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Key Points

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

Focus of this talk
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Full Vehicle Simulation Track

1.

Full Vehicle Simulation for Electrified Powertrain Selection

For a given vehicle class, how can | use simulation to select a hybrid powertrain that
meets my requirements?

Model-Based Design of Electric Powertrain Systems
For a given powertrain, how can | use simulation to develop and calibrate motor controls?

Objective Drivability Calibration
For a given vehicle, how can | use simulation to calibrate the ECU for improved drivability?
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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

=  Minimize:
— Fuel consumption (mpg for drive cycles Highway, City, US06)
— Acceleration time (ty_gompn)

= Subject to:
— Actuator limits for motor & engine
— Velocity within 2 mph window of drive cycle target velocity
— SOC within [SOC,,, SOChigh]
— |SOC,,, — SOC,4| < tol 2 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
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Powertrain Blockset Features

Library of blocks

4\ MathWorks:

Pre-built reference applications

Conventional Vehicle
Reference Application

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

.’_"]

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 7
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What's New in R2019a ?

Energy Accounting and Reporting

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

B Live Editor - Gen erateEnergyReport.mlx

oW e

4\ MathWorks

(G Project - HEVIPS

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;

75 (RATA weconaw, Gyl

Latgphemisl [Vent | } - P ——
a2 * e
Covbrbaiy
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What's New in R2019a ?

Energy Accounting and Reporting
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= Next steps
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EV / HEV Configurations Shi

Pure EV

oping with Powertrain Blockset

Released in: 220165

Similar powertrains:
— Nissan Leaf

— Tesla Model 3
— Chevy Bolt

Released in: R2016
Similar powertrains:

— Hybrid Honda Accord

- = —- I
| L i e t f e i S
24
” |
—

4\ MathWorks:
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EV / HEV Configurations Shipping with Powertrain Blockset

Input Power-Split HEV

Genera tor
e — 4 s ' 11
100 1 1 - by
= 4 - A%
B T
H MNE i 2\ - san, e
|_ |
Sl
e
P2 HEV 7~ (O)
°‘a‘ =
P2 Clutch P2 Machine Trans + Clutch
= &= Vi °
TN = :
7 s ot e
R VasY

Released in: R201/

Similar powertrains:
— Toyota Prius
— Lexus Hybrid
— Ford Hybrid Escape

Released in: R2018b

Similar powertrains:
— Nissan Pathfinder
— Hyundai Sonata

— Kia Optima

4\ MathWorks:
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4 MathWorks

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
i r — Add your own controller variants
= = 0 | s =)
[ =14 |
Griints s i s semenee 4 P €ITOrM ClOsed-loop system

s | | S | o] | testing
S pocn mprrts ANHEY | i e B Sensitivity analyses
— Design optimization
— MIL/ SIL / HIL testing
2. Customize the plant model
— Parameterize the components
— Customize existing subsystems

— Add your own subsystem variants
21
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Initial HEV Architecture Study ECO @ CAR

MOBILITY CHALLENGE

ENERGY GENERAL MOTORS 4\ MathWorks

MANAGED BY é
- EcoCAR Mobility Challenge el b

— 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

= Generic versions of the models used for this study

22



Plant Model:

System level

fSpd —e—»!

FTP72 (1372 seconds)

Environment

—>

=l

Longitudinal Driver

Double click to configure
Powertrain

Powertrain Type
Active Mode: HEV P4

4\ MathWorks

Block Parameters: Powertrain Type
Drivetrain Configuration (mask)

Use this block to configure the dirvetrain mode.

Parameters

Powertrain Mode |HEV P4

Conventional
HEV PO
HEV P1
E HEV P2
HEV P3

Controllers

Passenger Car

Visualization
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Plant Model:

Driveline Subsystem

DrivetrainHevP4
Citch1Cmd

EngTrg

MotTrg

Grade

WindVel

BrkCmd
GearCmd
Block Parameters (Subsystem) train
Open :
Label Mode Active Choice ’ C (DrivetrainCon)

Open in Variant Manager 0 (DrivetrainHevP0)

Refresh Blocks Ctri+K 1 (DrivetrainHevP1)

2 (DrivetrainHevP2)
3 (DrivetrainHevP3)
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Plant Model:

Electrical Subsystem

»( 1)

—

X —H : )
MotPwrMech

C—»

BattTemp

HEVP1-4.650v BattSoc BatSoc BaltSoc @ HEV P1-4 30kW
MotTrqgCmd num(s
P LdCurr St »( 7 ) " MotTrq (s) @
otTrgCmd den(s) MotTrq
BattV Ly Battv MotTrgq
BattCurr p X BattPwr ’- @ MotSpd Motor Coupling Dynamics
BattTemp Bal;Pwr MotSpd -
AmbTemp Ii HVDC HVDC BattCurr @ aJsVolt
o - BattCurr MotCi
High Yoltage Sysieh . Electric Machine \ o
K
MotPwrElec
MotPwrElec
num(s)
den(s)
Battery Discharge Dynamics
<BattSoc>
>H b
SOC Rato 1o %1
BattCurrall Info .—> BattVolt
= + Vi VoltCmd fF— info = BusVolt
o
BattTemp 1 Battvolt . SrcVolt LdVolt » 4 ) .—> MtrSpd
HVoC MotSpd
Lithium lon Battery Pack
C)—uscur srecur | ) ,
Battv LdCurr BattCur TrqgCmd
DC-DC Converter MotTrqCmd

650 V Battery & DC-DC Converter
(smaller sizing for PO)

MotPwrMech

4\ MathWorks

Info

BattCurr

MtrTrq

MotCurr

— (D

MotTrq

30 kW Motor
(10 kW for PO)
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Plant Model:

Engine Subsystem

Info

EngTrg

1.5] Gasoline Engine

3
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oy
[5)]
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Vi
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50 4

Actual Torque (Nm)

Actual Torque vs Commanded Torque & Engine Speed BSFC vs Commanded Torque & Engine Speed
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4\ MathWorks

5000
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Controls-oriented Model Creation

4\ MathWorks

Detailed, design-oriented model

Engine Dynamometer

Eng  DynotCtd|
. \ Dynamometer Control
-

»| OynaCul EngSpd |
Dyno f— Trgcmd |

- OynoCirl

Eng > Eng
— £ > J
[— Environment P Env naT
Dynamometer ‘g'
Parformance Monitor
EngCtrir
»{ Dyno
Engine System
Resize Engine and

Recatirate Contraner Help

) EngSpd

Fast, but accurate controls-oriented model
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Controller:
Hybrid Control Module

@ AccelPd! ™
AccelPdl
5 °
S i i
MotSpd <___[Motspd) |
@ TransGear ? ™
TransGear <___[Gear] |
(D, ™
VehSpd
VehSpdFdbk ¢ [VehSpd]
_’

a IDecelPdl

DecelPd

= "

AccelPdl

MotSpd

Gear WhiTrgCmd

VehSpd

MotTrgRegenWhICmd

Accel Pedal to Traction Wheel Torque Request

o>

DecelPd|

Park

BrkPrsReq

P

_’

—»

BrkCm |

VehSpd
MotTrgRegenWhICmd
MotSpd
Gear
BrkCmd
BrkPrsReq

4\ MathWorks

Brake Pedal to Total Braking Pressure Request

Series Regen Braking

if(u1 <= 0)
ut o EngSpdnon-P2
else y EngSpdFdbk —®{EngTrgCmd Cltch1Cmd e
| WhiTraCmd if{} P gt TrgCmd Cltch1Cmd
EngTraCmd P2 Cltch1Cmd = sanemd
| [Gear] > Gear StartCmd
[ Motspd) ~ MotSpd MotTmced = Neural »(5)
Neutral
Energy Management Off
»(7)
WhiTrgCmd
WhiTrgCmd eise {}
[ venspa] > VehSpd Merge I engTrdoma (1)
1 EngTrqCmd girq EngTrgCmd
\ /hITrgCmd gira
| [MotSpd] - »{ MotSpd
| [Gear] — Gear
g o MotTrgCmd z
50> 11100 soc MotTrgCmd 4 MotTrqCmd
BattSoc
BattV
Energy Management
»( 3 )
BrkCmd
BrkCmd
u
u

«  Energy Management
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HEV Energy Management

= Instantaneous torque (or po_vver) Tyemand = Teng + 277
command to actuators (engine,
electric machines) 20h | fiene  dmded

