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Abstract: Due to the high price of the fossil fuel and thggravating environmental issues, plug-in hybrid
vehicles (PHEV) have gained high popularity recenflhrough proper charging and discharging procgste
PHEV fleet can act as energy storage. In this p#peperformance of PHEV at different operatingitstgies is
presented. Comparison between PHEV and Hybrid ide¢ehicles (HEV) is done and reported.
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1 Introduction

HEV is also classified based on their energy strag
systems (ESS) as either conventional or PHEV. A
normal hybrid vehicle has a small ESS which can be
charged onboard. A PHEV on the other hand has a
large ESS which can be charged onboard and also
from an electrical outlet. The vehicle can operata
battery mode for longer period than the conventiona
hybrid vehicles.

PHEV control problem is similar to the HEV control
with the main difference that batteries used foERH
applications are almost completely depleted usually
95-25 % SOC, and then charged from external
sources [1].

Several simulation tools based on different modglin
platforms are available, as simple electric vehicle
(SIMPLEV) program and ADvanced Vehcle
SimulatOR (ADVISOR). In this work, the advanced
vehicle simulator ADVISOR, software is used to
simulate the parallel.

2 PHEV Components.

The power-train of a PHEV is composed of the
following primary subsystems:

ESS

Electric traction motor

Internal combustion engine (ICE)

2.1 Energy Storage System

The selection of a suitable EES plays an important
role in designing a PHEV There are three factoas th
are considered while selecting it:

Power rating

Energy capacity

Usable state of charge window.

These three factors affect the mass, cost andfife
the ESS, as well ashe fuel economy and
performance of the vehicle.

The usable energy capacity of the ESS is defined by
the desired capacity of the ESS all electric rang
(AER) capability. [2].

2.2 Electric Traction M otor

The most important advantage of using an electric

traction motor (EM) ighat it can provide full torque

at low speeds [3]. Induction motors and permanent

magnet synchronous motors are generally used

electric and hybridelectric vehicles [4]. Switched

reluctance motors’ has excellent fault tolerant

characteristics, simple construction, low

manufacturing cost and excellent speed-torque

characteristics suitable for PHEV applications. But

suffers fromacoustic noise and torque ripple during

operation, PMSM is selected in this study due its

known advantages.

2.3 Internal Combustion Engine (ICE)

The ICEcan be used in PHEV in two ways:

(i) To drive the wheels in parallel configuratioritiwv
the EM.

(i) To drive a generator for charging the battary
series configuration [5]-[8].

3 Modeling of PHEV

In this section a detailed model of each compooént

the PHEV is introduced using ADVISOR software

program, the overall system components shown in

Fig (1) will be discussed.
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Fig (1) Model of the overall system
3.1 Vehicle Modéd

The analysis of the vehicle model is performed in
terms offorce equations based on the scalar form of
Newtown'’s seconthw of motion, i.e.,

F :ZMvecha"'(N) ...... (1)



The equation is expanded with the typical set of
forces usually acting on the vehicles. It is reaged

to obtain the following final form [9]-[12]:
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Fig.(2) Vehicle model
4 PHEV Operating Strategies.
In a parallel HEV, there is an additional source of
torque available; the motor can draw electric eperg
from the battery to apply positive torque that
accelerates the vehicle, and it can supply electric
energy to the battery by applying negative torduat t
decelerates the vehicle.
The vehicle control strategy manages the operation
the ICE and EMsystems to provide optimal vehicle
performance and efficiency through every operating
condition. Performance criteria include increases f
economy and reduced emissions. The energy
management system clearly divides the whole trip
into Charge Depleting mode (CD) and Charge
Sustaining mode (CS). Thus, the design and control
techniques developed for EV and HEV can be used.
PHEV facilitates using the ICE only at high
efficiency since EM make it possible to switch thfé
ICE at low efficiency and thus use pure electric
traction. [13]
The applied standard cycle in the simulation preces
is UUDS and HWET as a speed reference to drive a
PHEV.
4.1 Charge Depletion Mode
The idea of this control strategy is to use thergne
of the ESS intensively in the AER, the driver could
select the pure EV mode at the start of the trip in
order to fully use the energy of the energy stortage

displace the petroleum fuel, until the energy o th
ESS reaches its specified level at which the CSemod
will start automatically.

4.2 Charge Sustaining Mode

In charge sustaining mode, the state of chargdef t
ESS over adriving profile is maintained within a
particular band. The engine runs to maintainstate

of charge and also shares power with the EM [14].
Charge sustaining mode uses the EM in a variety of
ways:

The motor supplies all driving torque below a derta
minimum vehicle speed. See Electric Launch Speed
in figure. (3).

The motor assists with torque if the required terqu
exceeds the maximum engine torque.

The motor charges the batteries by regenerative
braking.

The engine shuts off when the torque request falls
below a limit.

When the battery SOC is low, the engine provides
excess charge torque, which passes through tha moto
to charge the battery (see Case 1 in fig. 3)(e T
engine does not output a torque below a minimum
torque level (Case 2). [15].

