MathWorks
AUTOMOTIVE
CONFERENCE 2019




4\ MathWorks

Problem - Design Electric Car

« System level architecture

= Control design and tuning
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Approach

« Modeling and Simulation with Simulink

« The power of MATLAB
— Performance optimization

"
4

— Parameter estimation

MathWorks
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Simulink

« Model and simulate dynamic systems

= Signhal-based modeling

Eait Vew (ksplay Owagram Simefation Analysis Cooe Jools Help

"'J'H ig@ong\,e ,’J‘MV'

« Need equations
: ” ’Q g D X" > ; m . DL]
4 setpoint PID Controfler & Integrator ey
u i
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Dynamic System X

= Input & Output
— F: Force(input)
— x. Speed(Output)

= Parameters
— b: Air-drag parameter

— m: Mass 5
mx = F — bx
MathWorks

AUTOMOTIVE CONFERENCE 2018 5



4\ MathWorks:

Dynamic System Modeling using Simulink

- Enter sea 4y -
Simulink/Continuous
¥ Simulink '
Commonly Used Blocks ) Au >
Continuous Ar
Dashboard
Discontinuities Derivative
D) BM 20 ARSNSN =EFM M

@ SQOP e >-&-3l-FA-

a8 Y Ta0000
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E—
AUTOSAR Blockset l
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Dynamic System Modeling using Simulink

o Ref
Desired input —>@—> PID(s)

Controller Plant

Simulating plant and controller in one environment
allows you to optimize system-level performance

MathWorks
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Dynamic System Modeling using Simulink

Ii l"‘ Pk Paanwins PID Commata (DOF}
| PID 2dof {mask) (link)

| This block implements continuous- and disa
| advanced features such as anti-windup,
| using the Tune,..' button (requires Sim

iConlrdlev PID
Time domain:
I & Continuous-time
| & Discrete-time
~ Compensator formula

| Main Initialization Output Saturation
Controller parameters

Source: internal
Proportional (P): 1
Integral (I): /1
Derivative (D): ©
Use fitered dervative
Filter coefficient (N): 100
Setpoint weight (b): 1
Setpaint weight (c)! |1
Automated tuning
Seject tuning method: Transfer Function £

|12 Enable zero-crossing detection

A PID Tunes fcnaneC oneredSamtch/PID Conmroller {2008} Step Plot Reference tacking - a x

PID TUNER

Plank: T PIOF2 = Domaint L e -
o 4 R wr!n-mm e v e E l)
Doty formiPanalle (Time ».
gV 3 . 062 Reset Srow Update
4 Impect & Optons  adepen e 1 Amiics e ¥ Desgn Pwemeten  Block ¥
PLANT CONTROLLER UESIGN TUNING TOOLS RESULTS
Step Plot: Reference trackng

HOE w225 |

Step Plot: Reference tracking ™ @

T

Time (seconds)

Controller Pavameters: P = 1233, 1= 2350 0= 2505 N=172,0=05773 c= 150

L2

B ICmml Hdp

MathWorks
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=

Caontroller Parameters

Tuned Block
p 1233.1678 1
| 235.8852 1
D -259.8734 0
M 1.7204 100
] 057727 1
C 1.5922 1
Performance and Robusthess

Tuned Block
Rise time 3.71 seconds 36.4 seconds
Settling time 10.9 seconds 0.36e+03 seconds
Overshoot 0% 25.6%
Peak 0.999 1.96
Gain margin -Inf dB @ O rad/s -Inf dB @ 0O rad/s
Phase margin 69 deg @ 1 rad/s 1.65 deg @ 0.0289 rad/s
Closed-loop stahility  |Stakle Stable

*required Simulink Control Design
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Dynamic System Modeling using Simulink
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Simscape

« Model and simulate dynamic systems

- Network-based modeling wewe |||

o 8 ‘L—}»‘t‘\ 2

= Intuitive, reusable, less math v v 3
, dv v o

| it g e o (e
= SiImscape Language 10 oquations Wy P —
41 i == (CO0 + Cv*ve)*vce.der + ve/Rd;
rﬁ%ﬁgnua CONFERENCE 2018 g enz Ve AR 10
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Compare between Simulink and Simscape

