARS), the efficiency
evaluation real-time control strategy (EERCS) and the slope-weighted
energy based rapid control analysis (SERCA). The SERCA algorithm is an
improved version of the PEARS algorithm which inherited from it the
iterative electric-to-hybrid replacement process. These algorithms have
been demonstrated generating results closer to DP and remarkably reduce
the corresponding needed time to estimate the fuel consumption [4].
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2.3-Powertrain component sizing methodology:
The following is a summary of efforts to optimize HEV component
sizing. The components evaluated, the objectives pursued, the optimization
methods employed can all be described as part of this field’s work.

2.3.1-Powertrain components:
The goal is to size the essential powertrain components, the engine, the
electric motor, the battery and the transmission, such that they can meet the
vehicle’s requirements throughout a variety of driving scenarios, such as
braking, accelerating and cruising.

2.3.2-Design space exploration:
When looking at numerous aspects of the transportation industry, it
becomes evident that one powertrain may not be the best option in every
circumstance. When choosing the component sizes for the HEV
powertrain, we must strike the best trade-off between fuel economy,
drivability, and vehicle cost. The process of determining the best
powertrain configuration is known by design space exploration, which is
commonly framed as a multi-objective optimization problem [30].
The design space exploration method starts by defining an initial large
design space which contains all the possible component sizes. After that,
each of the HEV configuration is evaluated against some performance
requirements and the design space is reduced to contain only the feasible
solutions that satisfy these requirements. Then the fuel economy prediction
is evaluated for these feasible candidates to end up with the best design
solution [31].
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2.3.3-Optimization algorithms:
Three main approaches used to solve the design optimization problem
[30]:
o Exhaustive search
o Derivative-free algorithms: Genetic Algorithm (GA), Particle Swarm
Optimization (PSO), Divided rectangles (DIRECT), and Nelder-Mead
Simplex algorithm
o Gradient-based algorithm: Convex optimization (CO) and sequential
quadratic programming (SQP).
Evolutionary methods are used to explore the design space described by
the objective and constraint function and determine a point(s) that
maximize or minimize the design criteria.
Exhaustive search is a simplistic but time-consuming approach because the
design space grows exponentially with the number of components that are
optimized. When gradient-based optimization algorithms, such as the wellknown SQP algorithm, rely on erroneous gradient information to establish
search paths and convergence, they can get into troubles. These issues can
be addressed using derivative-free optimization techniques.
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Chapter 3
Powertrain modeling and HEV control
This chapter describes the HEV layout used in this study which is the single
motor parallel P2 as well as the modeling approach used to present it and
the control used to estimate the fuel economy potential.

3.1-Powertrain modeling:
3.1.1-Parallel P2 HEV:

Figure 4- Parallel P2 HEV layout [4]

We can see from Figure 4 that illustrates the parallel P2 HEV layout that
the torques provided by the ICE and the MG are related by the following
equation:
(1)

𝑇𝐼𝐶𝐸 + 𝑇𝑀𝐺 = 𝑇𝐴𝑇
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Where 𝑇𝐼𝐶𝐸 ,𝑇𝑀𝐺 and 𝑇𝐴𝑇 are the ICE torque, the MG torque and the torque
at the input shaft of the automatic transmission, respectively.
Clutch1 is responsible for connecting the ICE to the driven wheels and
allowing engine cranking actions, while Clutch2 is responsible for enabling
the gear shifting in the automatic transmission.
In this HEV architecture we can distinct 3 different operating modes, called
pure electric, torque assist and battery charging modes. These three
operating modes are enabled depending on the state of ICE, if it is activated
and is propelling the vehicle or not and depending on the 𝑇𝐼𝐶𝐸 value.
In pure electric mode, Cluch1 is disengaged and the ICE is turned off, in
this case we don’t have a torque from the engine and then the torque at the
input of the AT is equal to the MG torque meaning that the MG is only
power source propelling the vehicle. In the torque assist mode, Clutch1 is
engaged, the ICE and MG torques are both positive and the torque provided
to the AT shaft is the sum of them. In battery charging mode, the torque
provided by the engine is higher than what is requested by the driver, in
this mode the MG operates as generator to absorb the excess of torque and
charge the battery [4].

3.1.2-HEV modeling approach:
The well-known backward quasi-static technique is used to model our
HEV architecture in this research. The vehicle model is supposed to follow
the predetermined simulated driving mission velocity profile v(t). The
traction force required at the wheels is calculated as follows [30]:
𝐹𝑡𝑟𝑎𝑐 = 𝐹𝑟𝑜𝑙𝑙 + 𝐹𝑚𝑖𝑠𝑐 + 𝐹𝑎𝑒𝑟𝑜 + 𝑚𝑣𝑒ℎ𝑒𝑞 (𝑛𝑔𝑒𝑎𝑟 ).𝑎
With:
𝐹𝑟𝑜𝑙𝑙 = 𝑚𝑣𝑒ℎ . 𝑔. 𝑓0
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𝐹𝑚𝑖𝑠𝑐 = 𝑚𝑣𝑒ℎ . 𝑔. sin( 𝛼) + 𝑘. 𝑣
1

𝐹𝑎𝑒𝑟𝑜 = . 𝜌. 𝑆. 𝐶𝑥 . 𝑣 2
2

(2)

𝐹𝑟𝑜𝑙𝑙 , 𝐹𝑚𝑖𝑠𝑐 , and 𝐹𝑎𝑒𝑟𝑜 represent resistive load terms provided by the rolling
resistance, some miscellaneous terms (e.g., transmission losses, side
forces, road slope) and the aerodynamic drag, respectively.
𝑎 is the acceleration or deceleration of the vehicle as requested at each time
instant of the driving mission [4].
𝑚𝑣𝑒ℎ is the vehicle mass and 𝑚𝑣𝑒ℎ𝑒𝑞 is vehicle equivalent mass which
considers both the inertia of the powertrain rotating components (wheels,
shafts, ICE and MG) and the value of the gear ratios for the gear engaged
𝑛𝑔𝑒𝑎𝑟 .
𝜌, 𝑔 and 𝛼 are the air density, the gravity’s acceleration and the road slope,
respectively.
𝑓0, 𝑘, 𝑆 and 𝐶𝑥 stand for the rolling force coefficient, a miscellaneous loss
coefficient, the frontal area of the vehicle and the drag coefficient,
respectively.
The traction force is limited by the wheel friction coefficient in the contact
patch. Then, the maximum friction force that allows traction is:
𝐹𝑓 = 𝑚𝑣𝑒ℎ ∗ 𝑔 ∗ 𝜇 ∗ 𝑐1

(3)

Where 𝜇 and 𝑐1 are the friction coefficient and front wheel load coefficient
(our test vehicle is front drive wheel), respectively.
The wheel torque is calculated as:
𝑇𝑤ℎ𝑒𝑒𝑙 = 𝑟𝑤ℎ𝑒𝑒𝑙 . 𝐹𝑡𝑟𝑎𝑐
Where 𝑟𝑤ℎ𝑒𝑒𝑙 represents the wheel effective ratio.
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(4)

The torque at the input shaft of the automatic transmission 𝑇𝐴𝑇 can then be
obtained by evaluating the torque balance between the automatic
transmission’s input and output [4]:
𝑇𝐴𝑇 = 𝑇𝑜𝑢𝑡 .

