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Challenges with HEV design
Modeling HEV
Developing HEV Controls

- HEV Design Optimization
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Challenges with HEV Design

= Architecture / topology
selection

= Selection and sizing
of components

= Complexities In
modeling plant and
controllers

MATLAB EXPO 2019

4\ MathWorks

How to optimize
performance over
wide range of
conditions?

Control algorithms
real-time
Implementable



Challenges with HEV / EV Design — Example

= How to optimize performance over wide range of conditions?
— Reduce energy consumption

— Driveability requirements
= Acceleration time
= Gradeability
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Nomenclature for HEV Topology

P# = Electric machine locations

PO

P2 Clutch

MATLAB EXPO 2019



Hybrid Electric Vehicle Architecture

- HEV examples
— P2 parallel HEV
— P1/P3 multimode HEV

4\ MathWorks
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Powertrain Blockset Features

Library of blocks Pre-built reference applications

¥4 simulink Start Page - O X
[ 4
E - + l E l Examples
- -

3 Open... E
Drivetrain Energy Storage Propulsion Recent ) viewrl B
and Auxiliary Drive #3 EvReferenceApplication six v Powertrain Blockset iew
ﬁ DrivetrainEv.slx R ~ . - | . | — ‘ . —
=05 2 st e e e e S e R = il s =l
() o~ ﬁ EvPowertrainController slx - :
O—
4 ﬁ MotGenEvDynamic.slx
= X Conventional Vehicle Reference ... Hybrid Electric Vehicle Multimod... Hybrid Electric Vehicle Input Po... Hybrid Electric Vehicle P2 Refer...
*i MotGenEvivapped.six
Transmission Vehicle Dynamics  Vehicle Scenario Builder #3 EvReferenceApplication.six ai e .| (o) .m,.mm,,, - -m-,mw
il : __ ¢ ] K P
3 EtcSensorProcessing six | S = =
e = == -
oty e 4 Ever i - -
E_J EV.pri Electric Vehicle Reference Appli... Cl Engine Dynamometer Referen... SI Engine Dynamometer Referen...
T 8 i v o

Utilities

« Conventional (Spark Ignition / Compression Ignition) vehicle
« Electric vehicle (EV)
¢ Multi-mode / Power Split / P2 hybrid electric vehicle (HEV)

« Virtual engine dynamometer system
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Library: Ready to Use
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subsystem controllers

b
b

= Including basic components and o
]

— Electric parts (ex. battery, alternator) )

Info
ThrPosPctCmd
WahreaPotCmd
InjPw

SpkAdy
IntkCamPhaseCmd

ExhCamPhaseCmd

NwindxyzZ

— Mechanical parts (ex. clutch, wheel,
differential gear) o

— Vehicle dynamics model (1~3 DOF) i
— Prebuilt controllers (ex. HCM/ECM/TCM)
— Inverter, converter frowea

II "I
|‘ I 5_:3 l | Infu>

o — /
PhaseV
\‘H.____ ___,-f/

Interior PMSM

) SpdReqg
BusAmp
3 PhaseAmpB
M SpdFdbk PhaseVolt [y
Y voltCmd
Interior PM Controller
3 srevolt
SwitchCmd
Infofy > LdCurr

= Open and reconfigurable %} 5 &

™7
¥ BusVolt
. . . . J|PhaseCurr PhaseVolt
= Realistic starting point for your own >l J} o} )
b

MtrSpd

BusCurr

controller development
MATLAB EXPO 2019

Three-Phase Voltage Source Inverter

Info

LdVolt

SreCurr

Vehicle Body 3DOF Longitudinal

Bidirectional DC-DC

Longitudinal Wheel - Disk Brake

L4

Ay Info
3 MomGear
GearReq F . Bl
O, e lutchACmd
-

J
& ClutchBCmd

DCT Controller



Custom Drivetrain or Transmission

= Replace portions of reference
application with custom models

assembled from Simscape libraries

jew  Display
8«

lation Analysis Code Tools Help

He-E2-ed4der

|7 RED]

Accelerator

4\ MathWorks

Conventional Vehicle Reference Application
Drivetrain Variant: Pre-Built, Custom Drivetrain, Custom Transmission

150%

SiDrivetrain_Simscape

zzzzzz

S2

S1

B ¥

'8

R

G 2N p ) BrakeCmd vehFdbkp
BrakeCmd
) W TransmissionCmd M
= TransmissionCmd )
= Use Variant Subsystems to 2 & &
. ) W Grade I
shift back and forth based on > o cwch
- . e Custom Drivetrain
current simulation task
J BF —
Info PINZTNS > Gear
P GerReq >r s Alk‘l; J ¢ '}“IH F D
Front Axle x g 52 — B
EngSpd P VehFdb
Rear Axle x B St A:/:"‘—'""'?‘\u H
ol P Differential s (@) Transmission Differential
TE—8o A Drive Torque Variable Ratio ‘ D> NN=+5
Rear Axle z Transmission S Tire RR s} j
DCT Differential Wheels and Brakes Brake RR
Clutch C Clutch E
Pre-Built Drivetrain Custom Drivetrain i
<o c
B
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Reference Example — Vehicle Models