*i Mass_Spring_Damper - Simulink

Ble Edit View Display Diagram Simulation Analysis Code Tool Help
PMass_ Spring Damgsr

FSpring — kSpring*(XMass)

/ -]
/]
/] C}
+— ¥
/ o— = F _ b *(dXMaSS)
/] m = Damper — YDamper dt
A NVWW— = 2 _ _
Va4 d“XMass _ Fspring — Fpamper
dt? MpMass
/ 0 ’_4
/ }—» W, 1 1
—_— - S S vl x| Mass1
|_ Spring1
’_ﬂ_ _| | o o
: 1l m __ , |<
VW= =\\W\— : :
""" S Input/Output Block Diagram| Simscape,
MathWorks
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Dynamic System Modeling using Simscape

i)

Simulink

v S

SIMILLIME

Murst Al Muthiboey

MathWorks
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P untitled * - Simulink — O X
SIMULATION DEBUG MODELING FORMAT APPS MULTIPLE 5o c @
3 Open ~ gg X 0 El Stop Time qg @ UD - @
New &l sae - Library : izl Signal v |Ml Step Run Step Stop Datz 7
- = Print v  Browser Table @ Fast Restart Back « - Forward Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS =
untitled
® |[Pa]untitled -
- i )
a > | @Signal Converter
=
&
]
f=0p « Local solver for Physical Networks
Simscape Library Resources
1. Find components in the Simscape library.
For more information, see Physical Modeling - Blocks.
2. Connect the components to form a physical network.
= For more information, see Essential Steps for Constructing a Physical Model.
N 3. Explore simulation results using sscexplore
Ready 180% VariableStepAuto
12




Dynamic System Modeling using Simscape

Foundation physical modeling blocks in
more than 10 different physical domains

I

] =0
/
AAAAALAL
Driveline
S g7 \ T4 7
Simscape

MathWorks
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| o Serndid Libiavy Beowses

~ Enter sea [ v & v 3.

Simscape

Sensor Fusion and Tracking ¥

SerDes Toolbox
SimEvents

~ Si
f Foundation Library \

Electrical

Gas

Hydraulic
Magnetic
Mechanical
Moist Air
Physical Signals
Thermal
Thermal Liquid

Two-Phase Fluid
>mpgg ~

Driveline
Electrical
Fluids

Multibody
Sk S5 Raton—
Simulink Coder
Simulink Control Design
Simulink Design Optimization
Simulink Design Verifier
Simulink Desktop Real-Time
Simulink Extras
Simulink Real-Time
Simulink Requirements

e _ v wo.L

-

2

&

Driveline

@-

Electrical

<

Fluids

&

Foundation Library

L

Multibody

\

Utilities
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Simscape Driveline Component Models

Engines
m M ean-val ue Model - |Normalized 3rd-order polynomial matched to peak power -
parameterization: Tapylated torque data
— Torque averaged BT P> Tabulated power data N
over pIStOn CyCIe ' FCD Fuel consumption:
— Use fOf engine Sizing oL F Constant per revolution v
] Fuel consumption by speed and torgue
and throttle transients Generic Engine Brake specific fuel consumption by speed and torque
Brake specific fuel consumption by speed and brake mean effective pressure |\

Torques from 4 Cylinders
u - e 40
Crank-Angle Resolved 7= \
. - . £ 20 |
Torgue varies Dr £
during piston cycle ;| ﬂ g 0
— Excite vibrations e Sl
: , : Piston Engine 40
In drivetrain
Pressure By crank angle -
parameterization: By crank angle and throttle
MathWorks
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Simscape Driveline Component Models

Shafts
o Inertia
= Rigid ]H
— ldeal rigid shaft l’C
= Unbalanced Unbalanced Load

Parameterization: |Circular rotation ~

— Shaft inertia varies ‘/—lH Elliptical rotation

with rotation angle

- Flexible S
. . °—Q_}iq{yh_\3’—‘“ Parameterization: | By stiffness and inertia ~
~ Inertiawith -~
torsional flexibility Flexible Shaft
MathWorks
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Simscape Driveline Component Models
Gears