𝑖𝐹𝐷 .𝑖𝑛𝑔𝑒𝑎𝑟
(𝜂𝐹𝐷 .𝜂𝐴𝑇 )𝑠𝑖𝑔𝑛(𝑇𝑜𝑢𝑡 )

(5)

𝜂𝐹𝐷 , 𝜂𝐴𝑇 represent the efficiency values for the final drive and the AT
gearbox respectively, and they are considered constant in our study and are
powered to the output torque sign to distinct between propelling and
braking cases.
And the gear ratios of the final drive and the engaged gear number are
presented by 𝑖𝐹𝐷 and 𝑖𝑛𝑔𝑒𝑎𝑟 respectively.
For what concern the modelling of the power component, they are
modeled using empirical lookup tables. The ICE fuel consumption and the
electrical losses for the MG are represented by the fuel map and the electric
loss tables, respectively, with torque and speed as independent variables.
The related variation in the state-of-charge (SOC) is calculated when the
total amount of electrical power exchanged between power components
and battery is determined (𝑃𝑏𝑎𝑡𝑡 ). By using an equivalent open circuit
̇ can be derived as follow:
model for the battery, 𝑆𝑂𝐶
̇ = 𝑉𝑂𝐶 (𝑆𝑂𝐶)−√𝑉𝑂𝐶 (𝑆𝑂𝐶)
𝑆𝑂𝐶

2 −4.𝑅 (𝑆𝑂𝐶).𝑃
𝑖𝑛
𝑏𝑎𝑡𝑡

2.𝑅𝑖𝑛 .𝑄𝑏𝑎𝑡𝑡

(6)

𝑅𝑖𝑛 and 𝑉𝑂𝐶 represent the internal resistance and the open-circuit voltage
of the battery, respectively, both are function of the current battery stateof-charge value according to empirical lookup tables. And 𝑄𝑏𝑎𝑡𝑡 is the
battery capacity (in ampere-second).
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The backward quasi-static approach’s key advantage is its computing
efficiency. As a result, this approach is used in the early stage of the HEV
architectural selection and powertrain design process. Indeed, including
transient events and high-fidelity powertrain models in the preliminary
HEV analysis would significantly raise the computational cost. The
MATLAB software is used in this study to implement both the indicated
vehicle and powertrain model as well as the HEV control techniques.

3.2-HEV control:
3.2.1-HEV off-line control:
Off-line control is often used to examine the behavior of HEV
architectures and sizing candidates in a variety of pre-determined driving
scenarios. This is how the fuel economy capabilities of each design choice
is determined. The problem of HEV off-line control can be stated as
follows [4]:
𝑡

min { 𝐽 = ∫𝑡 𝑒𝑛𝑑 𝐿 (𝑡)𝑑𝑡 }
0

With:
𝐿 = 𝑚̇𝑓𝑢𝑒𝑙 + 𝛼1. 𝐼𝐶𝐸𝑠𝑡𝑎𝑟𝑡 + 𝛼2 . 𝑔𝑒𝑎𝑟𝑠ℎ𝑖𝑓𝑡
Subject to:
𝑛𝑔𝑒𝑎𝑟𝑚𝑖𝑛 ≤ 𝑛𝑔𝑒𝑎𝑟 ≤ 𝑛𝑔𝑒𝑎𝑟𝑀𝐴𝑋
𝜔𝐼𝐶𝐸𝑚𝑖𝑛 ≤ 𝜔𝐼𝐶𝐸 ≤ 𝜔𝐼𝐶𝐸𝑀𝐴𝑋
𝑇𝐼𝐶𝐸𝑚𝑖𝑛 ≤ 𝑇𝐼𝐶𝐸 ≤ 𝑇𝐼𝐶𝐸𝑀𝐴𝑋
𝜔𝑀𝐺𝑚𝑖𝑛 ≤ 𝜔𝑀𝐺 ≤ 𝜔𝑀𝐺𝑀𝐴𝑋
𝑇𝑀𝐺𝑚𝑖𝑛 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑀𝐴𝑋
̇ = 𝑓(𝑆𝑂𝐶, 𝜔𝑀𝐺 , 𝑇𝑀𝐺 )
𝑆𝑂𝐶
𝑆𝑂𝐶𝑚𝑖𝑛 < 𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑀𝐴𝑋
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In case of full HEV: 𝑆𝑂𝐶 (𝑡0 ) = 𝑆𝑂𝐶 (𝑡𝑒𝑛𝑑 ).

(7)

Where 𝐿 is the instantaneous cost function to minimize, that includes the
instantaneous fuel consumption rate 𝑚̇𝑓𝑢𝑒𝑙 given by the ICE fuel table and
the two terms representing the ICE activation and gear shifting events
which are 𝐼𝐶𝐸𝑠𝑡𝑎𝑟𝑡 and 𝑔𝑒𝑎𝑟𝑠ℎ𝑖𝑓𝑡 respectively. 𝛼1 and 𝛼2 are constant
weighting factors.
In case of Full HEV, and in order to achieve the charge sustained
powertrain operation, equal battery SOC values are imposed at the start
and the end of the considered driving mission, while in Plug-in HEV
powertrains, the vehicle has two different battery operation modes, i.e.,
charge depleting (CD) where the battery SOC decreases to the minimum
SOC called CS SOC (as battery only operation) and charge sustained (CS)
mode as in the Full HEV case. When the introduced control problem is
solved, the evaluation of control actions connected with the specific HEV
configuration is determined through time. These control actions are related
to the control variables values. The control variable set 𝑈𝑃2 of our parallel
P2 HEV layout is:
𝑈𝑃2=(𝑛𝑇𝑔𝑒𝑎𝑟 )
𝐼𝐶𝐸

