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Introduction

Challenges in Vehicle Development

Expansion of Vehicle System Types Expansion of Control Domains

Powertrain Whole vehicle

Carbon Neutrality
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o)/ 2
S
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— CRiE /¢ 5| Complexity
Multi-Pathway Approach W e 3
S >
Year

Both result in substantially increased development efforts and resource requirements
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Introduction

Model Based Control Development and Calibration (MBD/MBC)

Scope of this study: Before
i \‘. 4
: : § Prototype/Testing :
Concept study : Vehicle simulation Vehi |
: ehicle test and | Design/Simulation
base_d on precise : and confirmation confirmation : & —>
requirements I | Development phasg
I ! :
| :
System design : Model based Syls_.tbem_test and : Short term
through MBSE I : ; calibration ] &
g ; calibration ! Target High quality
] - ;
A% ,, 8/\ :
: _ 2 S = 5 Prototype/Testing : :
Unit design Unit validation § gé 5
and validation Sl s - Y
based on simulation Design/Simulation N

Developmént phase
Target: A fully digital development process through MBD/MBC on the right-hand side of the V
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Introduction

Driving Control of XEVs

Powertrain Control (XEV) Vehicle Control

Driving Control Brake ADAS
Control Control
| | |

Engine Motor Battery Motion
Control Control Control Control

Features of Driving Control

« Strongly coupled with powertrain and vehicle-level control
— Hundreds of interdependent control functions

« Vehicle-level performance must be ensured
— Hardware or software changes require re-validation and
recalibration

Example : Toyota Hybrid System (THS)

Control Inputs

Driver Demand
shift position, accelerator pedal,
etc.

Control Outputs

Engine
Power Control Unit

. &

Powertrain Information
engine speed, SOC, battery power,
etc.

Battery

Motor (MG2)
Generator (MG1)

Vehicle-System

Information

ADAS request, steering torque, etc. Transaxle (Power Splitter)

@ Satisfy driver demand
® Respect unit operating constraints

® Operate each unit at high-efficiency points Many factors affect the
operating scenario

One of the largest vehicle control functions : High potential for development effort reduction
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Simulation Technologies for XEV Driving Control Development
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Simulation Technologies

Key Requirements for XxEV Driving Control Simulation at Toyota

Scalability Generality Explainability
THS Driving Control Quality Assurance
3 Functions
‘i Base System Drivability Engine Start and Stop | Operating point Regulations,
Requirements
NV Power Management etc- l -
&Sap Leading Vehicle Scenes Control / Software

Development

Variants r‘ g l SN
Calibration & Testing = ‘ =

awam awam owem awem e \
Bl Bl Bl? Bl BB Traceable |
HEV, PHEV it
SUV, Sedan, Minivan, etc::- I
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Simulation Technologies

XEV Driving Control Simulation Environment Measurements
Control Model Repository Models with Multiple Levels of Fidelity -
Control Constants Standard Logics Specification data sets
Model R - , , &
Assets | 5 F sy . W
| Detaile / Simplified Detailed / Simplified
Import Import 6},,/}
G
XEV MILS/SILS Plant model packages Simulink® / FMI models 6‘96/6
e | "B (P E = @ <
Slm-LI|atIOI1 E:i)ne Tra'ns axle MG PCU Battery  Tire Vehicle
Environment
® . —9
V-ECU / Plant model coupling platform
Deploy
Real Vehicle Test Simulation of Various Driving Patterns of xEVs with One Environment
Patterns Engine start / stop Tip-in acceleration Hill climbing control
7 o _~— L2 Q L _~_— . ’(_./.’