Environment

FTP75 (2474 seconds)

»
>

Longitudinal Driver

Y

Passenger Car

Controllers
> 5 )
MotSpd
»! MatSpd Info
Cltch1State
(&P p{Clich1Cmd Spdin
CitchLocked
Clich1Gmd EngSpd Gear Info - ““ Citchzstate
* GearCmd <TransGear>
EngTrg Trgin TrqOut . TransGear
.
StartTrg  LJ Cluteh_1 EogTr
La k3
MotTrg TransquOut_’ DiffTrq DifiSpd ar _| [ l_

Driveshaft Compliance

Visualization

BrkCmd

Front Wheel Drive" !
FAZ

RA1
RA2

4\ MathWorks

P2 Clutch P2 Machine Trans + Clutch

=0 fr=»
101 | &

3\ = = P
S s \ / o

Double click to configure drivetrain

Drivetrain Configuration
Active Mode: Front Wheel Drive

Grade

Wind Vel

oy
L BrakeReq

Front Axle

= Fal

FAZ
RA1

£
FRAZ Rear Axle

Differential and Compliance

) Front Axle

£] Rear Axle

Wheels and Brakes

Info
VehSpd

Vehicle

12
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Reference Example — Motor Models

Environment »
» J Visualization
| » . _»
FTP75 (2474 seconds)
Longitudinal Driver » Passenger Car P2 Clutch P2 Machine Trans + Clutch

— =T PN =
Controllers il ) Y = 4 / \ @
ok {101): 101 ~ | -
=

/otor-controlier

=

1 TrqCmd
MotTrqCmd nfo}—»-—
(D, »| Bus\olt
BusVolt

. —

—» PhasefurA =
I

sCurr ——»—

®

P Phasel turrB

e

—| SpdFdbk 1\%31 I n Ve rte r M Oto r IaStator}

PhaseVolt
B PosFdbk Info o
ator>
nd . Spd

Info " — ez,
Interior PM Controller SS Trq L -
L g o o { I
BusVolt -~ . IPhdseCurr
- <MtfPos>
[——— PhaseCurr H
MtrTrg »( 1
MotTrq

—PMiTrg Interior PMSM SS Spd

BusCurr |7 .E
MtrSpd tCurnt

MATLAB EXPO 2019 1 T
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Reference Example — Engine Models

|

k. =
Wi' (1)

FTP75 (2474 seconds)

TrgCrmd
: !
[
EngSpd i

Info

EmgTrg

4\ MathWorks

Use Powertrain Blockset mapped
engine blocks with your own data

B
0 Glplgiong
i 8§ %% 3

Passen ger Car
Controllers
. T« 2 s e s e e & e a2 s s e e = = = .2 ) 2N | N = (mh.&»cn- e
o 1L “Rfecor-; o
O Lambda = | e
.."',“; mmmmm d-1 - -
__}®_}| @ - -
21 g leRunner-1 i . L
lindsr-1 — —— I
i C ratj i
crunt % < (= X T .N
reclCP-1 Inje 2 ecECPMI| 0000 09— | s
N, = =) 2 2 o
Rl VN ntakeRunner- \ -2 BV
K] \ L /\\ . "'|C'Yi| der-2 o CEzam e
Connect in your own CAE
Lelieve
MES
model (e.g., GT-POWER) —
&
—I\] =

Create dynamic engine
models using Powertrain
Blockset library components 14
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Controls-Oriented Model Creation

A

---------- x P T G I
I, rec-Lambda ) = —
= command-1 -
Pt =| 2 =
=== =
<0 R U fkaleRunner-1 - WL
m lindsr-1
rati
rec-run -3 ——— X ] (= 2T
) recICP-1 ) Injector-2 [ fecECPRL
—g =i 9 -
=l I L D ntakeRunner- ' -z Ev-2/
1 Cylinder-2
o - | N A I ¥ =

Detailed, design-oriented model

MATLAB EXPO 2019

Reference application of Powertrain Blockset‘
Engine Dynamometer |

DynoCir

EngSpd

DynaCtr Dyno — TrqCmd

Er it En: Eny i
mmmmm e

nnnnnnnnn

J EngSpd

Fast, but accurate controls-oriented model .
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Calibration Support: Model-Based Calibration Toolbox

= User provides spreadsheet data
Torque

Fuel

BSFC

Etc.