(8)

We used for solving the illustrated control problem a rapid near-optimal
control called SERCA algorithm which will be illustrated in the next
paragraph.
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3.2.2-SERCA algorithm:
This paragraph briefly describes the SERCA algorithm [4], which was
created to improve the fuel efficiency prediction of parallel P2 HEV
layouts.
The SERCA algorithm is divided into 3 main steps which are:
-The exploration of sub-problems (time instants)
-The identification of the optimal operating points
-The achievement of the charge sustained mode
SERCA works by iteratively replacing the pure electric operation with the
hybrid operation in the most convenient time instants of the drive cycle
defined beforehand, where the optimal operating points are determined by
maximizing the slope between the recharged battery energy and the
corresponding instantaneous fuel consumption, until the charge sustained
battery operation is achieved. The SERCA algorithm receives as input the
vehicle parameters, HEV powertrain components and driving mission, and
outputs the estimated fuel consumption and the time histories of control
variables and vehicle states. The workflow of the SERCA is shown in the
figure bellow:
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Figure 5- Workflow of SERCA algorithm
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Chapter 4
Simulation and Results
HEVs are an important step forward in the global transition to electric
transportation. Nonetheless, in comparison to both traditional ICE and
battery electric vehicles, they have a fairly complex design environment.
where the component sizing is typically a difficult and time-consuming
undertaking. To effectively handle the rising complexity of HEV
development processes, innovative and advanced design tools are
necessary.
In this research, sizing parameters for a parallel electrified powertrain
are considered including the internal combustion engine size, the electric
motor/generator size, the transmission ratios, number of gears in the
gearbox, the final drive ratio and the battery capacity. And the SERCA
algorithm is used here to rapidly assess each size option’s fuel economy
capability in a variety of driving cycles, considering the WLTP and the
NREL Baltimore drive cycles in our study. While searching for the optimal
sizing possibilities, the implemented sizing methodology integrates
drivability criteria along with the fuel economy potential, which is the 0100km/h acceleration time test.

4.1-Baseline data and sizing parameter:
We start our work from baseline data (Table 1) of a Fiat Ducato delivery
van which are the data of the vehicle that will not be changed, a baseline
engine that we can scale it linearly up and down in order to have different
powers, a baseline electric motor which could also be linearly scaled, and
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the characteristics of cells in a battery pack where the battery capacity is
varied according to the number of cells.
Table 1- Baseline data of the vehicle under study

And the considered design parameters that form the design space are
presented in Table 2 with their limits, which will be varied in order to end
up with the best HEV design that ensure the best trade-off between fuel
economy capability, CO2 emission, total cost, and 0-100km/h acceleration
time.
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Table 2-HEV sizing parameters and their limits

4.2- 0-100km/h acceleration time test:
To accelerate the exploration of the design space, our candidates must
guarantee a 0-100km/h acceleration time less than 9.7 sec, which it is also
a mandatory drivability requirement.
To simulate the 0-100km/h acceleration time test, we have to do the
opposite of the backward modelling approach because we need to calculate
the velocity of the vehicle, and to do that we start by calculating the
maximum output torque using the maximum torques that the ICE and the
EM could provide.
𝑇𝐼𝐶𝐸 + 𝑇𝑀𝐺 = 𝑇𝐴𝑇
Where 𝑇𝐴𝑇 , 𝑇𝐼𝐶𝐸 and 𝑇𝑀𝐺 are the torque at automatic transmission input
shaft, ICE torque and electric motor torque respectively.
Then the output torque is calculated by [30]:
𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 ∗ η ∗ γ.
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(9)

Where 𝜂 is the gear ratio and 𝛾 is the efficiency.
And we have:
𝑇𝑜𝑢𝑡 = (𝐹𝑟𝑜𝑙𝑙 + 𝐹𝑚𝑖𝑠𝑐 + 𝐹𝑎𝑒𝑟𝑜 + 𝑚𝑣𝑒ℎ𝑒𝑞 ∗ 𝑎) ∗ 𝑟𝑤ℎ𝑒𝑒𝑙𝑠

(10)

Where 𝐹𝑟𝑜𝑙𝑙 , 𝐹𝑚𝑖𝑠𝑐 , 𝐹𝑎𝑒𝑟𝑜 are the resistive forces, 𝑚𝑣𝑒ℎ𝑒𝑞 is the vehicle
equivalent mass, 𝑎 the vehicle acceleration, and 𝑟𝑤ℎ𝑒𝑒𝑙𝑠 is the wheels
radius.
The acceleration of the vehicle is then:
𝑎=

𝑇𝑜𝑢𝑡 −𝑇𝑅𝐿
𝑚𝑣𝑒ℎ𝑒𝑞 ∗𝑟𝑤ℎ𝑒𝑒𝑙𝑠

(11)

Where 𝑇𝑅𝐿 =(𝐹𝑟𝑜𝑙𝑙 + 𝐹𝑚𝑖𝑠𝑐 + 𝐹𝑎𝑒𝑟𝑜 ) ∗ 𝑟𝑤ℎ𝑒𝑒𝑙𝑠 which is the road load
torque.
After that the velocity is calculated by integrating the acceleration, so by
iterating the procedure at each time starting by initial speed 𝑣0 =0 𝑘𝑚/ℎ and
taking the time step t=0.1 sec until we reach the 100 km/h speed:
𝑣 = 𝑎 ∗ 𝑡 + 𝑣0

(12)

And the 0-100km/h acceleration time is obtained.
To see the impact of each parameter on the 0-100km/h acceleration time,
we vary one parameter while fixing the other ones.
By varying the ICE power scale and fixing the other 7 parameters (Figure
6) we remarque that by increasing it the 0-100km/h acceleration time
decreases. And also, we have the same results by varying the total ratio
(Figure 7), the gears number (Figure 8), final drive ratio (Figure 9), the
ratio between EM and transmission (Figure 10) and the hybridization factor
(Figure 11) but only in the case of the ICE power scale, ratio between EM
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and transmission, and hybridization factor variation we can obtain a 0100km/h acceleration time less than 9.7 sec because these parameters are
related to the power component that are responsible of propelling the
vehicle.

