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Back Ground

B Control Engine/Motor/Transmission (Transmission, Clutch) for
Design and Development of HEV/PHEV/EV especially

B Consideration of Control Strategy is needed Early Development
Stage

B Objects of Controller is low fuel (electrical) consumption for HEV
and long available displacement for EV

B Control State of Charge (SOC) for keeping Battery from
deteriorating

B Understanding the potential of Vehicle System (Fuel Consumption
etc.) if you develop new topology HEV

Inefficiency and high cost if you do trial and error by making prototype
Necessary, Consider the controller method using Simulation for
Vehicle System
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HEV Modeling in GT-SUITE

Object-oriented general driveline architecture
Versatility in modeling HEV/PHEV configurations
Two electric machine modeling levels

m System Level

M Electrical Circuit Level
Multiple electric Motors/Generators, batteries

Comprehensive control library for modeling complex HEV control
strategies

Completely integrated with Vehicle model
Allows venhicle energy management studies

GT-SUITE productivity features (Pre-Post GUI, DOE/Optimizer,
NN(Neural Network), Distribute Computing, user models etc.)
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GT-SUITE HEV/EV modeling elements

VEHICLE BODY

HEV COMPONENTS AND DRIVELINE &TRANS.
POWER ELECTRONICS
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GT-SUITE HEV/EV modeling elements

B Motor/Generator Model (System-Level)
B MotorGeneratorMap(Map-Based) i o

m Efficiency mapped as a function of speed and load II,

m Efficiency is Motor Power/Battery Power to get from Experiment or
Simulation (like JMAG)

@ Generate Electric Power at Negative Torque
_ nmotor ) })bat Ja)" — T

motor AT motor
shaft

_ Téoad _

B MotorGererator(Quasi-Electric)
W Electro-mechanical model
M Solves for current
B Torque defined using a Torque coefficient K,

r Tmotor — Kt ) ]Cl 1

L1"=v, —K,w-1I_R, Ja'=T

app motor

o T}oad o T fric
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GT-SUITE HEV/EV modeling elements

B Battery Model (system level)
B Quasi-Electric Model
@ Open circuit voltage and internal resistance are maps of the
battery SOC (State of Change) and average temperature
® Thermal modeling o
M Built-in thermal model option,
B Detailed thermal model can be made
using the thermal library,
® User thermal option available

-wollage-mar

300
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‘SDD. 0.2 0.4 0.6
s0C

v 11dt AV
2 =1 0,
L, =1V, ~I'R, SOC=1 g= ]_LV"’”_K T d;J
Current drawn total
from the battery -Battery State of Charge *Heat Generation Rate per cell
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GT-SUITE HEV/EV modeling elements

® Driveline

B Clutch (ClutchConn)
® On/Off Clutch and middle pedal position (Slip Consideration)

B PlanetaryGear (PlanetaryGearSet)
M Planetary Gear for Toyota’s way HEV (THS)

® Input: Number of Sun/Ring Gear Teeth, Ring Gear Pitch Radius,
Number of Planet Gears, Each of Moment, Sun/Planet and
Ring/Planet Efficiency

® Simulate Each Torque and Speeds Sun(EMZ2), Planet(Eng),
Ring(EM1)
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GT-SUITE HEV/EV modeling elements

B Engine Model

B Map-Based Model (EngineState)
B Input: Eng.Speed/Load(Accel.)/BMEP, Eng.Speed/BMEP/BSFC
™ Very Fast Simulation (RTx1/10~)
® Difficult for modeling Engine Control
® Not Consider Air Flow
B Mean Value Cylinder +NN(Neural Network) Model
® Air Flow Dynamics (not Pressure Wave)
B T/C Modeling
B Fast Simulation (RTx1~1/5)
® Need to Calculate DOE (Steady State) (3000case~)
B For New additional Controls, Need to Calculate DOE again
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GT-SUITE HEV/EV modeling elements

B Engine Model(Cont.)