OE=ni }//’
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Simulation Technologies 10

Example: Prediction of Engine Stop Control* and Behavior in THS

X Details of engine stop control will be discussed later

Model Structure XEV MILS 6 Validation Result
— Actual vehicle
MG1 tor

Plant model state ECU model rjue load Engine speed \ — Simulation
Plant model package | [rpm]

Detailed engine Simplified 1D T/A and motor model 7 " MG1 torque
torque model Plocked\j} 4. [Nm]
ring gear =P _
1 o Crank angle
T Friction
Damper Gear set A Engine t(_)rq_ue ~ - S SR /".’ et B R Rt At s
Indicated torque, Engine Kk/d Damper inertia Planetary MG1 and friction 2227 L aen: e T S
Friction T inertia inertia gear  inertia (only for [S,'\,n;q% g Torque Time [s]
Engine torque balance in plant model : Physics-based model : Designed torque : Experimental model
o 0.0 o (1 (2 © (4] (5
9—4{9 Te;we: 9) = Tpres (we: 9) + Tcam(we» 0) + Tf’pist(we» 9) + Tiner((‘)e: 0) + Tfrot(we) [Nm]
\_ @% Total engine torque  Indicated torque Cam torque Piston friction torque Inertia torque  Rotational friction torque Y,

The developed model can quantitatively reproduce actual vehicle behavior
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Simulation Techno

logies

11

Key Challenges in Simulation Utilization

Issue : Simulation alone cannot eliminate repetitive calibration activities

Planning

\

Before :

______________

Prototype ready

Desk study

E Waiting for
! Prototype |

IIIIIIIIIII

alibration by Simulation

~__ =

End of control
development

Confirmation

Repeating same calibration
activities

Limited effect

— Main Topic & ~N
LTS | + Unlock greater value from
RV ST digitalization through| AI
Target : | peveiopment. | | = ’
Development hou:s )
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Outline 12

Control Calibration Process Improvement by AI Support
@ Engine Stop Control in THS
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@ Engine Stop Control in THS

13

Objectives and Functional Requirements of Engine Stop Position Control

« Reduce stop shock and noise
« Reduce restart shock

Control OFF

Engine Start Crank Angle vs.
Floor Vibration : I » I

Floor vibration [m/s?]

-90 -60 -30 0 30 60 90

Crank angle at engine start Minimize Vibl:ation at
[deg.] the Next Engine Restart

35th Aachen Automotive Colloquium 2026

Engine speed [rpm]
Damper

resonance band

- —

MG1 torque [Nm]

Il Il Il Il I}
0.5 11 11.5 12 125 13

Crank angle [deg.] Target stop

position

'_ /[\

05 11 115 12 125 13
Time [sec]
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14

@ Engine Stop Control in THS

Objectives and Functional Requirements of Engine Stop Position Control

« Reduce stop shock and noise : Avoid damper resonance and gear rattle during engine stop
« Reduce restart shock : Control crank angle position at engine stop

Engine speed [rpm] Control ON
] , ® Avoid damper

Englne_Stari_: Crank Angle vs. _ resonance MG*-ECU

Floor Vibration: A e T TS , I »
________ a__

= : : 1 [m/Sz] K . . ‘ ‘ _\’__/ ‘

é : : ° A

= i | 2% 0 (TDC) { MG torque [Nm] 0 (TDC)

C ® o ' °® . o - 1

% : : .:.. I-\ 7 /\R i\

__é o.f N : ¥ | i | !
|o.:o ] : \ ’

2 | * . S L T [ TN T S 28w 3a0® L

B e o —

Crank angle[deg.]

-90 -60 -30 0 30 60

Crank angle at engine start Minimize Vibration at

[deg.] the Next Engine Restart |1l” il (‘ ‘H f‘ ‘“‘”

stop position

/ @Control to target

T /_/;5_\;\, %MG : Motor Generator

1.5 12 12.5 13
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15

@ Engine Stop Control in THS

Control Parameters and Maps Requiring Calibration

MG-ECU

Control to target stop position @& -] Strengths
MG1 torque [I;ldn;] - | (M'GI/Q  Proven reliability through long-term
[ b | ~'e_[mmi RLA production use

Map(4) « Performance guaranteed across diverse

0
Coristant(l\ i operating conditions
Enaine speed [rom1 = = Ma p( 2) :.-c“A' deg-.NETrEm]
6 ngine speed [rpm] e Challenges
b Constant(2)” - - High calibration effort due to numerous
( \‘(( . Damper resonance band maps and complexity
| ) 0 1 1 1 »
l 0 1 2 Time [s]
. : X Various Operating Conditions Effort Distribution Across THS
Avoid shock & rattle noise Drive Control Calibration :