« MBC builds model automatically
— Engines
— Turbochargers

1\ Torque Structure Redesign\Calibration\ TorqueStructMECProject mat - O X

4] Model Browser - Ci\develrepoltrunk\Werk\IC_Engine\C|_1p5L_Turbo_SV_EngineModel\EngineParameterDevelopment\ TorqueStructureD

File Medel View OQutliers Window Help

BLOcA & kX 7
/@ Response Model: BSFC

b ' | 2| B ] @

All Models
H&n TorqueStructiBCProject

A BaseCalbrati Model type: Gaussian Process Model (ARDSquaredExponential,Constant)
-7 BaseCalioration
/@ EMAP
_____ % WAP Response Surface
/@ AT Piot  Surface ~
/@ TOTALFUELMASS Xeaxis: |EGRAP )
..... ®
-/ BSHOx Y-axis: | MAINSOI v
i @‘NTAKEDZPMEM Name| Vale | Tolerance
/@l ;‘:‘:;3 EGR...[0.0318372 |Linked o x| = 7°
}" § e, [14.99120¢ Jnked to v-..| £
/@l FUEP SPEED[2253.1218 5 606607665 o 200
® SXHTENP Ta  |e7a1113s3asrrsics| &5
- FeatureCalibration o 250

VGT... |0.55152425[0.0179098-%

- fp EXHTEMPMULT

ol

Select Data Point...

Diagnostic Statistics

Common Tasks

“m | /@ EditModel
[2| Add Model___
& Create Alternatives...
=
Summary table
Observations 1667
Parameters 600,928
Box-Cox 1
FRESS RMSE 2534
RMSE 1.277|
Validation RMSE

30
20 ¥

EGRAP [percent]

Removed data

Residuals [g/Kwh]
B
T

2k
Al
1 L 1 1 L
- * Data not restorable
200 250 300 350 400 450 500
Predicted BSFC [g/Kwh] Ciiolzrs
~
-axis factor: Predicted BSFC [yKwh] ~ Y-auds factor: Residuals [g/Kwh] ~ v

Ready

- MBC/CAGE writes calibrations to model
= User can open MBC to inspect and modify results

MATLAB EXPO 2019
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Building Blocks using Model Calibration Toolbox

= Integration with existing data collection tool and measurement data
- Measurement data is essential to achieving high model quality

N*m
33.598
45.847
56.568
68.245
76.223
76.223
28,544
40.024
1 51.453
12 62.881
13 74.31
14 85.738
15 95.025
16 24.676
17 36.983
18 48.412
19 59.84
20 71.269
21 82.697
22 94.126
23 105.55

Piring O

Set Up Hardware

rpm

1053.6
1053.6
1053.6
1053.6
1053.6
1053.6
1053.6
1357.1
1357.1
1357.1
1357.1
1357.1
1357.1
1357.1
1357.1

Measure

kg/s

0.003756044
0.004654959
0.005485734
0.006440062
0.007074802
0.007074794
0.00502789
0.005905243
0.006903229
0.008056477
0.009218835
0.010556639
0.012052329
0.005875772
0.007204383
0.008373948
0.0097533
0.011219721
0.012688208
0.014311804
0.016214284

ka/s

0.000257263
0.000318832
0.000375735
0.0004411
0.000484576
0.000484575
0.000344376
0.000404469
0.000472824
0.000551813
0.000631427
0.000723057
0.000825519
0.00040245
0.000493451
0.000573558
0.000668034
0.000768474
0.000869055
0.000980261
0.001110557

8 D 3 F
Torque EngSpd AirMassFlwRate FuelMassFiwRate ExhTemp
K 8/(kW*h)

767.645
788.103
800.869
880.778
909.698
909.697
864.179
877.688
886.984
900.552
919.786
990.668
1071.63
901.248
921.475
926.201
941.495
955.806
969.967
1007.94
1070.21

s
(@ Fesponsa Wosel BSFC
Modat type: Gt am= Process Mt (ARD S-giarwet x5t Commart]

BSFC

350.9731
318.7601
304.4578
296.2649
291.3998
291.3996
393.6653
329.9141

299.897
286.3541
277.2695
275.1696
283.4638
413.1251
338.2004
300.2079
282.7903
273.1452
266.1997
263.8019
266.5026

Model Response Optimize Control

17



Virtual Calibration From Powertrain Blockset

E=—m
T E] Block Parameters: Mapped Sl Engine X
ke Mapped SI Engine (mask) (link) &

————— I ks — : : ;

W — —w+=re | Implements a mapped (steady-state) spark-ignition engine model using power, air mass flow, fuel
. | e flow, exhaust temperature, efficiency, and emission performance lookup tables. You can use the
—+|rwasew | block for hardware-in-the-loop (HIL) engine control design, or vehicle-level fuel economy and
s — —*w=r | performance simulations.
T Y Trgcma S o~ .| Block Options
[ — [ Include turbocharger lag effect
"’ B [[] Input engine temperature
ool —
S
| ] Power  Air  Fuel Temperature Efficiency HC CO  NOx ¢ E|

|

e B -~ -

osimtsir— Y EngSpd EngTrgp | Galibraiilaps
sl BreakpoInts 100 €O anded torque Mput, T_Orake_C|

b - Breakpoints for engine speed input, f_tbrake_n_bpt [rpm]: W

rsrg] i

—sreo Engine Characteristics
e B S s
s
&
s G

MATLAB EXPO 2019
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e L e

LErRARAnE

4 Mapped Sl Engine

= Mapped Sl Engine

Impart Manfiring Data
Generate Response Models
Generate Calibration
Update Block Parameters

