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B. Driving Schedule

Abstract-In this paper, a simulator was built to smulate a |n consideration of vehicle use conditions, a Japanese
plug-in hybrid electric vehicle (PHEV) power system.

Specifically, a modd adopting a seriesiparalld hybrid system hom_ologa_tlon driving schedule (_JC08) was adopteq. The
with a planetary gear mechanism was created. With this model, ~ relationship between speed and time of the schedule is shown

the impacts of the engine on/off control and drive distance on  in Fig. 2.

environmental performance were analyzed using a . .

homologation driving schedule for Japan. It was proven that C. Vehicle Specifications

when providing PHEVs to the market it will be necessary to The specifications of the simulated vehicle are shown in

adjust the engine on/off control to suit the actual daily drive  Table I. The vehicle was a widely used regular five-person
distance of users. passenger car and the hybrid system was a series/parallel-type

incorporating a planetary gear mechanism. The fuel

I INTRODUCTION consumption (g/kwh) of the engine used in the calculation is

A plug-in hybrid electric vehicle (PHEV) incorporates argNoWn in Fig. 3. - The engine operated on the operating curve
electric drive capability using charging from an externgOWn as the dot-dash-line [2]. - The motor efficiency map is

power grid into the configuration of a conventional hybrigoWwn in Fig. 4.
electric vehicle (HEV). The resulting vehicle system
achieves zero-emission performance over short distance

driving equivalent to a pure electric vehicle. Because of this il Vehicle Speeghpuy
fact, development is firmly underway in Japan, the US, and Spiit (vlontrol v
Europe with rising expectations of early practical application. e System = Drive Power
However, the environmental performance of a PHEV varies 1 T ¥
greatly according to the distance it is driven. Therefore, any ] e Power Split Device
decision about whether to bring a PHEV to market must be | ¥
dgtgrmmed .pased on performance evaluation using actual : | Motor ” Generator” Engine |
driving conditions. :
In the research described in this paper, a simulator was |
built to simulate a PHEV power system. Specifically, a | v v v
model adopting a series/parallel hybrid system with a : Battery Fuel Tank
1
[

planetary gear mechanism was created. With CO2
emissions as an index, the impacts of the engine on/off _ . _
control and drive distance on the environmental performance Fig. 1. Simulation Model

were analyzed using homologation driving schedules.
120

100} Max. Speed: 81.6 km/h, Ave.Speed:24.4 km/h

Il. PHEV MODELING

A. PHEV Modeling Overview €4
By using the homologation driving schedules as inputs, &

ap

model was constructed that is capable of calculating time-basegd60 V Al /“ A f l
changes in engine/motor output, current/voltage/state of char@m M { \ M N \ J\ g \M
(SOC) of the battery, fuel consumption, £€missions, and 2 Ay A -ﬂ

the like. An outline of the model is shown in Fig. 1[1]. o \J k{ ! U‘ U‘ \[\_{ﬂu \J\JU

o

The simulation results presented in this paper were obtained © 200 400 600 [500 1000 1200 1400
using this PHEV model, which was created with
MATLAB/Simulink. Fig. 2. Driving Schedule (JC08_JAPAN)
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TABLE |
VEHICLE SPECIFICATIONS
Paramete Set valu
Curb Weight 1250 kg
. Equivalent rotational 3.5% of Curb
Weight part mass Weight
Passenger mass 110 kg
Rolling resistance coefficien 0.01
Road load
Air resistance coefficient 0.0343 N/(km/H)
Powertrain| Transmission efficiency 0.95
efficiency | Final gear efficiency 0.95
Engine Refer to Fig. 3 (Displacement: 1.52])
Motor Refer to Fig. 4 (Max power: 50 kW) [3]
Max Torque 305 Nm
Generator | Max Speed 12000 rpm
Efficiency (Map) from data base [4]
Battery Weight 30 kg [5]
Capacity 15 Ah
Battery Voltage 201.6 V
system
Charge/Discharge efficiency, from data base [4]
SOC range 90-30 %
) Regenerative brake
Other Braking method )
and Hydraulic brake
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Fig. 4. Motor efficiency map

D. Planetary Gear Modeling

1. Methods for Determining Planetary Gear Mechanis
Rotation Speed and Torque

A planetary gear model was used to split the power
distribution. The generator was installed with um gear,
the engine with a planetary gear carrier, and tbeomwith a
ring gear, and all three mechanisms were connectéteir
rotation speeds were connected in a linear fasliona
collinear diagram centering on the engine’s rotaspeed as
shown in Fig. 5 [6]. The following relational ediom
expresses the rotation speed [7].