- Subject to constraints: ok e 1T mp @ _

Tmin(®) = Taet = Tax (@)
Pcpg(SOC) = Ppatt = Pgischg(SOC) L+
Ichg ($OC) = Ipqee = Iiischg ($0C) )
S50Cin = 5S0C = 50C 4«

« Attempt to minimize energy
consumption, maintain drivability
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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

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

where s(t) are the “equivalent factors”

-« Why use ECMS?
— Provides near optimal control if drive cycle is known a priori
— Fair comparison between different HEV architectures (only tune equivalence factor)
— Can be enhanced with adaptive methods (i.e. Adaptive-ECMS)

30
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Equivalent Consumption Minimization Strategy (ECMS)

2 2
L e
PRI PERS V
%r l m%";
1' ,'
: @ #! : @ Al
4 $ 4 5
Lrrerarad? | e 2l 3%
gty , ejmte,
e e
z 0/ z Q/
/ /

Equivalent fuel saved
by future battery use

Equivalent fuel needed
to recharge battery

jorr 2 on P (PR
% * i v
T emm T e
/ % / %
: i g f
4 4
* *

31



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
Enerqy

Management
Strategies

@ Springer

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

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

4\ MathWorks:

Equivalent Consumption Minimization Strategy (ECMS) Process

1. Create torque
split vector

Trq Cmd

0
—Min Mot Trq

+Max Mot Trq.

2. Check constraints, 3.

determine
Infeasible conditions

Tmin(®) = Taer = Tiax (@)
Pepg(SOC) = Pt = Pischg(SOC)
Iepng(SOC) < Ipgrr = Igischg(SOC)
S0C i =S0C =< S0C,,qx

Calculate and
minimize cost
function

minP = Pfye; + S - Phan
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Equivalent Consumption Minimization Strategy (ECMS) Process

Power (kW)

Infeasible Regions

100
X Pfuel
80 +  Pbatt
*  Ptotal
min P
60
. Nmu
20
0

-20 l

-1000 -800 -600 -400 -200 0 200 400 600 800 1000
Motor Wheel Torque (Nm)
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Equivalent Consumption Minimization Strategy (ECMS) Process

Vehicle Speec (m/s)

-1000 800 600 100 200 0

Motor Wheel Tarque (Nm)

200 400 600 B0O 1000

21

23
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Time (s)
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= Next steps

36



Methodology

= Generate Powertrain Blockset mapped engine from GT-POWER model

= Perform architecture evaluation

— For each Px architecture (non-plug-in):
= [terate on s (controller parameter) to achieve ASOC < 1% across each drive cycle
= Assess fuel economy on city, highway and US06 drive cycles
= Assess acceleration performance on Wide Open Throttle (WOT) test

— Compare fuel economy and performance across PO — P4 architectures

« Perform P4 axle ratio sweep
— Assess attributes over a range of axle ratios
— Compare fuel economy and performance across P4 axle ratios

4\ MathWorks:

37



Charge Sustain Iteration Process
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Fuel Economy on FTP75 [mpg]
w w w w w N B e
o N N » © o N IS

N
oo

4\ MathWorks:

Architecture Comparison Results
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Architecture Comparison Results

Combined City (55%) / Highway (45%)
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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

ECMS provides a fair
comparison of alternatives
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P4 Ratio Sweep Results
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Agenda

= Context

= Case study description
= Tools used

- Plant model and controls

= Results

= | Next steps
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Summary oo m

- Assembled full vehicle simulation — P
— Powertrain Blockset as framework for vehicle level modeling
— Mapped engine models auto-generated from design-oriented engine
model

— ECMS for supervisory controls provides a fair comparison between
PO — P4 variants

- Assessed fuel economy / performance across several $E
variants 3 . ‘
— lIterated on controller parameter to identify charge neutral settings e ———

— Generated pareto curve to quantify tradeoffs
= PO0-4 HEV Architectures
= P4 Axle Ratios
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Next Steps
- +
- Widen the scope of powertrain selection study
— Search over design parameters (gear ratios, battery capacity, etc.) ;“”U )
— Include two-motor HEV's, with modified ECMS controls &~ 4

= 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.) Q k A
1y

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

& =
&

®
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Thank You
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