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ABSTRACT

Facing “hybrid electric technology” emerging in tlight commercial vehicle segment, Ford Otosan tadtep for the
realization of a “hybrid electric vehicle prototyp&o this end, a consortium among Ford Otosa@il and TUBTAK,
led by Ford Otosan, has been established. In vielRood Otosan, this project is considered to behase-I project,
which is essentially will be a prototyping stagédoe commercialization of Ford Otosan Hybrid Electr

A 75 kW electric motor coupled rear differentialindegrated to a FWD diesel engine Ford TransitialehWith the
addition of 7.2kwh 288V NiMH battery system and hgbcontrol system, a 4WD prototype, Ford Trans¥BRID,
with a parallel hybrid configuration is constructefl rule based control strategy is developed aadi tested by setting
transition rules between the two power sources. fEatures of the prototype include regenerativekibpp electric
motor only cruising, electric motor assisted (4WiB)ising and battery charging during cruising.

The simulations using NEDC cycle revealed thatithplemented hybrid strategy provides fuel savingsta 21%
depending on loading conditions. Moreover, the siois levels of the hybrid come out to be 20% imewn the
average. Also the extra power of the electric ma&ohances the acceleration and gradeability pedioca of the
vehicle. With the knowledge and experience gainethe end of this phase and presented in this paipaiill be
possible to reach the know-how necessary to beinsszhtinuous production.

Key-words: hybrid electric vehicle, light commercial vehiclgibrid powertrain, parallel hybrid.

INTRODUCTION *?

Hazardous gases emitted by on road motor vehictes a
a major concern since their contribution to airytidn

is considerably high. The regulations of European
Union on motor vehicle emissions force car
manufacturers to develop new technologies reducing
undesired vehicle emissions. Moreover, market
competition due depleting fossil fuel resourcescéds

car manufacturers search for ways of improving eagi
efficiency while staying within the limits stipukad by

the legislated standards.

The combination of multiple power sources allows fo
overall vehicle efficiency to be improved by givitige
ability for the most efficient power source to tsed at
any given operating condition. This is of importario
that currently available electrochemical batterite
most commonly used energy storage device in hyprids
cannot provide all the required energy for a reabtm
vehicle range as measured over a typical drivirdegy

as a result almost all energy consumed in meeting
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typical range requirements is taken from the orréhoa
fuel. The use of advanced control strategies, alitiy
advances in energy storage, may make more highly
efficient and adaptive hybrids possible in the fatu
These efficiency gains will be evident in higheelfu
economy and lower greenhouse gas emissions as well
as in reduced regulated exhaust gas emissions.

The project, presented in this paper, is one of the
important steps of Ford Otosan to manufacture the
clean, environment friendly and fuel saving

commercial vehicles of the future in its production

lines. The aim of the project is to design and enptnt

a simple hybrid configuration to a light commercial

vehicle and experiment the advantages of hybriidizat

PROJECT PARTNERS

A consorsium is constructed among Ford Otosab-
OTAM, TU-MEKAR and TUBITAK MAM EIl and
the responsibilites of the consorsium is as foltows
FORD OTOSAN

- Hybrid Vehicle specification determination



- Vehicle Structural Design and Durability

- Required Mechanical Components Manufacture
- Mechanically Ready Hybrid Vehicle

- Project Reporting

ITU-OTAM  (Istanbul Technical Univeristy —
Automotive Technology Research Center)

- Literature Survey

- Regenerative Braking Systen Development

- Component Vibration Analysis

- Road Tests

ITU-MEKAR: (Istanbul Technical
Mechatronics Research Center)
- Cycle Simulations and Analysis
- Control Algorithm and Simulations

Univeristy —

TUBITAK-MAM-EL: (The Scientific and

Technological Research Council of Turkey — Mamara

Research Center — Energy Institute)

- Motor/Battery Capacity Calculations

- Motor/Battery Search and Selection

- Motor/Battery Control System Software Design

- Motor Cooling System Design and Production

- Communication Between Vehicle ECU and the
Controller

- Operating Functional Prototype

FOHEV CONFIGURATION

Since the aim of the Ford Otosan Hybrid Electric
Vehicle project is experimenting the capabilitiek o
hybrid electric vehicle concept on a light commakci
vehicle, a prototype vehicle has to be built orvested
with a minimum packaging effort, and carrying the
abilities of a full hybrid.

In the previous study [1], supported by Ford Otgsan
Matlab / Simulink models of nine distinct
parallel/series/complex hybrid configurations are
constructed and their NEDC, Figure 1, fuel saving,
acceleration and gradeability performances are
simulated. A pre-study about adaptation of theswitly
configurations to a conventional vehicle is conddct
and required packaging effort for each configurai®
graded.  Together with the simulation results a
weighted average total grade is calculated for each
hybrid configuration.
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Figure 1: New European Drive Cycle (NEDC) used for
simulations

The parallel hybrid configuration presented in Fega

is chosen to be best among other nine hybrid
configurations. In this parallel hybrid configuiGti an
electric motor / generator unit is coupled to tearr
wheels through a differential while the front wheate
powered by the diesel engine as in a conventional
vehicle.