Figure 6-Variation of the ICE power scale in function of the 0-100km/h acceleration time

Figure 7-Variation of the total ratio in function of the 0-100km/h acceleration time
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Figure 8- Variation of the gears number in function of the 0-100km/h acceleration time

Figure 9- Variation of the final drive ratio in function of the 0-100km/h acceleration time

Figure 10- Variation of the ratio between EM and transmission in function of the 0-100km/h acceleration time
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Figure 11-Variation of the hybridization factor in function of the 0-100km/h acceleration time

Figure 12- Variation of the battery cell number in function of the 0-100km/h acceleration time

In the case when we vary the number of cell in the battery
pack (Figure 12), we remark that the 0-100km/h acceleration time
increases by the increase of this parameter, because increasing the
number of cells will increase the weight of the battery and thus
the overall vehicle mass, making the vehicle need more time to
accelerate.
As a result, for ensuring a 0-100km/h acceleration time less than
9.7 sec we should increase all the parameters except one which is
the battery capacity.
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4.3- Fuel consumption estimation:
Aside from drivability, the second key factor to consider while the
evaluating size option is the fuel economy. Two driving missions for the
parallel P2 HEV are addressed in this research, then using the SERCA
algorithm, the fuel economy capabilities of each sizing option in each
contemplated driving cycles is tested in charge sustaining mode.
Also, the amount of the CO2 emissions and the battery energy consumption
are calculated through the SERCA algorithm.

4.4-Drive Cycles:
In our case study we used 2 drive cycles which are the WLTP and NREL
Baltimore drive cycles.
The WLTP cycle specifications are given in Table 3. It is obvious from
Figure 13 that during this cycle, which has maximum speed 131.3 km/h
and total distance of 23.25 km, the vehicle could be propelled by only the
electric system of the vehicle, with small activation of the engine (as we
obtained in our first simulation). For that reason, we used a cycle which is
the multiplication of this cycle three times in order to achieve nonzero fuel
consumption.
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Table 3- WLTP characteristics

Figure 13- WLTP drive cycle

The NREL Baltimore drive cycle is shown in Figure 14, and its
specifications are illustrated in Table 4 We had also to use a 3*NREL
Baltimore for simulation for the same reason as in the WLTP case.
Table 4-NREL Baltimore characteristics
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Figure 14-NREL Baltimore drive cycle

4.5- Calculation of the total mass and total cost
of the vehicle:
4.5.1-Total vehicle mass:
Each component of the powertrain is correlated with a weight that
changes depending on the size of that component. The overall mass of the
vehicle is calculated as follow [32]:
𝑚𝑣𝑒ℎ𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑣𝑒ℎ𝑏𝑎𝑠𝑒 + 𝑚𝑣𝑒ℎ𝑝𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑚𝑏𝑎𝑡𝑡 + 𝑚𝑀𝐺
+𝑚𝐼𝐶𝐸 + 𝑚𝑡𝑟𝑎𝑛𝑠

(13)

Where, 𝑚𝑣𝑒ℎ𝑏𝑎𝑠𝑒 is the mass of the vehicle baseline and 𝑚𝑣𝑒ℎ𝑝𝑎𝑦𝑙𝑜𝑎𝑑 is the
mass of the payload (as we are considering a delivery van).
𝑚𝑏𝑎𝑡𝑡 , 𝑚𝑀𝐺 , 𝑚𝐼𝐶𝐸 ,and 𝑚𝑡𝑟𝑎𝑛𝑠 are the mass of the battery, electric motor,
internal combustion engine, and the transmission, respectively, and they
are calculated by the following equation:
𝑚𝑏𝑎𝑡𝑡 =

𝑄∗1.5
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(14)

Where Q is the capacity of the battery [33].
𝑚𝑀𝐺 = 10.8 + 0.532 ∗ 𝑃𝑀𝐺𝑀𝐴𝑋
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(15)

Where, 𝑃𝑀𝐺𝑀𝐴𝑋 is the maximum power of the electric motor.
𝑚𝐼𝐶𝐸 = 1.757 ∗ 𝑃𝐼𝐶𝐸𝑀𝐴𝑋 + 26.7

(16)

𝑃𝐼𝐶𝐸𝑀𝐴𝑋 is the maximum power of the internal combustion engine.
𝑚𝑡𝑟𝑎𝑛𝑠 is calculated depending on the number of gears in the gearbox.
Figure 15 shows the MATLAB script of the vehicle mass calculation.

Figure 15- MATLAB code for the vehicle mass calculation

4.5.2-Total cost:
The total cost of the vehicle is sum of the powertrain cost, which is the
cost of all the component of the vehicle, and the operating cost (fuel
consumption, electricity usage).
The total operation cost is calculated considering the total mileage over 10
years of operation, based on 30000 km yearly mileage for the delivery van.
𝐶𝑣𝑒ℎ𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑝𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛 + 𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

(17)

And:
𝐶𝑝𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛 = 𝐶𝑏𝑎𝑠𝑒 + 𝐶𝑎𝑑𝑑 + 𝐶𝑏𝑎𝑡𝑡 + 𝐶𝑀𝐺
+𝐶𝐼𝐶𝐸 + 𝐶𝑡𝑟𝑎𝑛𝑠
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(18)

Where 𝐶𝑏𝑎𝑠𝑒 and 𝐶𝑎𝑑𝑑 are the base cost and the additional component cost,
respectively.
And 𝐶𝑏𝑎𝑡𝑡 , 𝐶𝑀𝐺 , 𝐶𝐼𝐶𝐸 and 𝐶𝑡𝑟𝑎𝑛𝑠 are the costs of the battery, electric
motor/generator, internal combustion engine, and the transmission,
respectively. These costs are calculated based on [32][33] by the following
equations:
(19)

𝐶𝑏𝑎𝑡𝑡 = 𝑄 ∗ 0.268
𝐶𝑀𝐺 = 417.5 + 19.71 ∗ 𝑃𝑀𝐺𝑀𝐴𝑋
𝐶𝐼𝐶𝐸 = 12.83 ∗ 𝑃𝐼𝐶𝐸𝑀𝐴𝑋 + 566.