Zm Zm
Ng:<1+Z)XNe_<Z_>XNm (1)

g

where,

N: rotation speed

Z: number of gear teeth (Z2g:30, Zm:78[8])
g: generator (sun gear)

e: engine (planetary gear)

m; motor (ring gear)

The ring gear was directly connected to the ouspatt so
that its rotation speed was determined by the \elspeed.
Generally in simulations, the engine power outpst i
determined first and then the engine’s rotationedpés
calculated to achieve efficient driving. Havingtetenined
the engine power output and rotation speed, toryas
obtained from Equation (2) and other torque cataa are
shown in Equation (3), (4) [7].

Preq
T, =— 2
) ©)
Z
=02 —xT, 3)
Im+Z,
Zm
T,=T;,————XT, 4
m d Zm+Zg e ( )
where,
T: torque
d: drive shaft

2. Reproduction of Cranking Phase

The series/parallel-type HEV system described im paper
is not equipped with a starter. Instead the gémrefanctions
as the engine starter [9]. This research repratute
cranking phase, which extends from the time thatehgine
start-up command is issued until the engine shiftstable
running, by modeling the planetary gear mechanisdetail.

In the cranking phase, as shown in Fig. 5, when
generator rotates in the negative direction it terapgly
consumes the electrical power of the battery, lyutelersing
to rotate in the positive direction, it contributesthe rise in
the engine speed. Consequently, if the amounhahge in

the



the rotation speed of the generator is determitiexh the rise E. Engine Modeling

in the engine speed can be expressed. The amdunt

change in the rotation speed of the generator Isuleded
using the equation of motion of the rotating boHEig( 6).

An example of the calculation process is shownim F.
The figure shows the state immediately after thgiren
start-up command, when the generator takes orotheof the
starter motor and enters the cranking phase, aaml tip to
the point where the engine is running stably. Temgth of
the cranking phase is held to within about 1 seconkhis
period of time is equivalent to the lag that occfisn the
engine start-up command until stable running.

Speed[rpm]
Engine
starter 0
S
—2710 ___-="""
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Generator Engine Motor

Fig. 5. Relationship between Rotation Speeds abkd&ngine, and
Generator(Vehicle speed:30km/h)
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Fig. 6. Flow of Calculation for Generator Rotati®peed
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Fig. 7. Engine Start-up Lag

?. Engine ‘On’ and 'Off’ conditions

Four patterns of engine on/off control (AER, Bldk®2d,

Bld_15kw, and Bld_10kW) were established with the

following three elements as triggers: the requitade power,

the vehicle speed, and the battery SOC. The ermifef
command is determined by the following logic, arattéry
usage is possible within an SOC range of 90-30%rdaty

to this control logic.

a) The period from the time that the vehicle startsidg
(SOC: 90%) until the battery reaches an SOC of
32.5% shall be charge depleting (CD) mode. If the
SOC falls below 32.5% even one time, then it shall
shift to charge sustaining (CS) mode [10].

b) When in the CD mode, if the conditions of 1) reqdir
drive power or 2) vehicle speed are satisfied, tihen
engine start-up command shall be issued (Table II).

c) After shifting into CS mode, the four control metho
patterns listed above shall no longer be used and
instead the system shall switch over to a similar
control method (high/low control) when it reachhe t
boundary at the SOC level of 32.5%. The threshold
values used to make the individual engine on/off
judgments under high and low control shall be as
listed in Table Ill. By determining the output ihig
way, driving can be performed as if converging loa t
final SOC (32.5%) and it becomes possible to realiz
HEV driving using only a fixed SOC range.

d) In the case where none of the trigger conditions in
Tables Il and Il are satisfied, a stop command| sfea
issued to the engine.

2. Methods for Determining Engine Power Output

In the case where an “on” judgment was issued (engi
start-up command), the engine power output value is
determined by the following equation. As shown in
Equation (4), the engine power output value is rdled by
the required drive power and battery SOC infornmatio

However, the engine output ratia)(in the equation is
divided into two levels, one for output at high doand the
other for all other output, with the boundary setaadrive
torque of 50 Nm. The two levels of the engine atitfatio
are shown in Table IV.