Dozens of calibration parameters Engine Seatt
Stop Control

Focus : Leverage Al to address the challenges while preserving the strengths
TOYOTA
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@ Engine Stop Control in THS
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AI-Guided Refinement of Baseline Control Logic

Inputs

Hardware
specifications

C

)

Shift to digital (MBD)
MILS/SILS with plant models

v

Control
requirements

C

Physically connect
inputs and outputs

Base process

Outputs

Trial-and-error exploration in simulation

Manual exploration

Same as actual vehicle

L, M L

Engine stop position

Step1l

MG1 torque

Control optimization by Reinforcement Learning (RL)

Overall optimization

\_

Black Box

. fEEh . N
- TR

A
M
—>

MG1 torque Engine stop position

Ideal control

Step2

Identify the governing physics and generalize

Design based on

physics el oo
White Box )

A

e

MG1 torque Engine stop position

Develop a mechanism-based calibration methodology using simulation and Al
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Outline 17

Control Calibration Process Improvement by AI Support

@ Step 1: Optimal Control Derivation Using Reinforcement
Learning (RL)
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@ Step 1: Optimal Control Derivation Using RL

18

Current Calibration Approach and Functional Requirements

Engine speed [rpm]

==
~~-~~
-~
-~

0

@Avoid shock &
\\rattle noise

MG1 torque [Nm] Map(1)

I
0 \‘ =<9 [Nm
C#»nstant(lk

Engine speed [rpm]

] 1 Damper
t _,;‘____- resonance band

. Time [s]
OControI stop position
' ": :" ‘.'-".

C°'mb~\i /=

TDC *
fbrifad- e Target position for low
__+- ________ ' NV at Hext restart . | o TLme [s]
0 1 2
Redefine the Desired Functional Requirements
Overall Requirements Minimize Damper Resonance A Minimize Gear Rattle A Maximize Stop Position Accuracy %
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@ Step 1: Optimal Control Derivation Using RL +

Reward Function Desian for RL Based on: “Al Based Controller for HEV Engine Stop Control”,
g Jeroen De Smet, Toyota Motor Europe, CTI Symposium 2023

Overall Requirements Minimize Damper Resonance A Minimize Gear Rattle A Maximize Stop Position Accuracy
Current Eng. Speed Current Crank angle and Time Proximal Policy Optimization (PPO)
state action . . _
State: St = ((l)e’t, Qt , C, TMGl,t—l) S A, Action: At - TMGlrate,t
5. ] Environment ]4—— \
\ Previous action I ¢ MG1 torque rate
Reward Function Rt = C1R1,t + CZRZ,t + C3R3,t

R4 ; : Engine Stop Duration R; ; : Target Engine Speed Tracking Performance R3 ; : Stop Position Accuracy

Lower and upper boundaries of Upper boundary of target Eng. speed Lower and upper boundaries of target stop position

Current Eng. Speed

Westart th — w e ‘
0 LN (otherwise) ' mz:'m 0 (otherwise) '\
Initial Eng. speed T T agg € [-oo,—1] (me.t < “’e,ib.t) Final stop position

Lower boundary of target Eng. speed
Engine | o' --1:Penalty: Outside the target band Engine | Reward: Within the target
—abs(750/1100)) =.32 speed

, ; Ry = —4 Speed StOp range/
[rpm] | RS2 / [rpm] : * 1 1

Reoy = o0 | “»a, Penalty: Outside the target
_\ _ R stop ring;/ .

target engine speed 1 (Weipe < Wer < Weunt)
We, o ' ‘l ‘l
Rl!t _ 11 . ﬂbs ( t ) € [0}1] (ng[b,t = ﬁ’Je,t = we'uth) . We (= [—COJ _1] (ﬂ'}elt— - wejuth) RB_t — {1 (gsfﬂp,fb = ﬂstop.ffn = gstﬂpJub‘)

(1—abs(1000/1100))=.01

Engine|
speed|
[rpm]|

1-abs(500/1100))=0.55

Reward: RPM closer to O %) (1-abs(200/1100) -0.82 Reward: Within the .

target band | %

ECU time [s] "ECU time [s] ECU time [s]
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@ Step 1: Optimal Control Derivation Using RL

20

Learning Environment

Control parameter design environment (MILS)

