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Introduction

What affects PHEV performance?

Powertrain configuration Control strategy

-
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| .
. 06 qu\ .
Engine Clutch 058 CD mode | CS mode :
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<Charge depleting-Charge sustaining(CD-CS) control> <Dynamic programming>
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<Power-split type PHEV configuration>
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Introduction

Control strategy

= CD-CS control = Optimal control
0.65 I
PR I e v' Optimal results
\,\ Wk 111 VUCT 1 W 1TIVUT
8 0.;5 vv\‘\’\-\’"\ ;
n \-\x,\_ | . .
: v' Long computation time
O:z M AN A
_ L. -

0.25
0 500 1000 1500 2000 2500

Time

- It is necessary to develop a novel control algorithm which can be applied in real time
environment to improve the fuel economy of the PHEV.
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Introduction

Purpose of this study

» Develop a forward simulator based on dynamic model of the target
PHEV

» Develop the backward simulator for the target PHEV using dynamic

programming
= Develop an integrated battery energy-vehicle power control algorithm

» Evaluate the integrated battery energy-vehicle power control

algorithm
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Development of forward simulator for
the target PHEV

Configuration and specification of the target PHEV

~ item  specification
MG2 Max. speed 6000rpm
Battery reduction gear T G
MG2 Max. speed 12584rpm
. Max. torque 307Nm
T M.G 1 T d F;.nal Max. power 124kW
MG1 reduction gear 4]:re etion gear Max. speed 10380rpm
= Clutch 1 2 : Max. torque 109Nm
0000 | | T 2N Max. power 118kKW
| | J_ MG2 reduction gear ratio 2.48
Engine - Engine MG1 reduction gear ratio 1.73
reduction gear Engine reduction gear ratio 0.738
<Configuration of the target PHEV> R EE L GHE GEET LD £
Vehicle mass 1800kg
Tire radius 0.32m

<Specification of the target PHEV>
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Development of forward simulator for
the target PHEV

Driving modes of the target PHEV

Batte Batter

MG1
H Clutch H O
0000 E E 0000 E E

Engine Engine

Parallel mode Regeneratlve braking mode
|Batte;| Batter
ey G2 ¢ | MG2 L—Tl,
4 MG1 T

ClutCh I H - Clutch H H
0000 ; N 0000 — 0 E
Engine [ Engine - 1 [
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Development of forward simulator for
the target PHEV

Powertrain model

Engine Motor/generator
200 . . T . 0 S -
CES7:BSFC, glkwh »“f "/i 70 7601 *% 300 (& R Esg
180 = Engine Max torque © 79 79 7 9 f
- 20— &8 — 88—y 200 g
-~ i | ] ; 89— E
£ / “ f/ /JJ — 8 i}
1=
; % 40 ‘r 3 ® g ‘J/ 5 7 % wol bt R
g s |4 F [ 1SSz v u?l
o3 ] 2 e =]
S O o il / T ol 2=
S s | 1 I / s |
£ o : bl -/ ~ |0
= O 80 ! | ‘1 \ O a00Ht—
| = | I \ ( 9 = \‘\ <
) / i
-100 = -200
OT s /§9 i: />( ‘ TS MG1 efficiency, % \?"‘, €33 MG2 efficiency, %
= MG1 Max torque 300 = MG2 Max torque
10000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 71200 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 2000 4000 6000 8000 10000 12000
Engine speed, rpm MG1 speed, rpm MG2 speed, rpm
<Engine characteristic map> <MG1 characteristic map> <MG2 characteristic map>
. Tye - w
. = — MG MG .
Jeng * Weng = Teng — Teng_ioss Pyo =—— (motoring) 1
1 N (Tye, Wue) =—T
T _— T MG T .S + 1 MG_dmd
eng — eng_dmd — . . i MG
g Teng S T 1 9- Py = Tue - Wug 1 (Tyg, wye) (generaing)
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Development of forward simulator for
the target PHEV