Rear Axle

Front Axle

Figure 2: FOHEV Prototype hybrid configuration

This configuration enables:

Regenerative braking (rear wheels)
Electric Motor only cruising

Electric Motor assisting

Cruise charging

However a prototype of this hybrid configuration is
lack of following capabilities.

Idle charging
Engine Shut-down
Front wheel regenerative braking

The “Ford Transit” light commercial vehicle is cleos

as the base vehicle for the sake of a more practica
implementation after considering packaging isswes f
the placement of a rear-axle, driveline, motor/gatwe
and the batteries. The base vehicle is FWD andahas
2.21 130PS TDCI engine.



Figure 3. Ford Transit Hybrid Electric Vehicle

% 20 reduced fuel consumption in NEDC, EURO4 or
better emission level, maximum %25 payload loss and
maximum 500 | cargo volume loss are set to be main
target specifications for the hybrid prototype. Eeg
downsizing is not considered, instead the perfogaan
of the vehicle under some power demanding condition
will also be improved as in case of an engine upgra

Target fuel saving strategy for the prototype tdohét

is minimizing the inefficient usage of diesel ergin
which is generally corresponds to city driving
conditions, as well as avoiding the energy lossising
regenerative braking for deceleration.

FOHEV COMPONENTS AND PACKAGING

The selected hybrid configuration is modeled in
MATLAB/SIMULINK environment using the base
vehicle specifications and the specification of fiyb
component alternatives. For the sake of simplieity
very simple hybrid algorithm having two modes,
namely charging and electric only modes, is used in
these simulations. In charging mode, the battery is
charged by the electric motor/generator unit codipde
the rear axle with the extra %20 torque generated b
the diesel engine powering the front axle. Andha t
electric only mode, the diesel engine is operatiaiité
zero torque output while the electric motor / gener
unit drives the rear wheels. Independent of thésitry
mode, the vehicle uses regenerative braking for
deceleration according to braking force requiredhsy
driver unless the required braking force is above
maximum regenerative braking capacity or the bgptter
is fully charged. Additionally the hybrid controlle
utilizes both the diesel engine and the electricomto
drive the vehicle if the accelerator pedal is deped
down the kick-down limit.

According to performance and fuel consumption
simulation results a permanent magnet brushless DC
electric motor with 75 kW peak power, 240Nm peak
torque and 8000rpm maximum speed is selected. 288V
7.2kWh NiMH battery system is decided to be thet bes
choice to achieve the targets.

Figure 4. Electric Motor Assembly.

The electric motor generator unit, Figure 4, ispted
to the rear axle though a differential, with a retitun
ratio of 5.88, used in RWD versions of Ford Tians
vehicles.

Battery system is integrated on to the floor of thego
cab, Figure 5. Electric motor and battery cooling
system radiator is mounted to the front of the efehi
and cooling system hoses are routed to the battery
system and electric motor.

Figure 5. Battery System

After the integration of the hybrid components,afin
payload loss comes out to be 25% and cargo volume
loss is 350 I.

Since the hybrid control algorithm utilizes bothe th
diesel engine and electric motor to power the \ehic
the wiring though accelerator pedal to the power
control module of the diesel engine is reroutedufgh
hybrid controller.

Moreover, to utilize the braking force requiremeantd
clutch pedal position information in the hybrid
algorithm, a force transducer is mounted to thekdra
pedal, a pressure sensor is mounted to the bradsdyo
and a position sensor is integrated to clutch pedal



CONTROL SYSTEM

dSpace platform consisting of a MicroAutoBox and a
RapidPro unit is chosen for to implement the design
hybrid control algorithm [2]. This platform prowd
analog and digital data acquisition functions and
enables connection to Matlab / Simulink, through
which the designed controller models can be
downloaded to its flash memory.

As seen in the connection diagram presented inr&igu
6, the sensors coupled to the brake pedal, brafistéo
and clutch pedal are wired to the controller ad wasl

the accelerator pedal position. Vehicle information
vehicle speed, wheel speeds and engine speed,
broadcasted by the vehicle’s ECU through CAN bus is
also utilized by the hybrid controller.

The battery pack and the electric motor / genenadtr
are also controlled by the hybrid controller thrbug
analog and digital output and input channels andNCA
bus of the battery management system.

Figure 6. Data acquisition/control system detailed
connection diagram

The HEV control strategy is modeled in Matlab/Siimkil
Automatic code generation and downloading into
MicroAutoBox is handled by the Matlab Real Time
Workshop and dSpace Real Time Interface tools as
illustrated

Figure 7. Rapid HEV control algorithm prototyping
process diagram

FOHEV CONTROL STRATEGY

In hybrid electric vehicle control, the aim is fod an
optimum path for the conversion of energies.
Optimization is usually based on minimization afast
function that penalizes fuel consumption and errssi
levels. However, there are alternative methods
developed to find local, sub-optimal solutions. For
simplicity, a simple rule based algorithm for power
distribution management was designed for the hybrid
prototype

In the designed rule based algorithm, vehicle mades
defined to be the standstill, EM (Electric Motorl\gn
ICE (Internal Combustion Engine only), hybrid (ahar
or assist) and braking modes. The modes and swichi
rules are illustrated in the State flow chart igufe 8.

