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Key Points

= Customize pre-built vehicle models to assess electrified powertrain variants
= Apply optimal control techniques to make fair comparisons
=  Quantify tradeoffs between fuel economy and performance
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Agenda

= | Context

= Case study description
= Tools used

- Plant model and controls
= Results

= Next steps
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What Is Meant By “Full Vehicle Simulation™?

= Plant model + closed-loop control algorithms
— Production code out of scope for today’s presentation (OBD, timing, etc.)

= Right balance of accuracy / speed
— Sufficient detail for attribute analysis (fuel economy, performance, drivability, ...)
— Fast enough for design optimization (much faster than real-time)

- Heterogeneous modeling environment
— Support for inclusion of 3™ party simulation tools (S-function, FMU, ...)
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Simulink as a Simulation Integration Platform
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Electrified Powertrain Selection

= Considering variants of single motor, parallel hybrids
= Where is the best location for the motor?

PO

P2 Clutch
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Problem Statement

= Maximize:
— Fuel economy (I/100km for drive cycles Highway, City, US06)
— Acceleration performance (ty_10okm/h)

= Subject to:
— Actuator limits for motor & engine
— Velocity within 3,2 km/h window of drive cycle target velocity
— SOC within [SOC,,,, SOChigh]
— |SOC4,4 — SOC,,4| < tol = requires iteration on supervisory control parameter
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Powertrain Blockset

= Goals:

— Provide starting point for engineers to build good plant / controller models
— Provide open and documented models
— Provide very fast-running models that work with popular HIL systems

Environment
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Lower the barrier to entry for Model-Based Design
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Powertrain Blockset Features

Library of blocks

4\ MathWorks

Pre-built reference applications

®2 Library: autolib - Simulink - O ¥
File Edit View Display Diagram Analysis Help
HE = r.
Pel - 3 - HC M
autolib
@ s
Energy Storage Drivetrain Propulsion

and Auxiliary Drive

O

Conventional Vehicle
Reference Application

The conventional vehicle reference
application represents a full vehicle
model with an internal combustion
engine, transmission, and

| i
» Transmission Vehicle Dynamics Vehicle Scenario Builder
W
Ready 150%

Electric Vehicle Reference
Application

The electric vehicle (EV) reference
application represents a full electric
vehicle model with a motor-
generator, battery, direct-drive

Hybrid Electric Vehicle
Multimode Reference
Application

The hybrid electric vehicle (HEV)
multimode reference application
represents a full multimode HEV
model with an internal combustion

Engine Dynamometer

Cl Engine Dynamometer
Reference Application

The compression-ignition (Cl)
engine dynamometer reference
application represents a Cl engine
plant and controller connected to a

[ E

Hybrid Electric Vehicle
Input Power-Split
Reference Application

The hybrid electric vehicle (HEV)
input power-split reference
application represents a full HEV
model with an internal combustion

Engine Dynamometer

SI Engine Dynamometer
Reference Application

The spark-ignition (S1) engine
dynamometer reference application
represents a Sl engine plant and
controller connected to a

Hybrid Electric Vehicle P2
Reference Application

The hybrid electric vehicle (HEV) P2
reference application represents a
full HEV model with an internal
combustion engine, transmission,

IZ
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Reference Applications

Full Vehicle 4 )

Conventional Vehicle Hybrid Electric Vehicle
M Od e I S Reference Application Multimode Reference
Application
The hybrid electric vehicle (HEV)
multimode reference application
represents a full multimode HEV
model with an internal combustion

The conventional vehicle reference
application represents a full vehicle
mode! with an internal combustion
engine, tfransmission, and

Engine Dynamometer Engine Dynamometer
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Cl Engine Dynamometer
Reference Application

Virtual Engine
Dynamometers

S| Engine Dynamometer
Reference Application

The compression-ignition (Cl) The spark-ignition (S1) engine
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Hybrid Electric Vehicle
Input Power-Split
Reference Application

The hybrid electric vehicle (HEV)
input power-split reference
application represents a full HEV
model with an internal combustion

engine dynamometer reference
application represents a Cl engine
plamt and controller connected to a

dynamometer reference application
represents a Sl engine plant and
controller connected to a