® FRM (Fast Running Model)
B Middle between Detail and Mean Value model
® Available almost Controllers

® Not necessary DOE Calculation
B Fast Simulation (RTx3~1/2)

W Detail Model (1D Air Flow Dynamics)
® Predictive Air Flow and Pressure Wave
® Available Engine Control modeling
® Very Slow Simulation (RTx10~)

Copyright (C) 2011 CD-adapco JAPAN Co.LTD. All Rights Reserved.



GT-SUITE HEV/EV modeling elements

B Controls model for HEV

B Demand: Calculate what the desired power from Target Vehicle
Speed(ControllerHEVehicle, BatterySOCDemand)

W Distribution: User Defined Code(HEVPowerDistributor)
B Control: Dedicated Controllers for each source/sink

Calculates Battery
80C Demand

BatteryDemand

Calculates Vehicle
Tractive Demand

VehicleDemand

Demand Level: Battery
and Tractive Demands

]
HEVPowerDistributor

Distribution Level: Core
Vehicle Control Strategy

Calculates ICE Idle, Ignition, EI
Pedal Position Fuel Cut
-—:@—e
& o] & ICENGINE
Power2Pedal ICEControllef
&
]
/@: EM1
Limits
Battery ————
Power | Inverter BATTERY
EM2
&
Calculates Brake
Pedal Position
s
BrakePower BRAKES
Control Level: Dedicated
Component-Level Controllers

=

Components

-l SCydeFuelEconomy
{H SCydeFuelEconomyHEY
{_EI BatterySOCDemand
@ BrakeController
ControllerHEVehide
@ Controllervehide

|88 HEVPowerDistributor
F_iﬁl ICEController
EI IdleController

% PowertoPedal

J

{EI SpeedSchedulePID
[ TCLockupControl
{E TransControl
{E TransContralCVT
M VehDriver
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Prius HEV Model

af

Gamma Technologies
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Prius Model Overview
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Prius Model Overview and £|
Components

B Planetary gear set
m 57 kW internal combustion engine (carrier)

m 50 kW traction motor / regenerative brake (ring ->
vehicle drivetrain)

B 30 KW integrated starter / generator (sun)

.......... L.
EMl .......... EM2 3 . -
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= i SR e R e _ _
e T _thffere_ntlall
_____ I o Vehicle
Sun | ° . Ring -
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--------------- Carrier | - - -
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Prius Model Components

r

'lr

® |C Engine modeled with map-based EngineState

® Electrical machines modeled with map-based
MotorGeneratorMap

B Map-based battery model with hysteresis and cell
thermal model (not applied currently)

-
ﬂ Edit Part: Battery ﬁ
Template: Battery Part:
Object: Battery = ’ Edit Object ]
Object Comment:  |NiMh Battery
Commen t
Attribute Unit Object Value Fart Override
S0C Model Openvoltage -
S0C Model UserModel Object ign
Battery Capacity Ah - 6.5 | |
Open Circuit Voltage Map, Discharge v - VocDischarge
Open Circuit Voltage Map, Charge W Charge
Internal Resistance Map, Discharge Ohm - RintDischarge
Internal Resistance Map, Charge Ohm - RintCharge
Coulombic Efficiency, Discharge 1
Coulombic Efficiency, Charge 1
50C Model | Cell Thermal Model | Plots|
[ oK ] ’ Cancel ” ’ Apply ”
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Prius Operating Strategy

to operating modes for =

Battery target SOC = 0.6 fpesicacoc-0e |- @ -~
Thresholds also applied  [Fecrene=osorf. . | ? -----

upper and lower limits;,

0.5and 0.7, respectively - 5

Convert battery

B Battery requested power - soctodemanced | -

battery power

look-up table as a

‘r. I_I . .
~ Diff-3  151Integfate-1

function of instantaneous -~~~

soc

® Additional integral gain - .

demand added to lookup ==~
demand for additional

SOC maintenance

-‘f
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Battery demanded
power becomes

engine demand (+
for charge request) | - - -
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Prius Operating Strategy r