= Loss models

— Valid for all shaft
speeds and loads

« Temperature effects
— Heat transfer
— Modified behavior

= Nonlinearities
— Backlash
— Friction

— Self-locking
MathWorks

Friction model:

No meshing losses - Suitable for HIL simulation ~

Constant efficien

4\ MathWorks:

w
TH l—l
o
O
=
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Load-dependent efficiency b
== Thermal
| Mass
—P. (—l Cr— Housing
—
S i JH Ar—s18 | Al Main Meshing Losses ~ Thermal Port
- y —>
Sun-Planet Finat Eo Temperature: |[ 280 300 320 ] K ~
Bevel  Conduction Efficiency:  |[ 0.95 0.9 0.85 ]
LRFAC, i | ReH %ﬁ. iwl ® )Gk
7
Rotational Rotational
Hard Stop Friction Leadscrew Worm Gear

Subset of libraries

Planetary Gear  Different

Rack & Pinion Harmonic [

ul

Compound

Cycloudal C

Planetary Gear
== ] — I | e
- £ /l /25)0 C/ /‘:1\\ C1 | ;
C ‘ v, | 7R L
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. At W WAelcer
S

Block choices * No thermal port

Simscape Driveline Component Models >0

i:

Show thermal port bl

Clutches A,

Heat Transfer Clutch

= Friction clutches D&\j

F
— Customize B tfii(‘)_,lﬁ'
friction model -
Cone Clutch
- Positive contact . 2

clutches T
— Backlash LLUEE_}—“

— Suitable for HIL  DegCluten

= Fluid couplings

_ Valid for all SRS
I " 4
speeds and \/
Torque Converter
McthWorksShaft loads

AUTOMOTIVE CONFERENCE 2018

Cone Clutch

Geometry  Friction Initial Conditions

Friction model: |Fixed kinetic friction coefficient v

Table lookup kinetic friction coefficient &

Dog Clutch
Clutch  Shift Linkage Engagement Conditions I

Torque Friction clutch approximation - for HIL -
LU=V Dynamic with backlash

Torque Converter

Torque Characteristics  Dynamics

Transmission |No lag - Suitable for HIL simulation -
lag: Specify time constant and initial torque ratio \

Subset of libraries

~

Synchronizer  Double-Sided Synchroniz

SN : P

B- I u B |

Loaded-Contact  pioy Friction Clutch
Rotational Friction

>
D N
s % F.

L andad Dantant




Simscape Driveline C

= With and without slip

— Various options for
friction coefficients

- Adjustable effects

omponent Models
Tires

With Slip

Tire

Tire
(Friction Parameterized) (Magic Formula)

Tire (Simple)

4\ MathWorks:

Tire (Magic Formula)

Tire Force Dimensions Dynamics Rolling R

Parameterize by:
Peak longitudinal force and corresponding slip ~

Constant Magic Formula coefficients
Load-dependent Magic Formula coefficients &

Friction: |Fixed kinetic friction coefficient v

Table lookup kinetic friction coefficienth

v Fixed friction coefficients

— Compliance

Compliance: |[No compliance - Suitable for HIL simulation -
Specify stiffness and damping S