Y

Hybrid Electric Vehicle P2
Reference Application

The hybrid electric vehicle (HEV) P2
reference application represents a
full HEV model with an internal
combustion engine, fransmission,

Electric Vehicle Reference
Application

The electric vehicle (EV) reference
application represents a full electric
vehicle model with a motor-
generator, battery, direct-drive



What's New in R2018b 2

Engine Test Data Import

Home

Insert

Page Layout

Farmulas

SiEngineData
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g File

Edit View Display

'bi SiMappedEngine - Simulink prerelease use

Diagram

Simulation  Analysis Code Tools Help
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Data' D AII = Edit Links o Yo Advanc @ <ExhManGi 4,
Get & Transform Data Queries & Connections Sort & Filter | -
Al - b Name: B
E3 » Info
= Tr oo Electronic Throtile Actuator Dynamics |
ExhTemp (
N*m  rpm K
3 |Data: 33.598 730 0.003756044 0.000257263 767.6445 350.9?15
4 | 45.847 730 0.004654959 0.000218832 788.1032 318. ?Eﬂl O
3 | 36.568 730 0.005485734 0.000375735 800.8691 30445 @ EngTrg
6 | 68.245 750 0.006440062 0.0004411 880.7776 296.26 EngSpd
7| 76.223 750 0.007074802 0.000484576 509.6578 291.3
8 76.223 750 0.007074794 0.000484575 909.6971 291. 39@
9 | 28.544 1053.6 0.00502789 0.000344376 864.1754 393.6&: Mapped Sl Engine
10 | 40.024 1053.6 0.005905243 0.000404469 B77.6878 329.9ﬂ ThrPosPet
11| 51.453 1053.6 0.006903229 0.000472824 886.9336 2‘3‘3-.89;
12| 62.881 1053.6 0.008056477 0.000551813 900.5524 286.35 o (VahreaPct p| Engine Speed B T
13 74.31 1053.6 0.009218835 0.000631427 919.7863 277.26
14 85.738 1053.6 0.010556639 0.000723057 990.6683 275.16 |!_E|
= | Accessory Load Model
15 95.025 1053.6 0.012052329 0.000825515 1071.628 283.46 -, .
16 24.678 1357.1 0.005875772 0.00040245 901.2477 413. 12!
17| 36.983 1357.1  0.007204383 0.000493451 9214745 338.20.55% T e i bt dei il
18 43.412 1357.1 0.008373948 0.000573558 926.201 300.20794 2.52469E-07 1.7064E-08 1.73395E-07 0.00178554
19 59.84 1357.1 0.0097533 0.000668034 941.4953 282.79031 2.53086E-07 1.64977E-08 2.55954E-07 0.00208
20 71.269 1357.1 0.011219721 0.000768474 955.8058 273.14525 2.91058E-07 1.88211E-08 5.03715E-07 0.00239956.
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What's New in R2019a ?

Energy Accounting and Reporting

Simulate
— Turn on logging
— Run simulation
— Check conservation of energy

&\ MathWorks

B Live Editor - GenerateEnergyReport.mix (G Project - HEVIPS

oW e

Run Simulation
Click Run to create an autoblks.pwr.PlantInfo object that analyzes the model energy
consumption. Use the PwrUnits and EnrgyUnits properties to set the units.

After you run the simulation, the live script provides the energy summary. You can use the results
to analyze energy and power losses at the component and system level. For more information, see
Explore the Hybrid Electric Vehicle Input Power-Split Reference Application.

Syshame = 'HevIpsReferenceApplication';
VehPwrAnalysis = autoblks.pwr.PlantInfo(SysName);
VehPwrAnalysis.PwrUnits = "kW';
VehPwrénalysis.EnrgyUnits = "MI';

Use run method to turn on logging, run simulation, and add logged data to the object.

VehPwrAnalysis.run;

Envi i >
)
» n‘\ ) Visualization
ThLs . >

FTP75 (2474 seconds, Cyclit) |
Longitudinal Driver
- U -,
Controllers

Passenger Car
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What's New in

Energy Accounting and Reporting

2019a ?
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b Project - HEVIPS

lOverall Summary
Display the final energy values for each subsystem.