Import Firing Data

Impaort engine data at different speed and torgue operating conditions. Fuel flow must be greater than zero. Data

Surnrnary table provides the signal names and units. Reguired signals are in bold

Prgvious Task

Edit in Applicatian

Data Summary

Signal Description Signal Name Units

| 1 |Engine speed EngSpd pm
| 2 |Engine torque Torque N'm

3 |Air mass flow rate AirtlassFiwRate koy/s
TErake specific fuel consumption BSFC kW)
TCO2 mass flow rate CO2MassFlwRate ko/s
TCO mass flow rate COMassFlwRate ky/s
|7 [Exhaust temperature ExhTemp K
TFue\ mass flow rate FueltassFiwRate ko/s
THC mags flow rate HCMassFlwRate ky/s
TNOX mass flow rate MOxMassFlwRate kfs
TF‘amculatE matter mass flow rate PMMassFiwRate ko/s

S Engine\CLipSL Turs. SV

Fle Mo Viw Ouiex Window Hep

A A B8

@hcdeaxm ¢

s oNEEH e

Ao || /@ Resgonss oda: BSFC
8 oo
s =
fguar ot surtace v
s v o E
@I [l vise | Toemen
 id feon_[os s wstox. |
}"‘m || 14 sot200Juinked o .|
e ol e st
o fmrines et

IR Norme: | Torque
N*
33.598

4 4s5.847
5 56.568
6 68.245
i 76.223
8 76.223
9 28.544
10| 40.024
n 51.453
12 62.881
13 7431
14 85.738
15 95.025
16 | 24.676
17 36.983
18 48.412
19 59.84
20 71.269
21 82,697
22 94.126
2 105.55
9 ne s
hing e

C
EngSpd
rpm

750 0.000375735

750 0.0004411

750  0.007074802 0.000484576

750 0.007074794 0.000484575
1053.6 000502789 0.000344376
1053.6 0.005905243 0.000404469
1053.6 0.006903229 0.000472824
1053.6 0.008056477 0.000551813
1053.6 0.009218835 0.000631427
1053.6  0.010556639 0.000723057
1053.6 0.012052329 0.000825519
1357.1  0.005875772 0.00040245
1357.1 0.007204383 0.000493451
1357.1  0.008373948 0.000573558
1357.1 0.0097533 0.000668034
1357.1  0.011219721 0.000768474
1357.1 0.012688208 0.000869055
1357.1 0014311804 0.000980261
= (@MMeasur
PR <tAo!
Honfirng Dvta

IwRate

0.000257263
0.000318832

F

ExhTemp

K
767.645
788.103
800.869
880.778
909.698
909.697
864.179
877.688
886,984
900.552
919.786
990.668
1071.63
901.248
921.475
926.201
941.495
955.806
969.967

1007.94
.21
2 0

350.9731
318.7601
304.4578
296.2649
291.3998
291.3996
393.6653
329.9141

299.897
286.3541
277.2695
275.1696
283.4638
413.1251
338.2004
300.2079
282.7903
273.1452
266.1997
263.8019
266.5026

ae2 2760

4\ MathWorks
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Virtual Calibration From Powertrain Blockset

2019¢

=  Automate Mapped Motor parameterization using Model-Calibration Toolbox

BattVolt

BusVolt

MotSpd

TrgCmd

MotTrqgCmd

MtrSpd

MtrTrq

MATLAB EXPO 2019

Info ——»—]

BattCurr

MotCurnt

MotTrg

4| Mapped Motor

Li. Mapped Motor

{5 Calibrate Motor Loss Map
a Import Loss Data
a Generate Response Models
o Generate Calibration
a LIpdate Block Parameters

Calibration automation tool - B X

Update Block Parameters

Update block parameters with calibrated tables. Updated block parameters are
added to the model workspace.

Run Taszk Previous Task MNext Task

Block Parameters

Description
1 [vector of speeds (w) for tabulated losses, w_eff_bp [rad/s]: W
“ector of torques (T} for tabulated losses, T_eff_bp [Nm]: T
3 |Correzpending losses, losses_table [W]: I
£ >

oK Help




Demo: Calibration Automation

= Methods team creates MBC templates for each step in calibration workflow
- Deploy experience via automation, e.g., Powertrain Blockset Mapped Engine

