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Design: from the requirements
toward the production
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» The purpose of this seminar is to describe the complete process that
characterizes the design of a complex multi-domain control software,
starting from the requirements and going toward the software validation
for production intent.

* The case of study that will be considered is a Continuous Variable
Transmission tractor.

« The model-based design approach will be deeply described by focusing
on its single steps and referring to real industrial application cases,
showing simulation and experimental results and underlining the
importance of the system modelling phase.

* The used methodologies and tools will be presented in order to show how
the complete design process is led in an industrial contest.
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Argo Tractors S.p.A
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Case of study - McCormick X6 VT Drive

Continuous Variable Transmission (CVT)
Power: 121hp, 133hp, 140hp

X06.4VT-Drive
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McCormick X6 VT Drive - Driveline

Combustion
Engine

( N

Four controllable
Wet Clutches

Double stage
Epicyclic Power
Mixer

Variable displacement Pump
+ Fixed displacement Motor
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McCormick X6 VT Drive - Main kinematics

Ring clutch engaged:

Nout = Neng Thyd k4

Power directly supplied by the hydrostatic unit

Engine (Meng) J}T
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To the wheels
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Hydrostatic Unit (Thya)
(=To=F7%¥7° McCORMICK ARGOTRACTORS


../../../../Users/GAzzone/Desktop/TestAutoMode_Drive.avi
../../../../Users/GAzzone/Desktop/TestAutoMode_Drive.avi

McCormick X6 VT Drive - Main kinematics

Gear 1, Gear 2 or Gear Reverse clutch engaged:

Nout = neng Thyd k2a + neng k2b kclutch

Power split between the hydrostatic unit and the engine connected clutch

Engine (neng) Kcutcen /| /,
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McCormick X6 VT Drive - Auto Commands
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Model Based Design - Development V-Cycle

Requirements Field Test
Definition & Fine Tuning

Modeling & SW Validation
Simulation SIL, Bench, HIL
~§F Control Design  Software

& Prototyping Integration

}» @& BOSCH
Code =
GeneratiOn
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Model Based Design - Development V-Cycle Steps

Requirements
Definition
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Requirements Definition

The requirements document contains the complete functional description of the system and all the
technical details of the involved dynamic subsystems.

» Electrical/electronic characterizations and datasheets (sensors, actuators, etc.).
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* /O mapping and HW pinout.

pin function channel |description
189 | PWM HSD 2,2A ouT 24 PWM power supply for safety switch
194 | PWMHSD 2,2A OuT 25
193 | PWM HSD 2,2A OuUT 26
243 ouT 27 HSD park lock engage valve
241 OuT 28 HSD park lock disengage valve
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Requirements Definition

Details and architecture of the multi-domain system.
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Requirements Definition

« Desired operations, routines and leading dynamics.
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Model Based Design - Development V-Cycle Steps

Modeling &
Simulation
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Modelling & Simulation - Complete POG Model

From the requirements and the system description, the POG model of the entire tractor
Is implemented in order to describe its main dynamics.
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Modelled subsystem - Wet Clutch Model
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Wet Clutch Model - Validation set-up

The Data comparison between the mathematical model and the experimental set-up
results permits the validation of the implemented subsystem dynamics.
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Wet Clutch Model - Validation results
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Model Based Design - Development V-Cycle Steps

Control Design
& Prototyping
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Control Design - Logics and Algorithms

According to the written requirements, the main logics and the control algorithms are implemented in
order to match the requests optimizing the vehicle performances (simulation analysis and data
processing).
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Control Design - Logics and Algorithms

The logics and the control algorithms design is firstly focused on the single subsystem.
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Control Prototyping - Logics and Algorithms

The implemented model allows a rapid prototyping of the designed subsystem.
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Control Design - Architecture

The mathematical model describes the main dynamics of the system as function of the current
commands, that are computed by complex control algorithms as function of the operator commands
(pedals, buttons, levers, handles, etc.) and plant feedback signals (speed, pressure, current, etc.).
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Control Design - Architecture

The complete control system is the collection of all the implemented subsystems and must be
arranged and connected in order to guarantee the correct causality and scheduling (signals, multi

sample time, parameter scaling).
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Control Design - Prototyping simulation

In order to validate the implemented control algorithms and logics, mixed time domain simulations
can be performed with the mathematical model of the system.
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Model Based Design - Development V-Cycle Steps

Code
Generation
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Code Generation - Model Preparation

In order to transform the control algorithms into C source code, the implemented models must be
adequately enhanced or prepared.
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Simulink Coder

4\ MathWorks:

1-D T(u)

» i »( 1
AccelerationPower_kW o &B)
~ AccelerationPower_kW

DeltaVehicleSpeed2 Power

Block Parameters: DeltaVehicleSpeed2Power

Lookup Table (n-D)

Ferform n-dimensional interpolated table lookup including index searches. The table is a sampled representation of a
function in N variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds to
the top (or left) input port.