6 VehPwrAnalysis.dispSysSummary
System Name Efficiency Energy Loss (MJ)
T T N
S I m u I ate HevIpsReferencefApplication 08.8418 -94.7
_ Passenger Car g.8418 -94.7
yReport.mhx bl Project - HEVIPS Drivetrain 8.134 -68.8
= Differential and Compliance 8.995 e
— Turn On Iogglng Plant Summary Front Axle Compliance 1 1 2]
Front Axle Compliance 2 1 ]
8 EngSysName = 'HevIpsReferenceApplication/Passenger Car/Engine’; Open Differential 8.096 8
_ Run Simulation 9 EngPwrAnalysis = VehPwrAnalysis.findChildSys(EngSyshame); Gearbox 8.849 -2.33
10 EngPwrAnalysis.dispSignalSummary; Pl 8.885 -1.16
P2 8.834 -1.16
. Torgue Coupler 1 ]
- Ch k V tl f \ application/Pa ar/Engi -1.68
eC Conser a On O energy HevIpsReferenceApplication/Passenger Car/Engine A B C D E F .68
Average Efficiency = .24 1 |System Name Efficiency Energy Lass (MJ)  Energy Ing Energy OuEnergy Stored (MI) —61’;1.?
) 2 |HevipsReferenceApplication 0.04 -94.70 32.85 0.00 -61.86
R Signal Enargy (MI) 3 | passenger Car 0.04 9470  32.85 0.00 -61.86
u e p 0 rt re S u tS _________________________________________________________ 4 Drivetrain 0.13 -68.78 12.60 -5.61 -61.84
Inputs 32.2 5 Differential and Compliance 1.00 -0.05 9.87 -9.82 0.00
Transferred B8.124
Accessory Load Model: Engine output 8.124 6 Front Axle Compliance 1 1.00 0.00 4.92 -4.92 0.00
— System |eve| Su m mary Not transferred 32.1 7 Front Axle Compliance 2 1.00 0.00 4.92 -4.92 0.00
Outputs _7.67 8 Open Differential 1.00 -0.04 9.87 -9.83 0.00
Accessory Load Model: Engine output -7.67 9 Gearbox 0.85 -2.33 14.83 -12.50 0.00
= - Losses -24.6 10 Pl 0.88 -1.16 9.53 -8.37 0.00
— S u bsyste m d etal I ed VI eW Stored 8 1" P2 0.83 -1.16 6.95 -5.78 0.00
12 Torgue Coupler 1.00 0.00 11.52 -11.52 0.00
13 Vehicle 0.85 -1.68 6.53 -4.82 0.02
— Exce I eX O rt <\ Simulation Data Inspector - untitled* - O |14 Vehicle Body 3 DOF Longitudina 0.35 -1.68 6.53 -4.82 0.02
p Q Q [ 15 Wheels and Brakes 0.13 -64.73 12.36 -9.49 -61.86
- 16 Longitudinal Wheel - Front 1 0.24 -14.78 5.65 -4.65 -13.78
. . . Inspect Compare m Generator: Motor shaft (kW) m Efficiency I
—_— Filter Signals W Motor: Motor shaft (kW) + . .
Efficiency histogram &
~ HevipsReferenceApplication 1.0
T- t I t . » |_|‘:| HevipsReferenceApplication | |
Ime trace pIots [ e oft ] |
Efficiency I —
E + [ Power 1/ M ‘ 8
| £ 600
+ (] Energy o LK | | I “E"
i D lﬂ Electric Plant 1000 2000 2010 2020 2030 2040 1000 2000 2010 2020 2030 2040 'i 400
o Lﬂ Drivetrain W Accessory Load Model: Engine outpu... W Gearbox: Carrier input (KW) g
Gearbox: Sun gear input (kW) g
1 W Gearbox: Base (kW) § 200
Sy N T 30 o
S T :
| /] A 100
= I/ I l‘f L'/ ’ 0.8 1
¢ i 50 06 )
Archive (T) . i 0.4 18
/m Properties 1990 2000 2010 2020 2030 2040 1990 2000 2010 2020 2030 2040 Input Power (kW) 0 o Efficiency
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EV / HEV Configurations Shi