Detailed engine

torque model

Rule based - | . 8]
controller |

Plant model state ECU model

P-locked

i

Simplified 1D T/A and motor model

MG1 torque load

ring gear
E Damper E Gear set

Indicated torque,

Friction

inertia inertia

@*

Engine Kk/d Damper inertia Planetary MG1

gear inertia

Reinforcement Learning environment

Detailed engine

torque model

RL controller |

Plant model state

_’St

R;

Rt+1

vt bl A

Damper

Indicated torque,
Friction

inertia

Engine K/d Damper inertia
inertia

RL agent

Simplified 1D T/A and motor model

P-locked
ring gear

MG1 torque load

Ay —

IRE;

Gear set

@¢

Planetary MG1
gear

inertia

Offline learning was conducted within a model-based simulation environment for calibration design
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@ Step 1: Optimal Control Derivation Using RL

21

Results of RL

Simulation
Base control
Q.
Is)
W
g
53
23
c
@ -
5
c
@
O
RL control
Stop position _
_accuracy: 5
£ E
o +4%pnt. g
o,
S L 23
© c
ui @ -
g =
o @
i ®)
Base RL
control

Engine stop positions

90

. &0 :

‘ " a0 - .8

s oL _egg__TATGEL POSItion

it R DT
-60
90

Crank angle before engine stop [deg.]

Engine stop positions

90 ® ' °
60
30 —
Target position
) 4 ,3q FIH § 8O . 60, o
! _..________________:_-__'_'_ o_¢!
. ® “60 ) =
90 o *!°

Crank angle before engine stop [deg.]

MG1 torque [Nm]

MG1 torque [Nm]

MG1torque

o —

______________

Varlable

_____

L
0.2

Engine speed

Method studied vehicle : 1.8L-THS-HEV Q

MG1

____________..

Engine speed [rpm]

PR

——— -

Engine speed [rpm]

A simpler control strategy was demonstrated with accuracy comparable to or better than the baseline control
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Outline 22

Control Calibration Process Improvement by AI Support

3 Step 2: Generalization Through Mechanism Analysis
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® Step 2: Generalization Through Mechanism Analysis 23

Dominant Factor Identification Using Multiple Regression Analysis

Explanatory Variables :

Dependent Variable:
Ideal MG1 Torque Output (from RL Results) Crank-Angle-Dependent Intermediate Quantities
Action at 25+5 rem Cylinder pressure torque [Nm]
MG1 torgy_@\ = RL raw output
: “h z Vvs. Crank angle#~ | , RsM fitted ﬂ ]
% \ \____‘_, . g _________ -90 -6l -30 ) 30 (=] a0 90 m
£ ““Variable £ e ""'«- k . b
g - Crank angle [deg.] I
o & 5 d Smoothed (RSM) S
. = -t “ ’ .. f Crank angle [deg.]
Action of RL - —
-90 60  -30 0 30 60 90 : B
At = Tygiratert Crank angle [deg.] Engine counter torque :
L . i Tloss(me: H) pres(me- ‘9) + T-::am (mEl H) + Tfp:st(me; '9)
Identification of Dominant Factors +Toer (e, 8) + Trrop (@)

Varian Contribution of Indicated T
ariance tontribution o Piston friction T ——— Ideal MG1 Torque Can Be

Dominant Physical Factors : Rotational friction T, Explained by a Small Set of
Inertia Ty / . .
Cam shaft T, Dominant Intermediate Physical Factors
Constant term |

0 200 400 600
Dispersion ratio [-]

The rationale behind the RL actions can be explained by the engine torque balance
TOYOTA
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3 Step 2: Generalization Through Mechanism Analysis

Physics-Based Formulation of MG1 Torque Design
IN : Engine counter torque

Deceleration torque proportional to
engine inertia and speed

time

Target stop

v ) position range

v
_ {005 (Qstop,lb < 6 < 6'stop,u.if‘.!
stop

~ 1050 (otherwise)

1 lo, O

Ty (e, 0) = T,

Required MG1 torque :