Regenerative braking when battery SOC < 0.7

Traction motor regenerative brakes up to torque limit
then additional power sent to friction brakes

Friction brake power converted to pedal position by
maximum brake torque

If high vehicle deceleration desired (a < - 5 m/s”2),
regenerative braking is disabled

-Copyright (C) 2011 CD-adapco JAPAN Co.LTD. All Rights Reserved.
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Prius Operating Strategy £|

Total requested power (vehicle + battery) is sent as
request to IC engine

Lookup table for most efficient engine operating speed
as function of requested power

EM1 (generator) speed target determined through
known ring gear speed and optimum engine speed

Torque is applied by EM1 to accelerate or decelerate
the engine to run at optimum speed, using the
planetary gear set as a CVT between the vehicle and
engine

When request to start engine, EM1 applies torque to
bring IC engine to operating speed
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Prius Operating Strategy

B EM2 (traction motor) power is determined by
necessary ring gear torque to follow driving cycle, IC
engine torque, EM1 torque, and constant geometric
properties of the planetary gear set

®m If IC engine off, vehicle operates in EV-only mode and
EM2 provides all tractive power

'g Edit Part: EM2TrgDem-1 (e |
Template: MathEquation Part: |EMZTrqDem-1
Object: :EMZI'rqDem v: Edit Object |
Ohject Comment:
Comment:
Attribute Unit Object Value Part Qverride
Equation =ringtg-{-8.63*em1tg+5. 17%engtq)/10.47
Qut of Range Flag Error_message | -
Main | Variables | Plots
[0]4 Cancel ]| [ Apply ]|
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Prius Operating Strategy r

Engine on/off strategy determined by demanded power
and limits of generator

Vehicle will operate in EV-only mode until 90% of
maximum traction motor power is requested, generator
speed < -6500 RPM, or SOC reaches 0.5

Any of above criteria must be met for 0.1 s

Engine must stay on/off for a minimum duration of 2 s

-Copyright (C) 2011 CD-adapco JAPAN Co.LTD. All Rights Reserved.
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Simulation Results £|

® Vehicle speed targeting very accurate, within 1 kph of
target speed for FTP cycle

M [nitial battery SOC: 0.6, Final battery SOC: 0.602
@ FTP fuel economy: 52.3 mpg

B CPU Time: 5 min
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Simulation Results

B Vehicle Speed

Mew Group20
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Speed [lan/hr]

Speed
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!
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'rl
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Time[sec]
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Simulation Results

o

e wigrint sasmiee

B Battery SOC

Battery Eatdeersyonzeman\Greg\For_Missan'Privs_BuldS-z gz GT-

State of Charge

0.6250

0.6125

0.6000
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0.5750
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500

1000 1500 1874

Time[ sec]
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Simulation Results

B Operating Locus on BSFC Map

Enginestate ICEngine GT-SUITE7.0.0
Ilap of Engine Fuel Consumption (BEFCY - gfdW-h)
Engineftate part Engine

" BSFC [UNIT] = O Emt'li Points == Liin. BSFC

m ---
) ---
| ---

_-
L]
l

(=)

BMEP [bar]

2 = m————

_ﬂafﬁmﬂ

May 6, 2010 3:00:5

BEFC [gdW -]
260.6
280.5
360.3

380.3

200.7
IEED?
300.5
ﬁUBEDA
400.2
1420.2

240.6
340.4
440.1

————————————————

- 480.0

[{SEIEI 2000 3000 4000 4500 D
Engine Speed [RPM]
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Simulation Results £|

Comparison with FEV model and published results,
NEDC driving cycle

Battery SOC target shifted to 0.5
Initial battery SOC: 0.5, Final battery SOC: 0.549

Fuel Economy: 47.7 mpg

CPU Time: 2 min
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Energy Redistribution and Loss Output

__Example: Prius model, 187sec of FTIP cycle

500

®* Energy Losses:Vehicle, HEV components

Vehicle Energy Losses

500

M Clutch
M7y Conv.
Trans.