Recquire

Masxcimum
Torque

Torque
Envelope

nginef
oFF 2 T P e
g
5 Engine
-~ F OFF

OFff Torque
Ervelope

Electric
Lawnch
Speed

(a) Control Strategy for High SOC

Requested Enaine Speed

(b) Control Strategy for low SOC
Fig. (3) Charge sustaining mode control Strategy

5 Vehicle Performance Constraints.

The performance of a vehicle is usually describgd b
its maximum cruising speed, gradeability, and
acceleration which listed in table (1).

In this study the component listed in table (2) aver
selected from ADVISOR database as the baseline
component. If an electric drivetrain efficiency 180
WH/km is assumed then to achieve 75 km of all
electric operation, a pack with 13.5 KWH of useful
energy is required, assuming that only 70% of the
pack capacity is usable on a daily basis then @ 19.
KWH 32 module battery pack results [16]-[17].



To determine the appropriate component sizes for
this vehicle many performance aspects must be

evaluated

simultaneously.

These include,

Acceleration, Gradeability, ande Electric range][18

Table (1) Vehicle Performance Constraints

Attribute Value Initial/final conditions
Acceleration
:96 km/h 9.0 sec 1) initial SOC = charge

sustaining SOC

64:96 km/h 4.0 sec
Gradeability
80 km for 15 6% 1) initial SOC = 0.45
min. 2) final SOC > 20%
AER 75 km City driving
Maximum speed| >150 km/h

Table (2) Vehicle Parameters Assumption
Name Value Unit
Vehicle mass 1620 Kg
Frontal area 1.75 m
Aerodynamic drag coefficient 0.3
Coefficient of rolling resistance| 0.009
ICE ] |
Maximum Power 43 kKW @ KW
Peak Torque 4000 rpm KN
75 Ib-ft @
4000rpm.
Traction motor 49.0 kw
(continuous)
Battery pack
nominal capacity 45 Ah
Module capacity 598 WH
Module mass 8.4 Kg
Transmission | o |

6 Vehicle Component Sizing

6.1 Electric Range and Battery Pack Size
AER is assumed to end when the engine first tums o

during a drive cycle, to

achieve desired AER

capability the ESS will need to provide sufficient
power to propel the vehicle without assistance from
ICE, fig (4) for UDDS driving cycle test and fig)(5
for HYFET driving cycle, shows the ADVISOR
simulation results to size the battery back appater

to 75 km AER.
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Fig (5) Simulation result with eight repeated HWFET
cycles about 132 km.

6.2 Motor Sizing

In this study, the motor size was primarily defirgd

the drive cycle operation it should be matchedhto t
battery pack capabilities and the vehicle must not
miss the speed trace by more than 3.2 km/h at any
time, as shown in fig (6) and fig (7) [19].
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Fig (6) Simulation results after adjustment of nmoto
size for ten repeated UDDS driving cycle
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size for eight repeated HWFET driving cycle

6.3 Engine Sizing

A small engine is important to allow significantigs

in operating efficiency, maintain battery SOC at
required range while in charge-sustaining mode, and
satisfy grade, acceleration, and drive cycle
requirements, fig (8) for UDDS driving cycle testda
fig (9) for HWFET driving cycle test, shows the
simulation result during engine sizing to meet the
vehicle requirements reported in table (2) whileea
(3) summarizes the final vehicle component size for
all vehicle performance constrains.
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Table (3) Final Vehicle Component Sze for All
Vehicle Performance Constrains.

Name Value Units
Vehicle mass 1615 Kg
ICE Maximum Power 38 KW
Motor Maximum 45.0 KW
power
Battery pack

Peak capacity 17.3 KWH
Peak power 116 KW

7 FUEL ECONOMIESAND EMISSION STUDY.
After the vehicle components were defined the next
step is the optimization of control strategy partene

to minimize fuel consumption.

in this study we select 0.3 as the lowest desi@€ S

of battery pack parameter (cs_lo_soc), the value of
highest SOC of battery pack (cs_hi_soc) is 0.58, an
the load applied to the engine to recharge theshatt
pack (cs_charge_trq), is 16 N.m,



Now we are ready to run the vehicle simulation with
the new control strategy parameters under UDDS
cycle test and HWFY cycle to study and compare the
fuel consumption and emissions with conventional
HEV. In this simulation the initial SOC was setlt®
(complete battery charged), the simulation result
show the vehicle run in EV mode (CD mode) for the
time interval t= 0:8350 sec and cut 75 km, the @iehi
run in the hybrid mode (CS mode) for the time
interval 8350 ses t> 13000 sec.
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Fig (9) PHEV simulation results for a ten repeated
UDDS cycle test