ine - Simulink g = O X
Home [nsert Page Layout s View Display Diagram Simulation  Analysis Code Tools Help
FI:| le |7|r2. [l Queries & Connections Y . i b FIES T ] T
|5 Y ropartias e
e BB | = ElPopeti z| Sort  Filter PI7|  siappedengine
Data = m All = Edit Links Vo Advance| _ <ExhManGi .
Get & Transform Data Queries & Connections Sort & Filter |
Al . b3 Name: & "
=t Wezad Electronic Throtils Actuator Dynamics | <Bsfo>
ExhTemp {
N*m  rpm <gf’s K <EgHC>
3 |Data:  33.598 750 0.003756044 0.000257263 767.6445 350.‘3?5
2 45.847 750 0.004654959 0.000318832 788.1032 318.76 O —cos
5 56.568 750 0.005485734 0.000375735 800.8691 304.45 Ge) EngSpd '\_/ EngTrg
6 68.245 750 0.006440062 0.0004411 880.7776 296.26 EngSpd
Tl 76.223 750 0.007074802 0.000484576 909.6978 291.3 <EoNOx>
8 76.223 750 0.007074754 0.000484575 909.6971 291.39
2| 28.544 1053.6 0.00502789 0.000344376 864.1754 393.66 Mapped S| Engine
10 40.024 1053.6 0.005905243 0.000404469 877.6878 329.91 i aphi
11 51.453 1053.6 0.006903229 0.000472824 §86.9836 299.89
12 | 62.881 1053.6 0.008056477 0.000551813 900.5524 286.35 & fVgAreaPct 3| Engine Spead s T > J:
13 74,31 1053.6 0.009218835 0.000631427 919.7863 277.26 NetTorque |,
14 85.738 1053.6 0.010556639 0.000723057 990.6683 275.16
— | Accessory Load Mode| W
15 95.025 1053.6 0.012052329 0.000825519 1071.628 283.46 . =
16 24.676 1357.1 0.005875772 0.00040245 901.2477 413.12
17 36.983 13571  0.007204383 0.000493451 921.4745 338.20.°52% e N P, il S
18 | 45.412 1357.1 0.008373948 0.000573558 926.201 300.20794 2.52469E-07 1.7064E-08 1.73395E-07 0.00178584
19 | 59.84 1357.1 0.0097533 0.000668034 941.4953 282.79031 2.53086E-07 1.64977E-08 2.55954E-07 0.00208684
20 | 71.269 1357.1 0.011219721 0.000768474 955.8058 273.14525 2.91058E-07 1.88211E-08 5.03715E-07 0.00239986.
21 | 82.697 1357.1 0.012688208 0.000869055 969.9667 266.19969 3.50742E-07 6.3132E-08 7.59843E-07 0.00270390.
MATLAB EXPO 2019 frngous | Noringoste | © a
Ready ﬁ

4\ MathWorks
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Demo: Calibration Automation

= Methods team creates MBC templates for each step in calibration workflow
- Deploy experience via automation, e.g., Powertrain Blockset Mapped Engine

b TR e i ‘
[#] Mapped Sl Engine = O X
Home Insert Page Layout Formulas Review
) Mapped S| Engine Resp: Model:
(- Bl I_T;\, EE Queries & Connections | 5| Y . { =@ Caibrate Engine Waps Use Model-Based Calbration Toolbox to fit imported data and generate response surface models.
Eé B e Epropemas Zz : v ; leportFunng!)ata
Get % Refresh DL Edit El Sort Filter o Import Nonfiring Data
Data~ All~ e Edit Links /2
Get & Transform Data Queries & Connections Sort & Filter @ Generate Caibration LRunTask “Pre’viousTask” Next Task |\E|$‘Applicaﬁon|
- Update Block Parameters
Al ol - . fe Name:
r |
EngSpd AirMassFlwRate FuelMassFlwRate ExhTemp
rpm kg/s kg/s K
3 |Data: | 33.598 750 0.003756044 0.000257263 767.6445i'
4] | 45.847 750 0.004654959 0.000318832 788.1032;_
S | ~ 56.568 750 0.005485734 0.000375735 800.8691!
6 | 68.245 750 0.006440062 0.0004411 8807776
7 | 76.223 750  0.007074802 0.000484576 909.6978|
8 | 76.223 750  0.007074794 0.000484575 909.6971
9 | | 28.544 1053.6 0.00502789 0.000344376 864.1794
10 | 40.024 1053.6  0.005905243 0.000404469 877.6878
1| | 51453 1053.6  0.006903229 0.000472824  886.9836| — =
12| 62.881 1053.6  0.008056477 0.000551813 900.5524, 1 Toolbox
13 | 74.31 1053.6 0.009218835 0.000631427 919.7863 b ;i -l g i
14 85.738 1053.6 0.010556639 0.000723057 990.6683 ez L3 . . -t Experiments
15| 95.025 1053.6  0.012052329 0.000825519 1071.628| el g . ical Modeling o | How |
16 | 24.676 13571  0.005875772 0.00040245 901.2477| 413.12 N R ; 4
17| | 36983 1357.1  0.007204383 0.000493451 921.4745 338.205%3 4 rsion 5.4 Il
18| | 48.412 1357.1  0.008373948 0.000573558 926.201 300.20794 '
19 | 59.84 1357.1 0.0097533 0.000668034 941.4953 282.79031
20 71.269 1357.1 0.011219721 0.000768474 955.8058 273.14525 | | = g
21 | 82697 1357.1  0.012688208 0.000869055 969.9667 266.19969 | |L00 = A fneet | [ rep | [Apply
MQTLQB EXPO 2019 ¢y Firing Data | NonfiingData | @
Ready

reatina window and loadii e 21
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HIL Testing with Powertrain Blockset HEV Model