Variable friction coefficients %

— Rolling resistance

Resistance model: Constant coefficient <
Pressure and velocity dependent

= Custom models

— Construct models to meet
your exact requirements

MathWorks
AUTOMOTIVE CONFERENCE 20189

Rolling Resistance Tire-Road Interaction
(Magic Formula)
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Dynamic System Modeling using Simscape
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. . . (" # A
Dynamic System using Simscape |@ & 3«0
Electrical Driveline Multibody Fluids
S e § 2 S 2 S ?
Simscape
4
[Frr—apr—— . Motor-Ganerator 8
u......—--uo. ) ‘n.)-o} b R ° = +
' —op, .[-» =) [k | | oo @‘ m_ﬁ ‘
2 - . PPN a1t . E o] | v [
TE =~ m e (FHE R 1o
- : ' ~)- o g BASY Comverter - R Veruco Body Speed
ot Rasarege [~ ® - v R A < 30d)
’ .':."‘"“- i """ Motor-Generstor A =
P = G| Two Mode Hybrid Transmission
‘ s e O o :‘ :“ . leNM(tm
c’" e sar w-se ik % ‘Ne,..: lae. : ;%‘;ﬁ_—wmdhmmmb
M 7 - » <@ 4 Leam more about thes exampio
Enlne Cooling System Two I\/Iode Hybrid Transmission
t > Trvuite p— 3. Set soiver: Desktop, Roal Time
%:::Z.‘ 3 | e ot Numien
e ylw > wchn d_] e
PRSI Vehicis Control (e —
_Batiery  pC-DG Converter (" L_J e
¥ e | [ B R w| scoous & [Tmol
1 HIL Oulputs
BC:::.V"?W" 3 | ;M v @) Tust duwta
e —— . - e Di L . ——® \Em e . + s]io L~
.: == = ».\-- .-, - B PR ! ¥ — TUA;:Y‘::IB LM%,}HH Cloolmus:::m n::suonn Dt:.n;un DYV:'::\:-
Battery Cooling System EV configure for HIL
MathWorks
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Powertrain Blockset and Simscape

Simscape

Flexible,
Tools have overlap in what they Analysis '\X;‘(':tr']'ifeocrpjg'
can do, but they have a different

emphasis

Data-driven

Equationioased

MathWorks .
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Hybrid Electrical Vehicle Model Balance
Fidelity and Speed pocre, Lo

: [ TI@ .
= EIeCtrlcaI 1Gen TReq -~

— System Level S o A " )
Test integration, optimize system ¥ al-
IMotiiTReq Jﬁ-
— Mean Value |
= Three-phase electrical system Dj{iﬁ \
. 31Gen_TReq
— Detailed )y

Test power quality Mean Value

- Battery \L
— Generic, predefined, ESysMot_TReq -»{Mot_TReq

and custom models B0 = I
. Veh|C|e }Lﬂ_/h »Acc Gen_TReq—mGen_TReq g !

Kph @

. Demand - —
— Inertial & Aero Effects Systom Love § Ao
T

Vehicle Dynamics
Simple

—»Eng RPM  Thri— il
— Tire models

Control Theﬁh T
i}

MthWOl’kS Engine
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Model Fidelity

i': Smulink Library Beower —_ o

¢ ~|Entersea.. ~A~|B-O-=

Simulink/Ports & Subsystems

~ Simulink .
Commonly Used Blocks T"?,ge'
Continuous §
Dashboard A out1
Discontinuities -
Discrete Triggered
Logic and Bit Operations SungSte’“
Lookup Tables 0]
Math Operations Ll
meﬁsﬂ%;ﬂts Unit System Configuration
Model-Wide Utilities Model »
m&subsysterns | )lnl Qutl
Signal Attributes
Signal Routing Variant Model
Sinks Subsystem
Sources Jin1 Out1 [
String
User-Defined Functions Variant Subsystem
Additional Math & Discret Int
Quick Insert while { ... }Out1

Aerospace Blockset Ac
Audio Toolbox g While Iterator
¢85 s — o Subsystem
MathWorks
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Variant1 (Linear State Space)
Variant2 (Nonlinear Switching)

Variant3 (Piecewise Linear Switching)

T B e L T TR D
LT
|
S i =T R
e ey o oey Lo v e
M v Bowe Tose W bt Bectat Bk = Cowad wipect>
NS lusas e2aih wooe ik
- § Netteemr N rDOsed ¥ | S Setey
& B o s b Ry s L § -
“y
o |
: ® 9
B
~ D i I
. G v '
vDC } v
Open 4 '
o Label Mode Active Choice  »
Open in Variant Manager v
~ A . . .
voe Y Nonlinear Switch
oty N-Charnel
25 ‘,(jf‘,,".., MOSICT
Nonlinear Switching P& (")
L 3
) B 1]
=N
o »
| - ‘
%": Pit
P 21 eiw

-

Requirements
Linear Analysis
Design Verifier

Coverage
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Buck Converter Modeling about Various
Fidelity

) > . High Fidelity
S DuyCyce . Lal x=Ax+Bu :
. > y=Cx+Du
s DC Supply Voliage ;
Buck Converter TF ® o g @

Tht Drvn AN Sy 1 Y L] -TH W . >
—ap T

Linear State Space Model

®
.
M.
i

i
.. ?
1

Piecewise Linear Switching Mode! g8 - :”*' %—’W’Eiﬁlw—'

@l

. G
High Speed

Nonlinear Switching Model
MathWorks
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Buck Converter Modeling about Various
Fidelity

ARSI FAWWAA WMITMEnRT Y

Switching *

Comment Out Ctri+Shift+X

Delete Del o
Find Referenced Variables

Subsystem & Model Reference

VY 1\ v w -

MathWorks I
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Response Optimization

1 ©

model (a,b,c,d) > = >

requirement

|sim - req|?