Pure EV

oping with Powertrain Blockset

e,

\
Multi-mode HEV - P1/P3
T
— B =

Released in: 22016

Similar powertrains:
— Nissan Leaf

— Tesla Roadster

— Chevy Bolt

Released in: R2016

Similar powertrains:
— Hybrid Honda Accord

4\ MathWorks
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EV / HEV Configurations Shipping with Powertrain Blockset

eeeeeee

tor

- Released in: R2017
= Similar powertrains:

ke,

— Toyota Prius
— Lexus Hybrid

— Ford Hybrid Escape

P2 HEV . Released in: R2018
P2 Clutch P2 Machine Trans + Clutch u Slmllar powertralns:
'_ — i \N‘L ) .
101 101 Al — Nissan Pathfinder
' - — Hyundai Sonata
-+ — Kia Optima
ﬁ

21
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Flexible Modeling Framework

1. Choose a vehicle configuration 3. Customize the controllers
— Select a reference application as a — Parameterize the controllers
starting point — Customize supervisory control logic

ST s N s R = —s — Add your own controller variants

ryimn [ ey ey S i [y L oY)
SR b Bl
4

<<<<<<

s s + + 4. Perform closed-loop system

Conventional Vehicle Hybrid Electric Vehicle Hybrid Electric Vehicle Hybrid Electric Vehicle P2 Electric Vehicle Reference
Reference Application Multimode Reference Input Power-5Split Reference Application Application -
Application Reference Application te St I n
The hybrid electric vehicle (HEV) The hybrid electric vehicle (HEV) The hybrid electric vehicle (HEV) P2 The electric vehicle (EV) reference
nce application input power-split reference reference application represents a application repres ect

ence
ecents a full multimode HEV application represents a full HEV full HEV medel with an internal vehicle model with a motor-

— Sensitivity analyses
— Design optimization
— MIL/ SIL / HIL testing
2. Customize the plant model
— Parameterize the components
— Customize existing subsystems

— Add your own subsystem variants
22
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EcoCAR: Mobility Challenge ECO @ CAR

MOBILITY - CHALLENGE

DEPARTMENT OF

ENERNGOY GENERAL MOTORS J\I\flath\‘\"'orks

MANAGED BY
. Ar onne‘)
= What is it? L e
— Student competition for 12 North American universities
— Collaboration of industry, academia and government research labs

— Improve fuel economy through hybridization and enable level 2 automation capabilities

= MathWorks provided Powertrain Blockset reference applications:
— Plant models for PO — P4 architectures
— Supervisory controller

= Work reused as starting point for powertrain for this work

23



Plant Model:

System level

FTP72 (1372 seconds)

_-_F

Environment

»

Longitudinal Driver

Double click to configure
Powertrain

Powertrain Type
Active Mode: HEV P4

&\ MathWorks

Parameters

Powertrain Mode

Block Parameters: Powertrain Type
Drivetrain Configuration (mask)

Use this block to configure the dirvetrain mode.

HEV P4

Conventional
HEW PO
HEW F1

I:HE‘I.I’PE

HEV P3

HEV P4

Visualization

Controllers

Passenger Car

24



Plant Model:

Engine Subsystem

Info F—

EngTrq F—

1.5L Gasoline Engine

Actual Torque vs Commanded Torque & Engine Speed

50

Engine Speed (RPM) 0 0
Commanded Torgue (Nm)

GT-I ITFv2019

GT-SUITE Model —————_}p.

Maps generated from GT-POWER

200

4\ MathWorks

BSFC vs Commanded Torque & Engine Speed

00

00 -

300

100

300 .

00 .

200 0

Commanded Torque (Nm)

1000

4000
2000 3000

Engine Speed (RPM)

5000
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Controls-oriented Model Creation

e g GT_E' ____Engine Dynamometer

| Dynec vz

recICP-1 Injedtor-2/ ||  ffecECPF1

rec-rung-
oy S N —
.o LoT~h . . . Y - N - L CymCir
8 8] . 9 Crynamometer Control o
- ":l" taleR ‘?\f_‘y’! ] EV. Eng = Eng

22 ntakerunner-. < -~
----- bl . C o —

L ) S R . ipder= : [— Enviranrment Env EngTm o

Crynamomaeter 'E’
Performance Monitor
EngCirlr

Detailed, design-oriented model W

Y

Engine System

Rasize Engine and
- o HEIP

A

A 4 h 4
=
N

J Engspd

<+

Fast, but accurate controls-oriented model
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Plant Model:
Electrical Subsystem x "(5)