Figure 8. State flow diagram of the hybrid control
strategy



1. Standstill Mode

In standstill position, the vehicle velocity is dethen a
certain predetermined value.

2. EM Mode

If the battery state of charge (SOC) is sufficigfitigh,

and if the required torque does not exceed the
maximum EM torque output and if the vehicle velgcit
is below a predefined limit, the default mode iwafs
chosen as the EM mode. The driving characteridtic o
the vehicle is kept unchanged by adjusting theuerq
output of the electric motor according to the dhutc
pedal position, although there is no clutch on ghth
from electric motor to rear wheels.

3. ICE Mode

If the vehicle speed is above a predefined limitlyo
the ICE powers the vehicle

4. Hybrid (Charge or Assist) Mode

If the battery state of charge falls below the minin
allowable limit, the electric motor is operated as
generator to recharge the batteries while the ICE
powers the vehicle with an extra %20 torque until
battery state of charge reaches to maximum allcavabl
limit.

If the accelerator pedal position exceeds 70%sofui
range, the power assist mode is entered and the EM
starts assisting the ICE to provide more power.

5. Braking Mode

If the brake pedal is pressed, the braking mode
becomes active. The electric motor operates as a
generator and decelerates the vehicle though rear
wheels and charges the battery. Hydraulic brakes
become active if the required braking power is @&ov

the maximum regenerative braking power of the

electric motor.

Some minor modes are also added to the designied sta
flow diagram in order to provide smooth transitions
between standstill, EM and ICE modes.

SIMULATION RESULTS

The NEDC drive cycle is used in a simulation sttaly
compute fuel consumption and emitted emission
qguantities. The simulation is repeated until th&dog
state of charge value at the beginning and at rideoé
the simulation become identical. So the overall
simulation is a combination cycles of EM and Hybrid
(Charging) modes.

The results presented in Table 1 reveal that fuel
consumption of the hybrid vehicle is reduced up to
21,3% depending on loading conditions. Moreoveg du
to the change in the engine operation conditioiggyre

9, the emission levels are improved.

Table 1. Fuel Consumption and Emissions for Vehicl

Reduction
m=3000kg m=3000kg
Fuel Consumption % 15.5 % 21,3
socC
NOy % 28 % 18,7
CO2 % 18 % 23,9
(0] % 5 % 6,6

Figure 9. ICE operating points in NEDC

Experimental and simulated acceleration tests afse
performed. For this reason, a gear shift algoritinch
selects the gear that maximizes the net torquelaels
for a certain vehicle velocity. The acceleration
performance simulations of the base and hybridckehi
are plotted in Figure 10. Although the hybrid védic
uses both the diesel engine and electric motor for
acceleration, as shown in the plot, the accelearatio
performances of the hybrid and the base vehicle® up
60 kph are almost identical, due to extra weighthef
electric motor and the battery on the hybrid vehicl
However, acceleration of the hybrid is much bedfézr
60kph due to high torque/power characteristic @& th
electric motor at these speeds.



Figure 10. Hybrid and Base vehicle acceleration
performances

In the simulations it is shown that the fully chedg
battery pack provides a zero emission range of
44.79km in NEDC cycle to the Hybrid Transit.

CONCLUSION

The designed and constructed parallel hybrid pyptot
was found to provide maximum fuel consumption
reduction at minimum possible hardware and packagin
cost.

The prototype performance levels are satisfactory
except for the acceleration below 40 kph. Although
there is extra weight of 374kg on Hybrid Transit
prototype, the 80-120 km/h elasticity at top gesr i
above the expected best level. Thus the vehicle has
become a swift one in overtaking at speeds atténab
on the highway.

When the electric motor and diesel engine powess th
vehicle together in hybrid (assist) mode, Hybricsit
can climb 40% slopes, which is best level of thgets.

In hybrid (charging) mode, the algorithm forces the
ICE to run in a more efficient zone to use soméf
power to charge the batteries. The fuel consumption
improvement at NEDC with 0-SOC-change for a 3300
kg GVM vehicle is noteworthy. It was calculatedb®

(21.3 %) 1.3 % higher than expected best targe®4p0
for a 3300 kg GVM vehicle. This value is betterrtha
3000kg vehicle, since the ICE was forced to opeaate
more efficient region.

The electric only range of the Hybrid Transit in DNE

is satisfactory; however the range can be pulled to
lower values for the sake of decreasing the addestm
Thus a better payload capacity would be achieved.

The batteries can deliver 180 kW of power; however
the M/G can consume at most 75kW of power. This
power rating could be decreased to around 80kW for
the sake of increasing the energy capacity or dsarg

the weight of the batteries.

The consortium of this project has triggered theoed
phase of the Ford Otosan Hybrid Electric Vehicle
project, FOHEV-2. In the second phase, a vehicle of
complex hybrid configuration, having the abilities
both series and parallel hybrid configurations adl as
front and rear axle regenerative braking, idle ghmay
and engine start/stop capabilities.
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