Preq =a - Pyrive + Paaa (4)

Padd = :3 : (SOCtarget - SOC) (5)

provided that, P,z =0

where,

Preq: pOWer required for maximum engine output [W]
Parive: pOwer required for driving force [W]

P.q¢ power required for battery charging [W]

a: engine output ratio

B: power-charging coefficient [W]

SOGaget target SOC 32.5% SOC current SOC



TABLE Il
ENGINE START-UP CoNDITIONS (Cb MODE)

Engine Control CD mode: SOC: 90-32.5 %
et |® ey poven
BAL200 | e Specd: Sk or over
BAISW | e Speed: S5k or over
Bld_10kw* : Ez/ne:/ :;CFI:) VSV;e)geldE:, k5vgk(r)1:/(r)1v§rr over

*1: All Electric Range Mode *2: Blended Mode

TABLE Il
ENGINE START-UP CoNDITIONS (Cs MODE)

Hi (above 32.5 %) Low (under 32.5 %)
® Drive Power:

5kW or over
B Vehicle Speed:

25km/h or over
€ SOC:

Under 30 %

® Drive Power:
10kW or over

B Vehicle Speed:
55km/h or over

TABLE IV
ENGINE OuTPUT RATIO

Driving Conditions

Engine Output Ratio

High Load (Drive Torque > 50 Nm)

95 % of Drive Pawe

55 % of Drive Power

General Load (Drive Torques 50 Nm)

ll.  VALDATION OF THEMODEL
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Fig. 9. Battery power

IV. PHEV ENVIRONMENTAL PERFORMANCE

The amount of C®emissions was used as an index to

The model was validated by comparing its calcutatiodssess environmental performance because thisesnéis

results with actually measured values.
measured values are bench test data from
commercially-available HEV with the same specificas as
the simulated vehicle.
(NEDC) was used for the measurements.
discussed in this paper is for a PHEV. Thereforerder to
compare the results calculated from the model with
actually measured values of an HEV, the calculatiomre
conducted after first changing the battery capaitit$.5 Ah
and the SOC range to 60+10%.

A comparison of the different engine speeds is shaw
Fig. 8. Engine start-up timings, operating timasg engine
speeds close to the actually measured values weeined
(solid line: real (actually measured) engine spdmken
line: simulated engine speed (calculated values)d
dot-dash-line: driving schedule).

Next, the battery charge and discharge were cordf#ig.
9). It was found that the transitional battery rgjeaand
discharge power required for cranking at the tilh@mgine
start-up was expressed. (The discharge porticasdstip
like whiskers in the figure.) Through one cycle NEDC,
the obtained calculated results for both the engpezd and
the battery charge and discharge power were génetake
to the actually measured values.

a

The actuamount of emissions to be determined not only dydirving

bgt also during electricity generation. In thippea external
charging energy refers to the energy amount reduice

A European driving schedul&charge the battery to an SOC of 90% after drivihige
The modsjuation below was used for calculations [11].

a, XV + % X U
Mco2 = d . @)
Mcoz CO, emissions [g-C@km]
d: driving distance [km]
V: gasoline consumption [L]
U: electricity consumption [kWh]
(external battery charging output)
ag: CO, emissions coefficient (gasoline) 2,360 g/L
a.. CO, emissions coefficient (electricity) 555 g/kWh
n.: power transmission efficiency 0.95
(Values take into account all the processes inwbfvem the
mined source material)

A. Differences in Environmental Performance Dejpegd
on Engine On/Off Control

The impact of the engine on/off control method o@2C
emissions was studied in the JC08 driving schedule.this



study, a target drive distanckof 8.17 km was adopted to80% of the number of days of vehicle operation. er€fore,

complete one cycle of JC08. The amount of CO2 sioiis
was determined in consideration of driving afteha@ and
cold start, respectively. The compound ratio of $tart to
cold start is 0.75 to 0.25.

The calculation results are shown in Fig. 10. Redato
the base HEV, in all-electric range (AER), whiclvatves
driving throughout the entire cycle on battery poakne, a
23.2% reduction in CO2 was achieved.

B . Changes in Environmental Performance Accordimg

Drive Distance

PHEYV are reported to be vehicles that produce rieaide
differences in the amount of CO2 emissions depgndimthe
drive distance. Therefore, this research soughtafy the
influence that the drive distance has on the amo@ir@O2
emissions by repeatedly driving the vehicle in 3®8 mode
(Fig. 11).

The closer that the engine on/off control stayedHdR the
more effective it was at reducing the amount of C
emissions over short distances. In contrast, & fwand that
at a drive distance of around 60 km and beyondeffext of

even if only Bld control was adopted, it would besgpible to
drive while maintaining an effective reduction lretamount
of CO2 emissions of 7% or more in comparison to dE&
approximately 80% of the days during the year. sThi
ensures the superiority of PHEVs regardless oftyipe of
engine control that is employed.