Ll MotPwrMech
MotPwrivech

Y

HEV P1-4 650V | (1)

BattSoc BaltSoc HEY P1-4 30kW
BattSoc 1 | MotTrgCmd
— rq numis,
LdCurr D MoiTrg Lgi ( :I r{ 4 }
BaftV MaotTrgCmd dgn(s) MotTrg
Batty Batty MotTrg
BattCurr > BattPwr .'- MotSpd Motor Coupling Dynamics
BattPwr MotSpd
BattTemp
MaotCurr
AmbTemp Ii HVDG HWDC BattCurr rﬁjs\l’nlt
— . attCurr | MotCurr
High Voltage System Electric Machine \
o x p{ 6
MotPwrElec D
MotPwrElec
num(s)
den(s)

Battery Discharge Dynamics

HI—»’—». 100>
<BattSoc>
BattSoc

SOC Ratio to %1

» Info ——
M—r VoltCmd Infol—————»— BattVolt Info ——»—]
S BusVolt |

BattTemp || | Battvoit Srcvolt Lavolt|-——————————»{_4_)
BattTemp HVDC MtrSpd BattCurr
Lithium lon Battery Pack D b LdCur SreCurr NED) MotSpd MotCurr

BattV LdCurr BattCurr
DC-DC Converter @ Trqc md MtrTrq —@
MotTrgCmd MotTrqg

650 V Battery & DC-DC Converter 30 kW Motor
(smaller sizing for PO) (10 kw for PO) -



Plant Model:

Driveline Subsystem

v v v v v v ¥

Clich1Cmd
EngTrg
MofTrg
Grade
WindVel
BrkCmd

GearCmd
Block Parameters (Subsystem)
Open
Label Mode Active Choice

Open in Variant Manager

Refresh Blocks

DrivetrainHevP4

Cirl+K

train

C (DrivetrainCon)

0 (DrivetrainHevPO)
1 (DrivetrainHevP1)
2 (DrivetrainHevP2)
3 (DnivetrainHewP3)

. 4 (DrivetrainHevP4)
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b 4
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(7 )——P|cearcmd Cltch2State Grade
GearCmd TransGear _@ 5 WindVel
TransGear WindVel All Wheel Drive
- P BrakeReq Front Axle x Front Axle x
Enosee Front Wheel Drit BrkCmd fnfo <xdot>
(2 y——»{EngTrg EngSpd ront Wheel Drive,,, a—\—ﬂ Rear Axe x Rear Axle x vehSpd
EngTrq T D Axle Torgue 1
& AZ0 Front Axle z Front Axle z
Torque Converter Automatic Transmission Differential and Compliance
Axle Torque 2 Rear Axle z Rear Axle z
MotSpd L] Vehicle
Wheels and Brakes
3 ) MotTrq MotSpd
MotTrq Al
P4 Diff
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Controller:
Hybrid Control Module

& >
AccelPdl

AccelPd!

@ MotSpd 1 ™

MotSpd [MotSpd]