Powertrain model

The clutch engagement is determined
by the pressure

resistance
Vbat = VOC - Rbat : Ibat

Pbat
Vbat

Ibat -

Clutch Battery Vehicle
* SOC(state of charge) is * The wehicle longitudinal

: =] e assumed by the current dynamics
. / . integration method
g / —g‘ 1 t p M-v=F, —F,— F,oua
/ = SOC:SOCmf‘c_f Voat &
S / Sl bat Jtin 'bat «  The coast-down test road
/ ‘l\ « The wltage is calculated load coefficients are used
e \\\ using the open circuit Froad = Feoast —aown + Fyrade

e %}'?meU(AreleftsiveOvsalu;)7 v T ‘Ur?men(areleft?veDvealug)7 e VOltage and Internal

Fcoast—down = fO +f1 v +f2 - v?

Fyrage =M - g - sinf
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Development of forward simulator for
the target PHEV

Mechanical element loss model

Gear loss model Clutch loss model MG1 unloaded loss model
0; ’ Clutch loss O.: MG1 unloaded loss
EN [ E /
Tgear_loss =T a- ngear) : Sign(Pin) Ti“j Z: | B ‘;E ::
\wj 0:4 I E 0.4 /,
o 05 / — ® 05 s
« The gear torque loss is S 'I e
assumed to be 1% Of the 00 1000 2000 3000 4000 5000 6000 7000 00 2000 4000 6000 8000 10000 12000
transmitted tOI’que Relative rotational speed, rpm Rotational speed, rpm
<Clutch loss map> <MG1 loss map>
o urd * Since the MGL1 rotates by the
T joss =21 fo a h wrelcfdr engine, and the MG1
Ti unloaded loss occurs in the
parallel mode
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Development of forwad simulator for the
target PHEV

Forward simulator

Equivalent fuel economy

Final reduction Vehicle

<Forward simulator of Series-Parallel type PHEV>
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Development of backward simulator for

the target PHEV

Dynamic programming

Local optimization

- Series mode :

Ppar = f (Tme1, @M1, Tmez, @Wmez)
= f(Tengr weng)

- Parallel mode :

Pyat = f (Tme2 Wme2) = f(Teng: weng)
- Local optimization :
mfuel = L(Teng*r weng*) = 9(Ppar)

Presenter:  Junbeom Wi, Sungkyunkwan University

Global optimization

Minimize Ji" (i) = gr—1(Ppae(k — 1), Mode) + Ji—1" (X-1)
Subject to ASOC(k — 1) = f(Ppac(k — 1), Mode(k — 1)), k = 2,3, --,N
SOC
i+2 - 600~
I — % 400-.
£
' § 200
i—1 E
&g
s 0.4
0.3 1000
500
k=1 k Step (time) SOC 02 0 Time, sec
<Optimal field> <Optimal trajectory>
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Development of backward simulator for

the target PHEV

Backward simulator

Set the driving cycle, initial and final SOC

>

Search the optimal SOC trajectory

>

Find the optimal mode

for the demanded wheel torque and vehicle speed

Presenter:  Junbeom Wi, Sungkyunkwan University

Input the
driving cycle

¥

Set $OCin; ,S0Crm

k=2
Wy = Wiyp (k= 1)
T = Twn ke — 1)

Local
optimization
for each modes

¥

Save J",_, and
operating points of
engine, MG1, MG2

Nao

Find the

Optimal trajectory

Yes 4

Simulation
end

<Backward simulator flow chart>



Development of backward simulator for
the target PHEV

Mode shift map

» The mode shift map obtained by the backward simulation results was applied to the forward

simulator T

1000 : i r Y 5 o SOCthreshota AP
oz i o EVA
900 A e TR S Soiée
O N\g B e N ; + Parallel I
800 B AR G RIS ErEes T ;
E rolih RN ‘
z A5 R\ o ]
~ 7 § 20 iAGD ' H
@ 600 A 5 NEo A : i
3 a VN P i
o A Y00 i,
5 00 S AT “ﬁ ) B 5 e
et 00 Al B g mﬁmg N aralTél D ode signal, ty,,
= o) iR i
o Api QIOLBEERA]Y L T +++~.f Parallel
< 300 AR T = Tt i mode
s 7L ¥ B B, S
200 E\/ IR ﬁlﬂg =
Y \ A 8
" A et 4 S0C < SOCinyesnota T l SOC > SOCuresnota
00T b B O AR REE C -
N a 2 h “ CD(charge depleting)
N 5 0o N