(20)

(21)

And the 𝐶𝑡𝑟𝑎𝑛𝑠 is calculated as in the case of the 𝑚𝑡𝑟𝑎𝑛𝑠 depending on the
number of gears chosen in the gearbox.
The operation cost is:
𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑚𝑎𝑖𝑛𝑡 + 𝐶𝑓𝑢𝑒𝑙 + 𝐶𝑒𝑙𝑒𝑐

(22)

Where 𝐶𝑚𝑎𝑖𝑛𝑡 , 𝐶𝑓𝑢𝑒𝑙 and 𝐶𝑒𝑙𝑒𝑐 are the maintenance, the fuel consumption
and electricity consumption costs, respectively, and calculated depending
on [32].:
𝑁 −1

𝑦
𝐶𝑚𝑎𝑖𝑛𝑡 = 𝐶𝑚𝑎𝑖𝑛0 ∗ ∑𝑦=0

1
(1+𝑟𝑛 )𝑦

(23)

The maintenance cost is calculated from 𝐶𝑚𝑎𝑖𝑛0 which is the average
annual cost, and the discount rate 𝑟𝑛 . 𝑁𝑦 is the vehicle lifetime and it is
considered 10 years in our study.
The total fuel consumption 𝐶𝑓𝑢𝑒𝑙 is calculated by:
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𝐶𝑓𝑢𝑒𝑙 =

𝑁 −1 𝐹𝐶𝑦 ∗𝐹𝑃

1
𝜌𝑓𝑢𝑒𝑙

𝑦
∑𝑦=0

(1+𝑟𝑛 )𝑦

(24)

Where, 𝐹𝐶𝑦 is the total fuel consumption per year. FP is the fuel price (is
1.863 USD/L from [34]) and 𝜌𝑓𝑢𝑒𝑙 is the fuel density (0.83 kg/L).
𝐶𝑒𝑙𝑒𝑐 is calculated depending on the energy consumed in the charge
depleting operation in the plug-in HEV case only [35].
Figure 16 shows the MATLAB code for calculating the total vehicle cost.

Figure 16- MATLAB code of Total cost calculation in WLTP drive cycle

4.6-Optimal sizing of powertrain components:
4.6.1-Two variables optimization:
We started the optimization by exploring the design space using a brute
force method. This method consists at varying 2 design parameters among
the 7 parameters while fixing the other 5.
First, each powertrain sizing option should satisfy a 0-100km/h
acceleration time test less than 9.7 sec to be a feasible solution and
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considered in the next evaluation which is the fuel consumption estimation
using SERCA algorithm.
We used two cycles for our study, the WLTP and NREL Baltimore as was
illustrated before.
NREL Baltimore and WLTP short are used in first step, but since they are
short cycles, the vehicle could be propelled using the electrical system
solely with small possibility of activating the engine. Then we used a
multiplication three times of these cycles to have longer drive cycles.
In our thesis we consider full and plug-in HEVs. The full HEV is simulated
by considering only the charge sustaining operation, while in the plug-in
HEV we consider both the charge sustaining and charge depleting
operations.
The table below illustrates the default values of the design parameters:
Table 5- The default values of the design parameters

A-NREL Baltimore short drive cycle:
This paragraph represents the results obtained by using NREL Baltimore
short (32.18 km).

 Full HEV:
The charge sustaining mode State of charge
(SOC_CS) is equal to 0.5 and the payload is 800kg.
I.

ICE power scale variation:
a. Battery cell numbers variation:
36

Table 6- Table representing the powertrain configurations that ensure fuel economy, best 0-100km/h acceleration
test and the trade-off by the variation of ICE power scale and battery number of cells

Figure 17- Pareto-Frontier of the results obtained by the variation of ICE power scale and the number
of cells in the battery
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b. Total ratio variation:
Table 7- Table representing the powertrain configurations that ensure the best fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and total ratio

Figure 18- Pareto-Frontier of the results obtained by the variation of ICE power scale and total ratio

c. Number of gears variation:
Table 8- Table representing the powertrain configurations that ensure the best fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and gears number
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Figure 19- Pareto-Frontier of the results obtained by the variation of ICE power scale and gears number

d. Differential ratio variation:
Table 9-Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h acceleration
test and the trade-off by the variation of ICE power scale and final drive ratio

Figure 20- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and final drive ratio
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e. Ratio EM to trans variation:
Table 10- Table representing the powertrain configurations that ensure the best fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and ratio between EM and transmission

Figure 21- Pareto-Frontier of the results obtained by the variation of ICE power scale and ratio between EM and
transmission

f. Hybridization factor variation:
Table 11-Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and hybridization factor
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Figure 22-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor

We remark that we obtain a lot of feasible solution when we vary the ICE
power scale with the ratio between EM and transmission and the hybridization
factor.
II- Hybridization factor variation:
a. Total ratio variation:
Table 12- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and total ratio
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Figure 23- Pareto-Frontier of the results obtained by the variation of hybridization factor and total ratio

b. Gear number variation:
Table 13- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and gears number

Figure 24-Pareto-Frontier of the results obtained by the variation of hybridization factor and gears number

c. Differential ratio variation:
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Table 14- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and final drive ratio

Figure 25- Pareto-Frontier of the results obtained by the variation of hybridization factor and final drive ratio

d. Ratio EM to trans variation:
Table 15-Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and ratio between EM and transmission
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Figure 26- Pareto-Frontier of the results obtained by the variation of hybridization factor and ratio between EM
and transmission

e. Battery cell number variation:
Table 16- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and battery cell number

Figure 27- Pareto-Frontier of the results obtained by the variation of hybridization factor and battery cell number
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 Plug-in HEV:
The delivery van leaves the warehouse fully charged
(initial battery State of charge(SOC)=0.95 and with
payload 800kg)
I- ICE power scale variation:
a. Battery cell numbers variation:
Table 17- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and battery cell
number

(a)

(b)

Figure 28-Pareto-Frontier of the results obtained by the variation of ICE power scale and battery cell number ,
(a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time,
and the trade-off
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b. Total ratio variation:
Table 18-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and total ratio

(a)

(b)

Figure 29- Pareto-Frontier of the results obtained by the variation of ICE power scale and total ratio, (a) fuel
consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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c. Number of gears variation:
Table 19- Table representing the powertrain configurations that ensure the best battery energy consumption,fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and gears number

(a)

(b)

Figure 30-Pareto-Frontier of the results obtained by the variation of ICE power scale and gears number, (a) fuel
consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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d. Final drive ratio variation:
Table 20- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and final drive ratio

(a)

(b)

Figure 31-Pareto-Frontier of the results obtained by the variation of ICE power scale and final drive ratio, (a) fuel
consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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e. Ratio EM to trans variation:
Table 21- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and ratio between
EM and transmission ratio

(a)

(b)

Figure 32-Pareto-Frontier of the results obtained by the variation of ICE power scale and ratio between EM and
transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h
acceleration time, and the trade-off
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f. Hybridization factor variation:
Table 22-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and hybridization
factor