*i HevMmReferenceApplication - Simulink - O *
File Edit View Display Diagram Simulation Analysis Code Tools Help
E-=-8 @ BO-B-@E®P = [N ] s NP SO Re
HevMmReferenceApplication Passenger Car
® ‘HevaReferenoeApplication > v
|
&
= Envronment *
[T ¥
EI m I:r E : '\ﬁMIm
O "a HE W e » ™

Drive Cycle Source i i\ —

FTPTS (2474 seconds) Longiucingl Criwer = ] = Passenger Car
Controllers

Rapid Cpntrpl Prototyping . - g Hardware In-the-Loop
with Simulink Real-Time - 11100101 Sy _ with Simulink Real-Time

CAN Cable

MATLAB EXPO 2019

Embedded Controller Hardware Target Computer Hardware
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Agenda

Developing HEV Controls

MATLAB EXPO 2019
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HEV Supervisory Control

= Major Functions

— Battery Management System
— Power Management

Supervisory Control (Stateflow)

=  Only supervisory control
system changes for different
HEV architectures
— Other functions are reusable

MATLAB EXPO 2019

4\ MathWorks

. N\
EVSpdLmt EVSpdLmt
OpMode »—]
P lMode =
rds — [ Engiae |
[Enasodstarik »
radls — Mothode g —— >
[a—
SOCTrgt } SOCTrgt =
EngOnR »-
nOonRea el SnReq —
SOCmin } SOCmin
EngMode »—
ElbMode
CSChrgFatr CSChrgFatr P!
12 Battv
P »—
%\,} soBatEngy BatiEnrgy EngPwrCmd (- d =
VehMass } VehMass MotPwrCmd e
tPwrCmd
[SOC] > soc
»—]
TD T R s o =
/ SOCChrgFetr
=
Vehspd] ChargeFactor Vehspd Pwrcmd [l =
[MotSpd] MotSpd socopt |
[BattPwrDischrgL BattPwiDischrgLmt
EngSpdCmd —
g ElSpdCmd —
[BattPwrChrgLmf] BattPwrChrgLmt
[TransGear] > TransGear Park =l < Pak |
9 P Cltch1State
C) StartCmd »(5)
SWrCmd
Cltch1State et
Chrg Cltch1Cmd »( 4
h1Cmd
Co) Cltch2Stat ciomiemd
Cltch2State
(@D} EngTrqOut Neutral (- — 6
EngTrqOut Neutral
(@D} BattPwr
BattP EngTrqCmd (1
BatPwr efTraCmd CD
EngTrqCmd
4 EngSpd
C e 05p
EngSpdFdbk MotTrgCmd
Accel Pedal to Traction Wheel Torque Request TrgCmd (TraCmd_init
D . v
L oo AccelPal P2 Supervisory Control MotTiaCmdlrac
AccelPdI TraCmd f——
< [AccelPd] | S TraCmd
[AccelPd]] AccelPdl
[MotSpd] [BattPwrDischrgLmt]
BattPwrDischrgLmt BattPwrDisChrgLmt
G > soc [BattPwrChrgLmt]
soe 1S0C] BattPwiChrL
BattSoc < s0c] ] sl nt Bal BattPwrChrglLmt MotTracmdFinal
otTrgCm
Battery Management System MotTrqCmd
Series Regen Braking (default) [MotSpd] > MotSpd
» BattSoc
[VehSpd] MotTragCmdRegen
Gy » VehSpd
MotTrgCmdR
VehSpardbie P . otTrqCmdRegen
[MotSpd] Motor Torque Arbitration and Power Management
37 MotSpd » MotSpd
MotSpd
(@D DecelPdl
DecelPdI
DecelPdl BrkPrsReq » BrkPrsReq
Park Park BrkCmd >
el &)
Brake Pedal to Total Braking Pressure Request ) BrkCmd
-[TransGear] » GearRatio
Gear Ratio [
TransGear Regen Braking Control
TransGear

GearRatio
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Brake Specific Fuel Consumption (BSFC) [g/kWh]

Engine Control in HEV Mode - VAR NS N
= Optimization algorithm used to find :°°
minimum BSFC line g

= Results placed in lookup tables 2

0 500 1000 1500 2000 2500 3000 3500 4000 4500 S000
Engine Speed [rpm)

= For an engine power command ‘
— Stationary mode can operate directly on the 1D T(u)
optimal BSFC line Engp(?gmd g [ Emd
— Parallel HEV mode will attempt to operate on the Op“ma'f”s:‘(“":°rq”e

optimal BSFC line q ‘ i W

EngSpdCmd
rom_to_rads
MATLAB EXPO 2019

OptimalEngineSpeed
p g p o5
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Power Management o o 2 L
@D MolTraCmd  MotPwiElecReq :Ep ''''' Lt ﬂ\

MotTrqCmd
3) MotSpd Eff2k Check Within Limits H>0 > I—b MoltTrg
MotSpd 0 MotTrqCmd 4’..1