C. Selecting the Optimal Engine On/Off Control et

As mentioned above, the type of engine on/off adritrat
results in the minimum amount of CO2 emissionsifient
depending on the drive distance. This section éxasrhow
the engine on/off control should be selected bysitaring
the reason for this.

Around a drive distance of 24 km the minimum amaaint
CO2 emissions changes from AER control to Bld_20kW.
Therefore, at this point the amount of CO2 emissionAER
and Bld_20kW control were distinguished accordingthe
origin of these emissions (Fig. 13). In order tasp in detail

e dependence of the amount of CO2 emissions edritie
distance, the real-time data was plotted (evers@cbnds).

The portion of CO2 emissions originating from tratery

the engine control on the amount of CO2 emissioR$arging power is produced when the electricityéserated.
diminished. Furthermore, when the drive distamaxhed a Therefore, the amount of CO2 that is produced fhmtiery

range of around 130 km, the amount of emissionslymed

converged at around 75 g-CO2/km no matter whichineng Consequently

control was selected. The results showed that
distance disappeared at this drive distance.

The following section compares the above resulth tie
usage conditions of vehicles in Japan. In ordegrasp
these driving conditions it was necessary to fihd single
day distributions of drive distance throughout gear. To

accomplish this, based on the method in referem2g fhe

data in reference [13] was approximated using angam

function to derive the single day distributions dfive
distance. The accumulation of these distributisnshown
in Fig. 12. This research used a driver with anuah drive
distance of around 10,000 km.

In Fig. 11 the amount of CO2 emissions in AERj
Bld_20kw, and BIld_15kW control intersect at a drive

distance of 24 km. It was found that when theisador a
drive distance of 24 km is compared to Fig. 123dtounts
for around 50% of the number of days of vehiclerapen.
This means that if AER control was adopted forodlthese
days, it would be possible to drive a vehicle wifl©2
emissions that are lower than those produced uiBier
control for about half of the driving days duridtetyear. It

also shows the superiority of AER control from the

standpoint of environmental performance.

Next, focusing on Bld control, the intersection moaf all
the Bld control lines can be seen at around a dfistance of
60 km.
intersection point is compared to the base HEVeffective
reduction of about 7% can be seen. When thissatgion
point is compared to Fig. 12, it accounts for agprately

When the amount of CO2 emissions at th

charging power is the same in AER and Bld_20kW mant
the main cause of the differencéénaimount

> BE co2 emissions according to the drive distancethis
dependence of the amount of CO2 emissions on tive dr

amount of CO2 produced from the gasoline. It isutiht
that the cause of this is that in CD mode the AERtmoI
provides the required drive power using only theanceven
when the engine is in an efficient driving region.

From the above results, it was found that selecthmy
engine on/off control that matches the driving eteads to
optimal driving behavior. Therefore, it is thougthat in
order to allow a PHEV to exhibit its superior eavimental
performance to the maximum extent, the driver needse
able to select the engine control method that spoeds to
that day’s drive distance, or a system should loptd that
automatically selects the engine control method nvttee
ay’s destination is entered into the car navigasigstem.
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AER

Bld_20kW
Bld_10kW ——— Base HEV

= = Bld_15kwW

that showed the amount of CO2 emissions were redbge
23.2% compared to the base HEV.

In addition, when the vehicle was driven repeatex|the
JCO08 schedule, it was found that at drive distaéds80 km
and greater, no matter what engine control methas w
employed, the dependence on the drive distancenteca
indiscernible. However, at drive distances of lgsm 130
km, it was found that the most advantageous engimérol
method was different depending on the drive diganc
Therefore, it can be concluded that it is necessarset the
engine on/off control in accordance with the vehicker’'s
daily drive distance conditions.
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CONCLUSIONS
[20]

a) A simulator was built simulating a PHEV poweistgm

and control
created adopting

methods.

Specifically, a PHEV modelswa

a series/parallel hybrid systenth va [11]

planetary gear mechanism. Both battery power arel th
engine’s rotation speed calculated by this modekvedmost

equal to the measured data. [12]
b) Using the simulator that was built, the influenaf the
engine on/off control method and drive distance the [13]

amount of CO2 emissions from the PHEV was analyzed.

When AER control

was adopted for EV driving in @hges

during one cycle of the JC08 schedule, results wbtained

involved in the program.
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