(a)

(b)

Figure 33-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor , (a)
fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and
the trade-off
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II- Hybridization factor variation:
a. Total ratio variation:
Table 23-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and total ratio

(a)

(b)

Figure 34- Pareto-Frontier of the results obtained by the variation of hybridization factor and total ratio, (a) fuel
consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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b. Gear number variation:
Table 24-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and gears number

(a)

(b)

Figure 35-Pareto-Frontier of the results obtained by the variation of hybridization factor and gears number, (a)
fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and
the trade-off
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c. Final drive ratio variation:
Table 25- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and final drive
ratio

(a)

(b)

Figure 36- Pareto-Frontier of the results obtained by the variation of hybridization factor and final drive ratio ,
(a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time,
and the trade-off
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d. Ratio EM to trans variation:
Table 26-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and ratio between
EM and transmission

(a)

(b)

Figure 37-Pareto-Frontier of the results obtained by the variation of hybridization factor and ratio between EM
and transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h
acceleration time, and the trade-off
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e. Battery cell number variation:
Table 27-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and battery cell
number

(a)

(b)

Figure 38-Pareto-Frontier of the results obtained by the variation of hybridization factor and battery cell number
and transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h
acceleration time, and the trade-off

When we fix the ICE power scale and the hybridization factor at the same
time and we vary the other parameters, we don’t obtain any results. The
candidates don’t ensure a 0-100km/h acceleration time less than 9.7 sec
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because the ICE power scale and the hybridization factor are parameters
related to the engine and the EM respectively, which are responsible at
propelling the vehicle.

B-WLTP short drive cycle:
This paragraph represents the results and observations obtained by
using WLTP short drive cycle (23.25 km).

 Full HEV:
The charge sustaining mode State of charge (SOC_CS) is equal to
0.5 and the payload is 1500kg.
I- ICE power scale variation:
a. Final drive ratio variation:
Table 28-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and differential
gear ratio
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(a)

(b)

(c)
Figure 39-Pareto-Frontier of the results obtained by the variation of ICE power scale and differential gear ratio,
(a) fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c)
total cost in function of CO2 emission and the trade-off

By varying ICE power scale and the final drive ratio, we have a small
number of feasible candidates which all have the same final drive ratio but
different ICE power scales (those are satisfying 0-100km/h acceleration time
less than 9.7sec).
We remark that the configuration having the smallest ICE power scale has
the smallest fuel consumption, CO2 emission and total cost but higher 0100km/h acceleration time. Also, the feasible configurations have the
highest final drive ratio value.
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b. Ratio EM to trans variation:
Table 29-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and gear ratio
between EM and transmission

(a)

(b)

(c)
Figure 40-Pareto-Frontier of the results obtained by the variation of ICE power scale and differential
gear ratio, (a) fuel consumption, (b) total battery energy consumption all in function of 0-100km/h
acceleration time, (c) total cost in function of CO2 emission and the trade-off
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By varying the ICE power scale and the ratio between EM and the
transmission, we obtain feasible candidates by taking the ratio higher than
3. And by choosing the highest ratio (which is 4) and highest ICE power
scale we get the best fuel economy, the best 0-100km/h acceleration time
but the total cost is very high.
II. Hybridization factor variation:
a. ICE power scale variation:
Table 30- Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and hybridization factor

(a)

(b)
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(c)
Figure 41-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor, (a)
fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost
in function of CO2 emission and the trade-off

When we vary the hybridization factor and the ICE power scale, we have
that for each value of the hybridization factor and by increasing the ICE
power scale the fuel consumption is increased, by consequence the CO2
emission is increased too, while the 0-100km/h acceleration time is
decreased. But the best solution ensuring the less fuel consumption and less
CO2 emissions is the one that has high hybridization factor and small ICE
power scale.
b. Total ratio variation:
Table 31-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and hybridization factor
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(a)

(b)

(c)
Figure 42-Pareto-Frontier of the results obtained by the variation of total ratio and hybridization factor, (a) fuel
consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off

For high hybridization factor and highest value of the total ratio we obtain
the best fuel economy and then best CO2 emission. And for each
hybridization factor value, by varying the total ratio the fuel is consumed
in the same range, only when we change the hybridization factor, we see a
remarkable change in the fuel consumption.

61

c. Number of gears variation:
Table 32- Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and hybridization factor

(a)

(b)

(c)
Figure 43-Pareto-Frontier of the results obtained by the variation of gears number and hybridization factor, (a) fuel
consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off
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The same observation as in the variation of the total ratio is obtained here.
The change of the hybridization has only the remarkably effect on the fuel
consumption and 0-100km/h acceleration test.
d. Final drive ratio variation:
Table 33-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and hybridization factor

(a)

(b)
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(c)
Figure 44-Pareto-Frontier of the results obtained by the variation of final drive ratio and hybridization factor, (a)
fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost
in function of CO2 emission and the trade-off

By varying the hybridization factor and the final drive ratio, for each fixed
value of the hybridization factor the fuel consumptions and the CO2
emissions are varied in specific interval while the 0-100km/h acceleration
time is changed significantly. The 0-100km/h acceleration time decreases
by the increase of the final drive ratio.
We obtain different fuel consumptions and CO2 emissions only when we
change the hybridization factor. And we get the smallest CO2 emissions
with the configuration having the smallest hybridization factor.
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e. Ratio EM to trans variation:
Table 34-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
hybridization factor

(a)

(b)
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(c)
Figure 45-Pareto-Frontier of the results obtained by the variation of ratio between EM and transmission and
hybridization factor, (a) fuel consumption, (b) total battery energy consumption all in function of 0-100km/h
acceleration time, (c) total cost in function of CO2 emission and the trade-off

By increasing the ratio between EM and transmission and decreasing the
hybridization factor we obtain the smallest CO2 emission and total cost
while increasing the 2 parameters leads to have the smallest 0-100km/h
acceleration time.
f. Battery capacity variation:
Table 35-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and hybridization factor
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(a)

(b)

(c)
Figure 46- Pareto-Frontier of the results obtained by the variation of battery capacity and hybridization factor , (a)
fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost
in function of CO2 emission and the trade-off