Mech to Elec Power Estimate

MotSpd MotTrqCmdFinal

= Bound battery power within v N It

dynamiC power “m |tS Of batte ry Eleckic Powr rom the Mechaniel Toraue Recusst.
= Convert mechanical power requestto © - ﬂ

Torque Limit

MotTrqgCmd

electrical power using efficiency map B ]
- Check if electric power request is within O\
limits s e

or Generating k =1 if Generating < 0

— OK - allow original mechanical power ot otmphTet
request Hpann = = = = = = = - - =

m== = BattPwrDischrgLmt
BattPwrChrgLmt

— Not OK -> use limit for electrical power, and g — s
convert to an allowable mechanical power |
request

x
2-D T(u)

Power (w)
o
|
>

MATLAB EXPO 2019 ?
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Starting the ICE in a P2 HEV: EV - Parallel

Wheel and Brake

= “Bump” start
— Can cause driveline disturbance f% -
I ial
— Process takes ~400-500 ms, causes vehicle speed ™ "
to decrease N | | | | -

Target Speed (mph)
Simulated Speed (mph)

20

- Use low voltage Starter (or PO machine)

— Implemented in P2 Reference Application 5
— 12V starter cranks ICE - ICE speed match mode ’
—> close P2 clutch st
MATLAB EXPO 2019 e
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FTP75 Simulation

"2

orEE =M =220 AZdoEm ==2(H)
8- 3@ P - Q-0 FA-

Trace Velocity, Target, Actual (mph)
_ S

| L | .l [y T“
| H | | l|

Li [y I._ I _JII ‘._-‘

EngSpd, MotSpd (RPM)

Battery SOC

US Fuel Economy MPGe

- _ - > —,.,—  —
40 /
/"'\..“\ﬂ,ﬂ—..__ s ——
. I
30 d
20
10

Sim U/ation
SPeed js
X350 faste,

/ /\ im -

&\ MathWorks
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Agenda

HEV Design Optimization

MATLAB EXPO 2019

4\ MathWorks
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Hybrid Electric Vehicle Architecture

- HEV examples @ E
— P2 parallel HEV P2 clutc
— P1/P3 multi-mode HEV
P2 o P1/P3
100
= | =
P2 Clutch P2 Machine Trans + Clutch
: lit:)jl : |_| | SL |‘;c:))|

MATLAB EXPO 2019
30
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Multi-Mode HEV Review

Generator Motor

SAE | torrationa] oA (=1
s /1ternationa Copyright sz?izsﬁ I 'élii;ﬁ“aé \_ / L N \\_, V)
saeallpow.sagjounals.or: -
. O SO&; . S@v PN
Development of a New Two-Motor Plug-In Hybrid System e ——7“ i©)
s o

Naritomo Higuchi, Yoshihiro Sunaga, Masashi Tanaka and Hiroo Shimada
Honda R&D Co., Ltd.

[<2]
o
o
o

Battery Mot

DC

P Gen
3000

Engine H
Clutch 1000

5000

T
T
l o= FrontTires 4000

Requested Tractive Force [N]

N
o
o
o

Engine / Power
0 Split
MATLAB EXPO 2019 0 20 40 60 80 100 120 140 160
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Multi-Mode HEV Review

oAE y /'E .
P Published 04/08/2013
lnterna tlona Copyright © 2013 SAE International
doi:10.4271/2013-01-1476
saealtpow.saejournals.org

Development of a New Two-Motor Plug-In Hybrid System

Naritomo Higuchi, Yoshihiro Sunaga, Masashi Tanaka and Hiroo Shimada
Honda R&D Co., Ltd.

Generator

=
\T/
i H%

8000 g

7000

— Z
Battery Mot 5 6000
N 0
DC a 2 5000
= * § 2
. l A= FrontTires §4000
. Gen %
§ 3000
: =
Engine & 2000
Clutch 1000
0
MATLAB EXPO 2019 0 20

40

Engine / Power

Split
60 80 100
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120

140

160
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Multi-Mode HEV Review

Generator

4\ MathWorks

Motor

oA ; . 2013011476 ‘/I-l\
SAE International Copyrisht © 2013 SAE Intemaion ="
doi:10.42"le’20_13—01-l476 -
saealtpow.saejournals.org l
o (@) “@w;
Development of a New Two-Motor Plug-In Hybrid System e —i:% o)
» 21,,;';/’
Naritomo Higuchi, Yoshihiro Sunaga, Masashi Tanaka and Hiroo Shimada
Honda R&D Co., Ltd. f
sooo g
7000
3
Battery Mot o 0000
o
o
DC L. 5000
o
. 2
Front Tires S 4000
-
ks
+ 3000
o
>
Engine & 2000
Clutch 1000
. Engine / Power
Engine Mode 0 Split
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Design Optimization Problem Statement

- Maximize MPGe
Drive Cycle Source1 Drive Cycle Source
o FTP75 and HWFET FTP75 (2474 seconds) HWFET (765 seconds)

— Weighted MPGe = 0.55(FTP75) + 0.45(HWFET)
=

ﬁ:—%

Differential Ratio

« Optimize Parameters:

— 5 control parameters
= EV, SHEV, Engine mode boundaries

— 1 hardware parameter
= Final differential ratio

Engine / Power Split

0 50 100 150
Vehicle Speed [kph]

= Use PC
— Simulink Design Optimization (SDO)
— Parallel Computing Toolbox (PCT)

| Lenovo ThinkPad T450s
Dual Core i7 2.60GHz
12 GB RAM

MATLAB EXPO 2019

4\ MathWorks
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Simulink Design Optimization

= Speed Up Best practices

—_ Accelera‘tor mode File Edit View Display Diagram Simulation Analysis Code Tools Help
— Fast Restart %-o-d s e-E{C)OP = [ owow (o -

Response Optimization Ophons

General Options | Optimization Options Parallel Options | Linearization Options|

[ Uze the parallel poel during optimization

— Use Parallel Computing Toolbox

— Specify Simulation timeout

Response Optimization Options

General Options | Optimization Options | Parallel Options | Linearization Dpticns|

Progress Options

Show optimization progress window during optirmization

Update plots during optimization

Simulation timeout (seconds): [180

MATLAB EXPO 2019
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Optimization Results

Simulink Design Optimization — Response Optimization

Requested Tractive Force [N]

Engine / Power
Split
60 80 100 120 140
Vehicle Speed [kph]
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Sensitivity Analysis

for idx = numExperiments:-1:1

in{idx) = Simulink.SimulationInput(model};
in{idx) = in(idx).setVariable('vehicle mass', params(idx,
. e . in{idx} = in(idx).setVariable{'Re’, params(idx, 2), "Work
- Determine sensitivity of fuel economy in(idx) = in(idx).setBlockParameter([model '/Environnent/
ags . "SensitivityAnaIysis-HevP?_ReferenceApplication_S end
and ability to charge sustain to —————r . . n, e Tl e
changes in design parameters HE
Scatter plot Table editor Ly
Data Browser ® §_| Scatter plot: ParamSet = |

= Simulink Design Optimization Ul s |
— Create sample sets

— Define constraints
. . w Requirements
— Run Monte Carlo simulations SoC a5

=
@

=

CSChrgFctr_SDO
o o O
=

i £

0
. . max_mpg o 3
— Speed up using parallel computing 3
2
.EI
* Results n;. i
m
&
0
o 25
g|
£ 2
w
w Preview 2
ﬁ 1.5
Parameter 3set with 30 entries (&)
and parameters: 3 1

C5ChrgFcte_ SDO
EngPvr_min_SDO 02 04 06 080 1 2 3 1 1.5 2 25

SOCChrgFetr SDO. CSChrgFctr_SDO EngPwr_min_SDO, 194 S0CChrgFetr_SDQ, 10*

=]
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Powertrain Control —
Charge Sustaining /
PHEV Power-Split

= SOC Optimal calculation

EpattS0Copt vehV;op2
Ebatt

et g i ad Trech - CSChrgFctr

S0Cop =

— i.e. charge sustaining factor

aAr . /l _2011-01-2451
Published 06/01/2012

A& /nternationa Copyrit © 2 Lmd 00012013
doi:10.4271/2011-01-2451

saealtpow.saejournals

Optimization of Electrified Powertrains for City Cars

Andreas Balazs {

Aachen Univ.

Edoardo Morra

Politecnico di Tormo

Stefan Pischinger

FEV GmbH

12

—_—
—
|

oo
I

= Engine Power Calculation
PIEZ‘E,dem = Pdem.tmc 'l'SOC;pt - Socuct) J)
k2 > SOCChrgFctr

— Low speed cutoff for EM to not run as generator

BMEP [bar]
)

N

24

Pure electric driving

0 . . .
1000 2000 3000 4000 5000
Engine speed [1/min]

— Minimum Eng On Power

Figure 5. Hybrid pperating strategy: parameter k

MATLAB EXPO 2019
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Sensitivity Analysis — Results

= HWFET = USO6 = FTP72
" Charge sustaining factor :
[
SCH ngPwr, -:uo socChrgfetr 0 .q0*  CSChrgFetry Do ‘E»«l’wrzmm,l‘.u:\3 -w“ ! s’&::wmm-,:o .‘ﬁ.‘s ¢ = ' = = M = : DJ 1E"0mein500 ’ -1;‘ ' S‘f-:: CCCCCCCC ;O
— CS Factor highest correlation — CS Factor highest correlation — Min Engine Power highest
for charge sustaining for charge sustaining and max correlation for maximizing mpg
— Min Engine Power highest mpg and charge sustaining

correlation for max mpg 39



Key Points

= Efficient plant modeling enables
Model-Based Design (MBD)

= Powertrain Blockset provides HEV
modeling framework, components, and
controls

= Design / optimize plant and controls
together as a system

MATLAB EXPO 2019

4\ MathWorks

40



MATLAB EXPO 2019

U2 AL AGFAZ AF SHAIJ] BEELICE

Ol