@ TransGear ? >
TransGear

3

C o >

VehSpdFdbk p [VehSpd]
>

AccelPdl
MotSpd
Gear WhiTrgCmd

VehSpd

MotTrgRegenWhICmd

Accel Pedal to Traction Wheel Torgue Request

>

(oot >
(e >

u DecelPdl

DecelPd|
= >

DecelPdl

+
BrkPrsReq —I—

BrkCm |

VehSpd
MotTrgRegenWhICmd
MotSpd
Gear
BrkCmd

BrkPrsReq

&\ MathWorks

Park

Brake Pedal to Total Braking Pressure Request

Series Regen Braking

-  Energy Management

iflul == 0)
o U1 EngSpdnon-P2
else
EngTrgCmd Cltch1Cmd
v EngSpdFdbk — Eng rq\rn ch1Cmi 4.{Cllch10md : )
WhiTrgGmd if {} ot TrgCmd Cltch1Cmd
EngTrgCmd P2 Cltch1Cmd = Stancmd
| [Gear] - Gear StartCmd
| [MotSpd] - MatSpd otintmd = Neutral N:t I
eutra
Energy Management Off
» 7
WhiTrgCmd
WhITrgCmd G
>
merge >
| | [VehSpd] = VehSpd EngTraCmd » 9 EngTrgCmd E T1C d
" TrgCmd na e
| [MotSpd] - MotSpd
| [Gear] = Gear
Ll
merge ';DZ
» MotTrgCmd
Soc 1/100 S0C MotTrgCmd otTrgLm MotTrqCmd
BattSoc
{7 } Batty/'
BattV/ Energy Management
»{ 3
e sG]

BrkCmd
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Equivalent Consumption Minimization Strategy (ECMS)

- What is ECMS?
— Supervisory control strategy to decide when to use engine, motor or both
— Based on analytical instantaneous optimization

-« Why use ECMS?
— Provides near optimal control if drive cycle is known a priori
— Can be enhanced with adaptive methods (i.e. Adaptive-ECMS)

min Pequivalent(t) - Pfuel(t) + S(t) ’ Pbattery(t)'

where s(t) are the “equivalent factors”

4\ MathWorks

30



Equivalent Consumption

Equivalent fuel needed
to recharge battery

/ i - !
: J4
: s X
¢ ' f
4
S -
s, S
et RS, T

Minimization Strategy (ECMS)

Equivalent fuel saved
by future battery use

/ -~
" v,.'(/ '
1
'
-, /

‘ MathWorks:
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Equivalent Consumption Minimization Strategy (ECMS)

SPRINGER BRIEFS IN ELECTRICAL AND COMPUTER
ENGINEERING - CONTROL, AUTOMATION AND ROBOTICS

Collaborated with Dr. Simona Onori from
Stanford University

For more information on ECMS, refer to:

Simona Onori

_ Hybrid Electric
- Vehicles
| Energy

Management
Strategies

@ Springer

https://www.springer.com/us/book/9781447167792

&\ MathWorks
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https://www.springer.com/us/book/9781447167792
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Methodology

= Generate Powertrain Blockset mapped engine from GT-POWER model

- For each P, architecture:
— Using mapped engine model, iterate on s (controller parameter) to achieve dSOC < 1%

across each drive cycle
— Assess fuel economy on city, highway and USO06 drive cycles
— Assess acceleration performance on Wide Open Throttle (WOT) test

« Compare fuel economy and performance across PO — P4 architectures

35



Fuel Economy on FTP75 [L/100km]

Results

4\ MathWorks
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Results

Fuel Economy on Combined [L/100km]
o o a1 % o a1 o1 o
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©

9.5

10

10.5 11
0 - 100 kph Time [s]

11.5

12

12.5

&\ MathWorks

ECMS provides a fair
comparison of alternatives

Placing motors closer to the
drive wheel:

— Improves fuel economy (better
regen efficiency)

— Degrades performance (lower
mechanical advantage)

Simulation allows you to quantify
the tradeoff
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Agenda

Context

= Case study description
= Tools used
= Plant model and controls

= Results

= | Next steps
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Summary

= Assembled full vehicle simulation
— Powertrain Blockset as framework for vehicle level modeling
— Mapped engine models auto-generated from design-oriented engine model
— ECMS for supervisory controls strategy applicable to all PO — P4 variants

= Assessed fuel economy / performance across several variants
— Iterated on controller parameter to identify charge neutral settings
— Generated pareto curve to quantify tradeoff between variants

&\ MathWorks:
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Next Steps

= Widen the scope of powertrain selection study
— Include two-motor HEV'’s, with modified ECMS controls
— Search over design parameters (final drive ratio, battery capacity, etc.)

= Conduct more in-depth analysis

— Assess additional attributes of interest by including more design-oriented models
(engine, aftertreatment, drivability, etc.)

— Integrate control features from advanced development / production

= Continue along the V-cycle

— Once field candidates are narrowed down to a few options, conduct more detailed
electrification study (motor controls, battery design, etc.)

— Once vehicle platform is selected, calibrate vehicle (drivability, etc.)

&\ MathWorks:
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Thank You

Eva Pelster
Application Engineer
Eva.Pelster@mathworks.com
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