The increase of the hybridization factor and the battery capacity leads to
the increase of the CO2 emissions and while the decrease in the battery
capacity decreases the 0-100km/h acceleration time.
But for each specific hybridization factor value the CO2 emissions vary in
small range when varying the battery capacity while by changing the
hybridization factor the CO2 emission values are significantly changed that
means that the hybridization factor has the remarkable effect.
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 Plug-in HEV:
The charge sustaining mode State of charge (SOC_CS) is equal to 0.3 and
the delivery is fully charged at the beginning of the cycle (when it leaves
the warehouse the initial State of charge (SOC_init) is equal to 0.95) and
the payload is 1500kg.
I- ICE power scale variation:
a. Final drive ratio variation:
Table 36-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and final drive
ratio

(a)

(b)
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(c)

(d)

Figure 47-Pareto-Frontier of the results obtained by the variation of ICE power scale and differential gear ratio,
(a) fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the
3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off

By varying the ICE power scale and the final drive ratio, we obtain
a small number of feasible candidates and we remark that by increasing the
final drive ratio with the ICE power scale we can ensure 0-100km/h
acceleration time less than 9.7 sec.
Between the feasible candidates, the configuration having the smallest ICE
power scale, it has the smallest CO2 emission, battery energy consumption
and the smallest cost but the highest 0-100km/h acceleration time.
b. Ratio EM to trans variation:
Table 37-Table representing the powertrain configurations that ensure the best battery energy consumption, best
0-100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and gear
ratio between EM and transmission
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(a)

(b)

(c)

(d)

Figure 48-Pareto-Frontier of the results obtained by the variation of ICE power scale and gear ratio between EM
and transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy
consumption all the 3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the
trade-off

With the variation of the ICE power scale and the ratio between EM and
transmission, we obtain feasible candidates by increasing the ratio between
EM and transmission to a value higher than 3. We remark that for each
specific value of the gear ratio and by varying the ICE power scale, the
battery energy is consumed in a specific interval. But by increasing the gear
ratio and decreasing the ICE power scale, the battery energy consumption,
the CO2 emission and the total cost decrease.
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II- Hybridization factor variation:
a. ICE power scale variation:
Table 38- Table representing the powertrain configurations that ensure the best battery energy consumption, best
0-100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and
hybridization factor

(a)

(b)
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(c)

(d)

Figure 49-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor, (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off

The variation of the hybridization factor and the ICE power scale leads to
a huge number of feasible candidates because the EM and ICE are
responsible of propelling the vehicle, in consequence, decreasing the 0100km/h acceleration time to satisfy a value less than 9.7 sec.
But we remark that by increasing the ICE power scale and decreasing the
hybridization factor and vice versa, we obtain smallest CO2 emission and
smallest cost. In the other hand, we obtain the smallest 0-100km/h
acceleration time by increasing the two parameters at the same time.
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b. Total ratio variation:
Table 39-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0100km/h acceleration test, best CO2 emission and best total cost by the variation of total ratio and hybridization
factor

(a)

(b)

(c)

(d)

Figure 50-Pareto-Frontier of the results obtained by the variation of total ratio and hybridization factor, (a) fuel
consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off
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By varying the total ratio and hybridization factor, we obtain a small
number of feasible solutions (satisfying 0-100km/h acceleration time less
than 9.7 sec). These feasible solutions have high hybridization factor (more
than 0.85).
All the feasible solutions that have the same hybridization factor but
different total ratio, they have closed values of battery energy consumed
and therefore closed CO2 emission and also closed 0-100km/h acceleration
times. But once we change the hybridization factor, we obtain a remarkable
different value of CO2 emission. Then, the hybridization factor has the
high impact on the battery consumption and the CO2 emissions.
c. Number of gears variation:
Table 40- Table representing the powertrain configurations that ensure the best battery energy consumption, best
0-100km/h acceleration test, best CO2 emission and best total cost by the variation of gears number and
hybridization factor
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(a)

(b)

(c)

(d)

Figure 51-Pareto-Frontier of the results obtained by the variation of gears number and hybridization factor , (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off

Here we observe the same results as in the variation of the total ratio.
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d. Final drive ratio variation:
Table 41-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0100km/h acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and
hybridization factor

(a)

(b)

(c)

(d)

Figure 52-Pareto-Frontier of the results obtained by the variation of final drive ratio and hybridization factor, (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off
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By varying the hybridization factor and the final drive ratio. For each fixed
value of the hybridization factor the battery energy consumption and the
CO2 emissions are varied in specific interval while the 0-100km/h
acceleration time is changed significantly. The 0-100km/h acceleration
time decreases by the increase of the final drive ratio.
We obtain different CO2 emissions only when we change the hybridization
factor. And we get the smallest CO2 emissions with the configuration
having the smallest hybridization factor.
e. Ratio EM to trans variation:
Table 42-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0100km/h acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and
transmission and hybridization factor
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(a)

(b)

(c)

(d)

Figure 53-Pareto-Frontier of the results obtained by the variation of the ratio between EM and transmission and
hybridization factor, (a) fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy
consumption all the 3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the
trade-off

By increasing the ratio between EM and transmission and decreasing the
hybridization factor we obtain a small CO2 emission while by increasing
the 2 parameters we have the smallest 0-100km/h acceleration time.
In this case we obtain the best CO2 emission reduction among all the other
solutions.
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f. Battery capacity variation:
Table 43-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0100km/h acceleration test, best CO2 emission and best total cost by the variation of battery capacity and
hybridization factor

(a)

(b)
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(c)

(d)

Figure 54-Pareto-Frontier of the results obtained by the variation of battery capacity and hybridization factor, (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off

The increase of the hybridization factor and the battery capacity leads to
the increase of the CO2 emissions and the battery energy consumption,
while the decrease in the battery capacity decreases the 0-100km/h
acceleration time.
But for each specific hybridization factor value the CO2 emissions vary in
small range when varying the battery capacity while by changing the
hybridization factor the CO2 emission values are significantly changed that
means that the hybridization factor has the remarkable effect.
Since we have different characteristics for each drive cycle, the fuel and
battery energy consumption are not the same, we have more fuel
consumption in NREL Baltimore because it is longer and have more stops
than WLTP (Figures 13 and 14).
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C-WLTP long drive cycle:
This paragraph represents the results and observations obtained by
using WLTP long drive cycle (69.75 km).