[‘\
A

>

MathWorks I l
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Response Optimization

Model setup

num(s)

den(s)

Sensor delay D
Speed
2
0 0

MathWorks
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Response Optimization

Create Reguirement X
Step Response Envelope
Specify a step response envelope on a signal,
Mame: StepRespEnvelope
w Specify Step Response Characteristics =
Initial value: ] Final value: 27
Step tirme: 0| seconds 1B
Rise time: 10| seconds % Rize: a0
Settling time: 20| seconds %o Settling: 1.0000 '
5
% Overshoot: 10.0000 % Undershoot: 1 :_
w Select Signals to Bound
Signal T
Sig funtitled/P5-Simulink Converter: 1} m
I
Create Plot QK Cancel Help

MathWorks
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Response Optimization

PID 2dof (mask) (link)

This block implements continuous-
advanced features such as anti-win
using the Tune..." button (requires

Controller: PID
Time domain:
® Continuous-time

O Discrete-time

~ Compensator formula

Main Initialization Output Satu

Filter cogfficient (N): [N )

MathWorks

Create Design Variahles set:  Designifars

YVariahle Value | Minimum|Maximum| Scale
] 0 -Inf Inf 1
I 1 -Inf Inf 1
M 100 -Inf Inf 128
P 1 -Inf Inf 1
4

Update model variakles

b Yariahle Detail

Choose Design variables

AUTOMOTIVE CONFERENCE 2018
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== Optimization option

4 Optiom cll:i-.‘.;.‘;.t:.l'.';z."..

- wel Opmomy  Optimuation Opoont Pl Optiars  Livesraasson Qpticm

OPTIGRHS M7 mame

Medred:  Eradert Cescert Agerthim  Sequetal Cuamate Progrermng
it

Qptimast Famen seasth

Panmetde . o semdr Furctizn tolesaes: 2007
Camtream tolesarew aer Mecmum taatiem 100
)i pok for muamaby fesvide scdibizn

Doaalay lovet tareton

Levate q

>

i Optimize
I5 COFTIMIZE

Stop Time d& L\.E,fj

- | Mormal - |

Step Run
Og Fast Restart Back = -
SIMULATE

Simulation speed up
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Response Optimization

v e

T i

|sim - req|?

A

f[\

{4\ Optimization Progress Repart O >
lteration | F-count StepRespEnvelope
{==0)
1] ] 1202032 A
1 18 354883
2 27 94293
3 36 16285
4 45 02302
S 54 00066
g B3 1.2478e-04
7 =] 1.2478=-04
v
Optimization started 28-0ct-2019 21:33:.07 )
Optimization converged, 28-0ct2019 21:37:15
v

MathWorks

iteration
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Response Optimization

BEPORER CPTRMEATION mieAnUMnLY
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Response Optimization

——

. - - ml
. i‘ ]

« Optimization + Simulation
= Fully non-linear plant
« Parallelizable

= Applicable to any parameter
— Controller

|sim - req|?
—Plant 'S
iy,

MathWorks . .
AUTOMOTIVE CONFERENCE 20189 lteration =




4\ MathWorks:

Parameter Estimation

1 6

— model (a,b,c,d) > out>
|n - = >
— requirement > out ©
|sim - exp|?
v/‘\
ff\

>
MathWorks I l
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Parameter Estimation
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Key Takeaways

« Simulink and Simscape

1
R*C.s+1

Transfer Fcn

— Signal- and network-based multi-domain modeling

- The Power of MATLAB |
— Response Optimization | &« <
— Parameter Estimation

MathWorks
AUTOMOTIVE CONFERENCE 2018
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Thank You
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