I Diff.
Axles
MErakes

B Tires
B Steering
U Aerc ™

250

200

‘Higher Braking
Energy Loss

Energy [kJ

&0

‘Higher Electrical
Energy Losses

HEY Component Losses

M 1otor/Gen (Cany)
M 1iotor/Gen (Fric)
M Eattery (Coul)

M Eattery (Resi)

1360kg 1800kg
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GT-SUITE EV Model Example

B Connect Battery, Motor/Generator and Vehicle in Series for EV
(Delete EngineStete and Planetary Gear from HEV)

=] %ﬁl R—% M [—o——@—=0—3 Bd o o
Battery 4 kGain-1 Motar 117 MotorInertia-a3 Wehicle Weh-to-Env Env
3

Battery50C-1 TireZpnn-2 | TireCpnn
MotorPower-3end_MotorSpd-1

]
oad-

R 1
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GT-SUITE EV Model Example

State of Charge

Tempersture [IK]

Battery State of Charge

Battery part Battery
— Battery 1—CAR
0.900 — 100
0.a7s
—75
0.8s0
0.825 — 50
0.800
23
0.r7s
0.7s0
1] 230 500 7s0 1000 1250 138%
Time[zec]
Battery Cel-Averaged Temperature
Esttery part Battery
— Battery 2— CAR
307 L : = 100
306
305 mEE
304
-1 50
303
302 as
3m
300
0 250 s00 750 1000 1250 138%

Time[sec]

Speed [krhr]

Speed [kmhir]

Povver [kv]

Porver [Kuy]

Eattery Terminal Povwer
Battery patrt Battery

— Battery z— CAR
48 Y : — 100
40
= 75
24
16
a0
g
a
& 25
-16
-24
a 250 500 a0 1000 1250 138%
Time[zec]
Battery Heat Dissipation Rate
Eattery part Battery
— Battery 2—CAR
Y : — 100
7
= — 75
=
4 =150
3
2 25
) )
0 ! AL ol Ul [ M FRALASNA) )
a 250 s00 750 1000 1250 138%

Time[sec]
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GT-SUITE HEV Application (Volkswagen)

M GT-SUITE Conference in 2009

® “All-in-one Simulation and DoE Methodology for the Evaluation
and Optimization of HEV Configurations”

Fast Concept Evaluation

\ Parallel hybrid

e oo Possible to use Same File for
Several Configurations

All-in-One Model

@ @ 4
oz ha

o I
g | s ¢/ g — n |® Easytouse DOE tool
i T SR (Parameter Optimization) and
3t . . . . Compare with Configurations
' - B
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GT-SUITE HEV Application (Volkswagen)

Target magnitudes

+ Fuel consumption 2> Minimum

- State of charge - Initial value

0.710 D2UETY . 120
0.705 | | 1 — 90 _

General condition:

End SOC = Start SOC
300 600 200 1200 1500

Time [5]

0.700 -60

50C [-]

Velocity [kah]

0.695

—_— 0O
— yehicle velocity

0.690
0

B This concept study enabled to define the most desirable HEV
configurations for reduced fuel consumption

B Necessary step before doing thermal management and
component design studies

"
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HEV/EV Modeling w/ Thermal Management

® Integrated GT-SUITE Thermal Management Model (Engine Cooling
and Lubrication) in HEV/EV

® Two Model for Motor/Generator
® |Input Loss Power of Motor/Generator to One “ThermalMass”

® [nput Loss Power of Motor/Generator to Multiple “ThermalMass
“as Caper Core, Iron Core, and Rotor in the Motor/Generator

Copyright (C) 2011 CD-adapco JAPAN Co.LTD. All Rights Reserved.
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HEV/EV Modeling w/ Thermal Management

® Lumped Motor Thermal Model
® Modeled as one thermal mass and calculated one temperature
® Cooling Circuit Model includes Electric Pump and Radiator etc.