P Al 4
10 20 30 40 150 60 70 80 90 100 .
Vehicl d. kph EV AP, thys Series
ehicle speed, Kp! mode - mode

<Driving mode for UDDS and HWFET cycle> \ /
<Mode change strategy>
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Integrated battery energy-vehicle power
control algorithm

The target SOC rate

SOC — S0Csinay

Atgestination Ton —

SO Ctarget —

Wheel torque, Nm

&0 70 20 80 100

peed, kph
» |f the remaining time to destination can be obtained by the navigation, the SOC rate can be calculated.
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Integrated battery energy-vehicle power
control algorithm

Backward simulation results for various target SOC rate

0.5

0.3

SOC:grger = 0.5/

\'\\ / tal
L.
tar,

RAVAVN,

A %\f\

o,

o

s

400 600 800 1000
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<UDDS cycle>

1200
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SOC

i

0.42

0.4

0.38

0.36

0.32

0.3

SOCiarger

LA

3/

=|,:n
:=0.

"

soc, 0.2/h

[n
5
o

P ot

SO0C;argds = 0.1/h

MWy
My
£
""\‘,ﬂ~ll

arget

=0

o

100

200

300 400
Time, sec

i i i
500 600 700

<HWFET cycle>

» The backward simulations were performed for the target SOC rate range 0/h to 0.5/h for

UDDS cycle(city cycle) and HWFET cycle(highway cycle).
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Integrated battery energy-vehicle power
control algorithm

Mode shift map for various target SOC rate
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Integrated battery energy-vehicle power
control algorithm

Development of integrated control

Forward simulator

Determine the Select the mode Select the driving mode
target SOC rate >  shift map for the > according to the demanded
) target SOC rate wheel torque and vehicle speed

= T,

: ZiE -,

SOCay gec ™ . - 7 N\ [¢== s0c
i t@f éhl\i/:‘(txlj\/?ap ‘ Series \:‘ Parallel \ a= 7

- vy, .,

o 20 30 40 S0 s 70 80 90
Vehicle speed, kph
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Integrated battery energy-vehicle power
control algorithm

Comparison of the integrated control with CD-CS control for real route

SKKU#1 route SKKU#2 route

> 25.00km

1073k

Al [— sevaton] .
AVAY ) n.mﬁa \
e AT L e P
s ! M . [ §° { U \H
=2 A - 2 n
g2 VALY a0 W Y
oA AW P ¥

4 6
Distance, km
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Integrated battery energy-vehicle power
control algorithm

Simulation results when vehicle driving SKKU#1
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Integrated battery energy-vehicle power
control algorithm

Simulation results when vehicle driving SKKU#2
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Integrated battery energy-vehicle power
control algorithm

Comparison of the integrated control with CD-CS control for real route

Fuel Equivalent fuel Improvement
Cycle consumption Final SOC (%) economy rate
(9 (km/l) (%)
CD-CS 217.2 30.48 21.98
SKKU#1
route
Integrated 212.5 30.96 22.73 +3.4
CD-CS 341.9 30.69 23.54
SKKU#2
route
Integrated 321.6 31.80 24.70 +4.7
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Conclusions

= The integrated battery energy-vehicle power control algorithm was proposed for a series-parallel type

PHEV using the powertrain model and dynamic programming.
» The performance of the integrated control algorithm was evaluated by comparing with the existing CD-
CS control. The fuel economy of a proposed control algorithm was improved fuel economy by 3.4%,

4.7% for SKKU#1 and SKKU#2 route.

» |t is expected that the integrated control algorithm can be applied in real time environment since it

only requires the present SOC and the remaining time to the destination
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