Figure (9)(a) shows a 10 repeated UDDS cycles as
references vehicle speed and the actual vehickdspe
the difference between requested and achieved
speeds is negligible, which means the vehicle
component sizing, can meet the required loads in
both CS/CD modes. Figure(17)(b) shows the SOC
history, the initial SOC was set to 1.0 and reduced
gradually until reach its predetermined threshold
value 0.3, the control strategy system tray to hadin
the SOC at this value by recharging the battery
system during braking by regenerative or duringtlig
ICE loads to improve its efficiency.
Figures (10)(a) and (b) show the available torque
from ICE and EM for vehicle propelling, during the
first 8380 sec the ICE was not activated, onlyEivk
produce torque to propel the vehicle until the dogtt
reach its predetermined  threshold  value
(cs_lo_soc=0.3), during this period the most ofanot
torque is positive.
ICE was activated at t= 8350 to be the dominant
during the remaining time in the trip, during this
period the PHEV working as conventional HEV, the
EM used to assist the ICE to propel the vehicle and

maintain the SOC by regenerative braking or from
ICE during idling or light loading.
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Fig (10) Torque available of motor and ICE for ten
repeated UDDS cycle test
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(d)ICE consumed fuel
Fig (11) ICE and motor operation in case of ten

repeated UDDS test
Figures (11) (a) shows ICE operating points
(efficiency maps), the operating points of ICE are
adjusted near the optimal operating region [20]
Figure (11)(b) shows the motor operating points of
the parallel PHEV are more concentrated in the
extended high-speed high-efficiency region, In
addition, taking regenerative braking into
consideration, as is clear the regenerative braking
events take place in high efficiency region (85% -
90%). Figure (11)(c) and (d) show the ICE emissions
and consumed fuel respectively which will be
reported and compared latter, the liquid fuel
consumed by ICE was 2.18 liter as shown. The total
equivalent fuel consumed can be calculated from
equation (5) [9].

Fuel economy (FE)

_ distance
fuel volume +E5S equivalent fuel volume
D .
FE = —— — (km/liter) (5)
Vet charge
Egasoline

33.9 (km/liter) =2.94(liter /100 km)

For UDDS driving cycle the fuel volume consumed
was 2.16 liter, the trip distance was 120 km and4.2
KWH used energy from battery, which give 33.98
km/liter or 2.94 liter/100 km.
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Figure (12) shows the simulation results for HWFET
cycle, the PHEV working in CD mode for the first
3700 sec time interval, the ICE was not activated,
only the EM produce torque to propel the vehicle.
ICE was activated during the remaining period @f th
trip and the PHEV working as conventional HEV, the
EM used to assist the ICE to propel the vehicle and
maintain the SOC by regenerative.

The fuel volume consumed by ICE was 1.96 liter
fig(12)(h), the trip distance was 132 km, and 10.9
KWH used energy from ESS at 0.37 final state of
charge which give 41.25 km/liter or.2.42liter/10Qkm
the total emission will be reported in table (4).
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8 CONVENTIONAL HEV SIMULATIONS

With the same component size of parallel PHEV, a
simulation will be done to compare the fuel
consumption and emissions of PHEV and
conventional parallel HEV for the same trip length
and driving cycle.
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Fig (14) HEV simulation results for 8 repeated
HWFET cycle test.

The simulation results for parallel HEV for UDDS
driving cycle test fig(13) and HWFET driving cycle
test fig(14), the ICE was activated from the first
second, the EM working to assist the ICE during
peak loads, the initial and final value of SOC for
battery pack was maintained at the same level.



The total fuel consumption during the trip was 6.4910.
liter for 120 km trip length in case of UDDS cycle

test, and 5.45 liter for 132 km in case of HWFHg t
total emission reported in the tables (4) and (5).

Table (4) fuel consumption and emissions for UDDS

cycle test.
PHEV HEV Fuel and emissions
saving
Fuel
(liter/100 3.45 5.41 36.2%
km)
Emissiof
s |HC CO NOx HC CO NOxHC CO NO
(gfa;“’k.lz 15 .05 |21 215 .089| 40.8 26.1 37.L
m

Table (5) fuel consumption and emissions for
HYFET cycle test.

PHEV HEV emistuingnsC;ving
Iiter'/::lL.lg(l)krT 242 4.13 41.4%
Em:]ssio He co Noxl e co NOX - o .
g’?nm’k 07 10 03|43 16 088| L. oo caps
CONCULSION

The control strategy foPHEV resulted in a 36.2 %

saving of fuel consumption for UDDS cycle and 41.418.
% for HWFET over the conventional HEV for the

11.

12.

13.

14.

15.

16.

17.

same trip length and component size. The emissions

reduced significantly by replacing the conventionall9.

HEV by the PHEV as reported in tables (4) and (5).
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List of Symbols:
a Acceleration.
D Trip distance by kilometer, (ke total energy
consumed from battery kWH

Egasoiine a constant equal 8.8 kWhl/liter, representing the
energy content in one liter of gasoline
Eusable Useable energy, in the energy storage,

F Driving force on the wheel

Faccel. Force required for vehicle acceleration

Firact Force generated by ICE or EM

Paux Power required for auxiliary loads

Py battery power

P Power from battery of EM

Prract Traction power

SOGhax Max SOC with fully charged energy storage

SOGuin SOC of the energy storage at which the operation
mode is switched from the pure EV or CD mode
to the CS mode.

T Output torque of EM

w Angular velocity of EM

Tbe efficiency of battery and power electronic
components

MNm motor efficiency

Nt Overall efficiency from wheels to the ICE or EM.