Motor Thermal Mass —

J:bfi%.fé

Water Pump

A EERETL
BN e R
ﬁig-m%)%ﬁg@%iﬁaﬁ, S A B, ATl w

5

rrrrrrrrrrrrrrr

fotorCooling-1

nnnnnnnnnn

e wigrind smsmieaw

Rad_coolant_Sidd

dddddddddddd

Radiator
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HEV/EV Modeling w/ Thermal Management

iy

® Divide One Mass into Multiple Thermal Masses to Calculate
Temperature Distribution of Motor

® Divided Each Coil, Capper Core Iron Core Rotor and Casing

71 @ 70
2| 5 e
f@E 5]
ToPart_35MotorPipe-9 Arfmiefitertate-1 H @
) BetOuter-1 BetQuter-12 69
Stealtar—1
AMM&&ZE-@StEEI-l St@-l BetSteel- @ MotorPlpe-&

c:nppﬁteala ae\?Ou 77

Copper-2 St@lZ BetStee\-ﬁutarCasﬁ?}"ﬁ

Motor Thermal Mass

o I-2 r25teal-12
ToTEsploomemeTL " fud
:ﬁhghf@iff“\ BB TeHE, BR DA HHR, A-NLphe Stz 20 UERH 3 Coppar-2 Coppar-12
AL FNES | @

Akl %%E BetSteel Secl gy Airdap-1 el Hdrst
BetOuter-3 | CoppefISpeeligiyGap-2 | AirGap pAg2Steal-11

1 h AirGap- irGap-11 ToPart_35MotarPips-9
D I 304
lca Tora O ] ) @ @ Df
A { ap ‘ Rotor-1 AirGap-AOpFephdrRe
B AirGap-9
TConvConn-1
%] CODDET@ ¢
@ BetOutdméStes| Gtipphsteel-Sirdap-Airdap-Airdap-6  Copper
AmbientT-137 o
| @ ¢
@ ee\20u®-5 Coppe tael2

2 r stSteal

o= = T F——
33 MotorCooling-1

@renpparm@dém BetStesl-G0
Fteel-7

@ IE@Q'B@&E CDPZ—T BetSt&l ® :5
EET Hom

—H O

ArTiabiffertete-6 # 599'5
T2 BetOut ter-7  BetOuter-7 a 4
‘rornPark_JMotorPips Arﬂ'huérﬂa}e*? /_/_1;4%
=] o =]
GSNE/EE‘
MotarPipe-2

SrarnPart_3MotorRi
304

304

MotorPipe-2
304

304
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= <2  GT_SUITE HEV Application

INFINITI

w/ Thermal Management (Nissan)

B GT-SUITE Conference in Europe in 2011

B “Integrated Powertrain Simulation for Energy Management of
Hybrid Electric Vehicles”

® Fuel Consumption

® Cooling of high—voltage system

® All the basic models were prepared on

Rudinkor - Kinetic energy _
Electric energy GT-SUITE
High-voltagel =3 Thermal energy ® FEasy to build a vehicle model by
batten =3 Control signals combining models

In house Database

Clutch
/r\ Trans- Vehicle Topologles Vehlcle Controllers
M mission body (GT models) Component (GT models)
g 4 pEEEmEms

- Series - Vehicle ma - 8OC management

- Paral - Vehi - Regenerative braking

& - = - Paer split_——~Motor efflmency - Series/parallel switch
Radiator HYbrld Oil cooler etc, - Engine BSFC etc.
controlle -

T T - TM efficiency
e 4( A . - Auxiliaries loads a

_ ‘ = Ui g etc.
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& <2  GT.SUITE HEV Application

INFINITI

w/ Thermal Management (Nissan)