 Full HEV:
The charge sustaining mode State of charge (SOC_CS) is equal to
0.5 and the payload is 1500kg.
I- ICE power scale variation:
a. Final drive ratio variation:
Table 44-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and ICE power scale
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b. Ratio EM to trans variation:
Table 45-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
ICE power scale

c. Gears number variation:
Table 46-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and ICE power scale
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d. Total ratio variation:
Table 47-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and ICE power scale

e. Battery capacity variation:
Table 48-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of the battery capacity and ICE power
scale
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II- Hybridization factor variation:
a. ICE power scale variation:
Table 49-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of the ICE power scale and hybridization
factor

b. Total ratio variation:
Table 50-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of the total ratio and hybridization factor
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c. Gears number variation:
Table 51-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and hybridization factor

d. Final drive ratio:
Table 52-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and hybridization factor

e. Ratio between EM and transmission variation:
Table 53-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
hybridization factor
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f. Battery capacity variation:
Table 54-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and hybridization factor

 Plug-in HEV:
The charge sustaining mode State of charge (SOC_CS) is equal to 0.3 and
the delivery is fully charged at the beginning of the cycle (when it leaves
the warehouse the initial State of charge (SOC_init) is equal to 0.95) and
the payload is 1500kg.
I- ICE power scale variation:
a. Final drive ratio variation:
Table 55- Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive and ICE power scale
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b. Ratio between EM and transmission variation:
Table 56-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
ICE power scale

c. Total ratio variation:
Table 57-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and ICE power scale

d. Battery capacity variation:
Table 58-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and ICE power scale
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e. Gears number variation:
Table 59-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and ICE power scale

II- Hybridization factor variation:
a. ICE power scale variation:
Table 60-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and hybridization factor
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b. Total ratio variation:
Table 61-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and hybridization factor

c. Gears number variation:
Table 62-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and hybridization factor

d. Final drive ratio:
Table 63-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and hybridization factor
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e. Ratio between EM and transmission variation:
Table 64-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
hybridization factor

f. Battery capacity variation:
Table 65-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and hybridization factor

We remark that we have a high total cost for Full HEV because of the high
fuel consumption in comparison to Plug-in HEV, which leads to the
increase of the operation cost.
We can conclude from the results obtained above, that the parameters that
have the main effect on the reduction of CO2 emissions and decreasing of
the 0-100km/h acceleration are the parameters related to the engine and
electric motor, which are the ICE power scale, hybridization factor and the
ratio between EM and transmission.
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4.6.2-Particle Swarm optimization:
Kennedy and Eberthart invented Particle Swarm Optimization (PSO) in
1995 [36], which is a stochastic and population-based search technique. It
is mostly influenced by the social behavior in natural systems with large
groups of individuals, such as flocks of birds or swarm of bees, as well as
human social systems.
The PSO algorithm’s operating premise is based on simulating a
simplified social system, like the behavior of a flock of birds flying across
an area in search of a plentiful food source.
PSO model is made comprised of particles that move in a multidimensional search space and interact with one another. A current position
and a velocity are two attributes of each particle. Every particle preserves
the best position it has achieved in the search space (among the swarm) and
is also aware of the group’s best-reached position. The PSO algorithm
predicts the optimum next location for the particles at each iteration by
taking into account each particle’s particular experience, which is the
memory of its best former position, as well as the experience of the most
successful particle.
In this section, we are illustrating the results obtained by applying the PSO
algorithm to our design space using the WLTP long drive cycle.
The following two tables represent the configurations of the plug-in and
full HEVs that provide the lowest CO2 emission and the cheapest total
cost.
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Table 66-PSO results for best CO2 emissions of Full and Plug-in HEV using WLTP long

Table 67-PSO results for best total cost of Full and Plug-in HEV using WLTP long

By comparing the two architectures, we remark that with a plug-in HEV
we obtain more fuel economy, thus less CO2 emission, but this type of
vehicles have more expensive powertrain cost than the Full HEV where
we have more fuel consumption and then more CO2 emissions, by
consequence higher operation cost. As result, the plug-in HEVs are more
efficient in reducing the emissions.
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Conclusion and further work
In this thesis, we developed parallel P2 Full and Plug-in HEV models based
on the Fiat Ducato platform. Using the SERCA algorithm, a rapid near
optimal solution for the HEV off-line control, and the 0-100km/h
acceleration time test, we were able to determine optimized sizes for ICE,
electric motor, battery and transmission that enhance the fuel economy
capability and reduce the CO2 emissions and the total cost. Therefore, ICE
power scale, hybridization factor, battery capacity, total ratio, final drive
ratio, ratio between EM and transmission and the number of gears were
considered as our design parameter. A brute force method, which aims at
varying two parameters and fixing the others, is firstly used to explore the
design space and to see how sizing affected fuel consumption and vehicle
performance starting from predefined driving missions including the
NREL Baltimore and the WLTP drive cycles. Then, the Particle Swarm
Optimization (PSO) algorithm was employed as an optimization algorithm
for our case study.
From this research we can conclude that the rate of fuel consumption is
related to the selected driving cycle, because each driving cycle has
characteristics that differ from each other.
We can also come to a conclusion that, the three parameters whish have
the main effect on the reduction of the 0-100km/h acceleration time and
the fuel consumption are the parameters related to the power components
which are the ICE power scale, the hybridization factor and the ratio
between EM and transmission, while the other parameters don’t have that
main impact. And the change of the other parameters while fixing these
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three parameters cannot ensure a 0-100 km/h acceleration time less than
9.7sec and are considered as infeasible candidates in the research.
By decreasing the ICE power scale, the fuel consumption decreases, but
the hybridization factor should be increased to guarantee a 0-100km/h
acceleration time less than 9.7 sec. Hence, the two parameters most be
handled to ensure a trade off between fuel economy and performance. The
increase of the battery capacity leads to the increase of the 0-100km/h
acceleration time, but it increases the distance driven in the EV mode,
which limits the ICE activation and by consequence minimizes the fuel
consumption. Also, it cannot be increased a lot due to the limitations on
the vehicle mass and then vehicle performance. By taking the highest ratio
between EM and transmission we obtained the lowest CO2 emission in the
two HEV powertrains.
The identification of the optimal powertrain component sizing will lead to
a high reduction in fuel consumption and therefore the CO2 emission. And
by comparing the two HEV powertrains, we can see that the plug-in HEV
ensures a significant reduction in the CO2 emission, but it has an expensive
powertrain cost in comparison to the full HEV where the CO2 emission is
higher. What makes the plug-in HEV efficient powertrains to comply with
the worldwide tightening CO2 emission regulations.
Further work could be by considering an exploration based on varying
more than 2 parameters at the time and evaluating other performance
requirements and drive cycles. In addition, we can simulate the delivery
van in more realistic way, by using a variable payload mass related to the
drive cycle used.
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