Planetary ratio

OUT : Control parameter for MG1
- |

! Voo

| 0(TDC) L \

L
é h A1 Nm \ \‘\
Yk . \;.J\\,&,_\;_-&

2 Ph ysics-Based MG1
Derlvatlon oY O e
anp 0T~

MG1torque

------

MG1 torque [Nm]

1 torque [N
\-}fl
,r

35th Aachen Automotive Colloquium 2026

(Intermediate states in the model)

e torgque [Nm]

Cylinder pressur

Physically designed map

[ d@g 4 Dﬁg//e m\( Eﬂg\“e p

e

©
+ Tpres (we; 0) + Tfplst(we; 0) + Tfrot(we)

Tstop /4

Indicated torque

—

Rotational friction

N

Piston friction

Base map
€
Z
(0]
s
5| |
| High = $1Nm‘ |7 L/~ High
i - ‘ ‘ “.-"-7-7--/’)?—7_,_7:27—*_ /
ee d\.‘pm\ [C/- a/u, Di/\\_:\) d\(pm\
T eSQ
-100 E"\g\“

%9.4 579/@
<
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3 Step 2: Generalization Through Mechanism Analysis

25

Physics-Based Formulation of MG1 Torc

Base
Constants

Designed
Constants

Stop position
accuracy:

+5%pnt.

Stop pos. accuracy [%
T

Base Designed

Crank andle at final stop

Crank andle at final stop

. [deg]

. deg]

Engine stop positions

90
. &0 .
[ ] [ ] [ ]
¢ 30 .8
. -0, Target position
L Ly L] e
=60 ¢ °30. s 203 l -303 "'65
q'. o O ' ¢ 80' ! ° ] ?j:o
r_ & _ & _ 8 B B B B 0B B B | _-66 --------------

-90
Crank angle before engine stop [deg.]

Engine stop positions

. 90
60
30 Target position
® 0 e & @

———fen e P i e e e e e = e e e g
CT:Q ¢ 1° a 33@ S087e ¢ .:3’0:-: :60: ;E!O
"7“: """ B0 T SE=——d

9

-90
Crank angle before engine stop [degj

MG

MG1 torque [Nm]

MG1 torque [Nm]

ue Design

‘—_—‘_—_I

| T|me [s]

1
1
1
1
1

Des:gned

_———————

leed( Map deleted )

| T|me [s]

Engine speed [rpm]

Engine speed [rpm]

=)
T

=)
T

Time [s]

Englne speed

| Time [s] |

Stop position accuracy comparable to or better than the baseline calibration was demonstrated
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Application to Vehicle Development
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Application to Vehicle Development 27

Deployment to a New Vehicle

= i 1 Im& r ; - -
Method developed vehicle : o MEL g, 0) = m‘—mw + Tores (@0 8) + Typist (@01 8) + Tyron ()
1.8L-THS-HEV
Physically designed map Confirmation result in vehicle
o | | o 100
5| & —
Derived from the 22 5% [
Confirmed vehicle : New Vehicle Specifications = 2% _____;___Q___Eirfj_e_fff'_'f{;
2.5L-THS-PHEV i ey 2 P aeradle o TN MAR e BIYO
s 2
e W 100
B o Initial crank angle [deg.]
|
Benefits for L— Prototype ready
Development Efficiency : _ L
Testing on test course Conflrr:natlon
|
1 =40 % .
Model MBD with J
preparation | smarter proces Front Ioadec[

1 >

Development hours
Demonstrated cross-vehicle applicability, enabling front-loaded and accelerated development
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Conclusions
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i 29
Conclusions

For engine stop control in THS, a new simulation-driven calibration process utilizing Reinforcement
Learning (RL) was developed.

1. Optimal Control Solution Derivation by RL
« RL successfully derived an optimal engine stop control strategy from the functional requirements.
« A simpler MG1 torque profile was found to satisfy the functional requirements while maintaining the
baseline calibrated performance.

2. Mechanism-Based Generalization and Application to Base Logic Calibration
« Physics-based interpretation of RL results identified the key factors governing MG1 torque.
« A generalized control formulation was established using physically meaningful variables.
« The established formulation was successfully deployed across vehicles with different specifications.

The proposed approach enabled simulation-driven front-loading of driving control
calibration through MBD with high scalability
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Thank you very much for your attention.
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