B Plug—in Hybrid Concept

: ® EV mode
o 2 dnve mOdeS NEDC x 2 cycles Artemis Road x 2 cycles

v' EV for short trips S “\ = b o
Sx il !'IM \ MHE} n”i
. f:‘—' 50 L 50 |
v HEV for Iong trlps > 8 ﬂﬁ.."hq“" Ithf \nﬂhn nﬁhﬂ.ﬁu \ 8 | | | II
) . . T =
£ o [AARAA AR AR .
n_i 20 rrmny Il | U LARIL LLE M |' u 20
) ) o b N I A R
e B | Max.| allowable temp. e
arge every.day == I~ T .
..... = ” E EI' - Lower than criterion LExceeds criterion
3 b = 0K = e-motor will be damaged.
[1] 500 1000 1500 2000 2500 1] 500 1000 1500 2000 2500 Arten]is Road X 2 cvc'es
0 _-ICE
. ...,,_,:: | E-motor
Coil Temp. Exceeded .
higgd e Criterion => HEV mode oL M
]#HHT Isempty ; 1000 J",-ison
. L ’ :u Max. allow: Ie% P
, ':.. \""A‘H\_HK»««
. o L(:Er\nl'g holidary trips: 5 f 4 i | s | ol
ro— But CO2 emissions increase °, .. .. o -
® 2/3 of annual mileage is g +130%
covered by EV mode i 1
Ls‘: [
All electric I Hybrid
Coil temp. Coil temp.
unacceptable 0K
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& <2  GT.SUITE HEV Application

INFINITI

w/ Thermal Management (Nissan)

® Effect of exhaust heat recovery on warm—up speed and F.E.?
20% of internal energy

=7 =]
=2 9

Vehicle speed
[km/h]
[*1)
= =

® Exhaust heat recovery reduces
CO2 emissions

4.4 min shorter i = . ; ..
s 100 = (ambient temp.=-20deg. C) @ Reduction of engine/transmission
E 20 == '
5 . il mechanical losses
EU‘ . Exhaust heat recovery /
= | I I
§§ 20 ICE warm-up operation —/ E
o= 0 L 5w
(= D=
= 20 wg
o 0
c A0 o>
i B =
0 1372 2744 4116 5488 G260 o o
Time [s] £ 0
5 S e
o > o I
Sa B —
Ambient temp. Ambient temp.
-20 deg. C 0 deg. C
v
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Circuit-Level Modeling

Basic components from Gl General Electrical

El |:| Components

which one can build up  [E capaditor
elaborate electromagnetic =~ @ .
and electromechanical Bl Dode
E GroundElectrical
systems @ Inductor
MotorGeneratorIdeal
IE ModeElectrical
Physically simulate an - [E pemactator

----- . SourceCurrent

electrical or | G soucevoltage
electromechanical . @ SwitchElectrical
[ wire
E} I:::I Connections
& @ ResistorConn
El C] References
E C] MaterialElectrical
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Circuit-Level Modeling

"~ Flow I _ Meu:.hqnical i Tl.'ua[me;l

Electromagnetic | Cortral Acoustics General | User |

#-[@ General Electrical
rr General Magnetic
L— Electro-Mechanical {System-Level}
|:+|:| Components

Batkery

EI BatteryDischargeLim
ForceElectroMagnetic

D FarcePiezoEleckric

ForceSolenoid
MotarGenerator
MokarzeneratorMap
Bl PEMFUEICE]
Al = Electro-Mechanical {Circuit-Level}
|:r|:| Cormpanents
{E BatteryThevenin

CellElectrical

DCMachinePMagnet
88| DCMachineSeries
-.JZ8] DCMachineshunt

« Easy-to-use, no submodel
building required

« Contextual outputs

» Electrical, mechanical ports

for connections to external
circuits, shafts

1® ] @
3 1
. Armature| Resistor i . E Field_Resistar,
. Armmature| Inductor . . . Field_Inductor,
_ s wvoltege
2 23
5 B [ |
= @ [=] @
MotordeneratorIdeal 4 I 2
S -
=3
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Circuit-Level Modeling

Currently two available circuit-level battery models

CellElectrical template is circuit-based equivalent to current
map-based Battery

BatteryThevenin compound adds internal battery

capacitance and gives user a base model for more complex
models

Both models allow for
independent
charge/discharge
dependencies Fessiorinee  crarge1 13 resstsorc chargez 8

Link losses to thermal
model
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