Lookup method
Interpolation method:
Extrapolation method:

Index search method:

Input settings

Code generation

Diagnostic for out-ofrange input: | None
[ use one input port for all input data Data Type

[] Remove protection against out-of-rar | Breakpoints 1:

[ Support tunable table size in code ge

Table and Breakpoints | Algorithm | Data Types |

I:L'm Block Parameters: DeltaVehicleSpeed2Power 8
[clp Lookup Table (n-D)

Binar | perform n-dimensional interpolated table lookup including index searches. The table is a sampled representation of a
function in N variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds to
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

Assistant Minimum Maximum

Table data: [ int16_ro01_type v) [l o |
[ Tnherit: Same as corresponding input v] o o |
Fraction: | Inherit: Inherit via internal rule V|

@

Intermediate results: | int16_ro01_type
Output: [int16_ro01_type vl [o o
Internal rule priority: | Speed -

Require all inputs to have the same data type
[ Lock data type settings against changes by the fixed-point tools

Integer rounding mode: | Simplest -

[ saturate on integer overflow

9 ok || cancel || Help Apply

Preparation: the properties needed for the code
generation are already in the block parameters.
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Code Generation - Model Preparation

The model preparation consists of several settings to let Simulink generate and execute C code from
the implemented models (Simulink, Stateflow, Matlab functions). These settings strongly depend on

the project that will host the code and the hardware that will run it.

@ Confi DCL/Confi (Active) -
Mat}wo rks ® * Commonly Used Parameters | = All Parameters
Select Target selection
Solver System target file: |ert.tic Browse...
Data Import/Export
4 Optimization Language: c -
Signals and Parameters Description: Embedded Coder
Stateflows
> Diagnostics Build process
Hardware Implementation
. . . Model Referencing [ Generate code only
Code Generation O ptions Smiaton Torge (] Pactage coce andanfacs 2 e nome
# [Code Generation | o0 cin cettings
Report
Custom Code. Svmbols Comments Toakhoin Microsoft Windowss SDK v7.1 | ke (o4-bt Windows) >
1) 1 Symbols
Custom Code
Code Style, Code E—— :
] Code Style ool e ~
. . . Verification o0 Lol
O t“ I Ilzatlon etc Templates C Compiler 3(cflags) $(CVARSFLAG) $(CFLAGS_ADDITIONAL) /0d /Oy~
p ] - Code Placement Linker $(Idebug) $(conflags) $(LIBS_TOOLCHAIN)
Data Type Replacement
Memory Sections Shared Library Linker  $(ldebug) $(conflags) $(LIBS_TOOLCHAIN) -dIl -def:$(DEF_FILE)
C++ Compiler /TP $(cflags) $(CVARSFLAG) $(CPPFLAGS_ADDITIONAL) /Od /Oy-
C++ Linker 4(Idebug) §(conflags) §(LIBS_TOOLCHAIN)
C++ Shared Library Li.... $(ldebug) $(conflags) $(LIBS_TOOLCHAIN) -dll -def:$(DEF_FILE)
rehiver nolon 2
Block Parameters: DeltaVehicleSpeed2Power
Code generation abjectives
Lookup Table (n-D) s !
Prioritized objectives: RAM efficiency, Execution efficiency, ROM efficiency Set Objectives...
Perform n-dimensional interpolated table lookup including index searches. The table is a sampled representation of a
function in N variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds to Check model before generating code: 2t e ChecdhuoeE)
the top (or left) input port.
Table and Breakpoints Algorithm Data Types ~
Data Type Assistant Minimum Maximum ‘) oK Cancel Help Apply
Table data: | int16_r001_type v | > n n
Breakpoints 1: Inherit: Same as corresponding input v »> n] 0
Fraction: Inherit: Inherit via internal rule V|| >>
Intermediate results: int16_r001_type vl >
Output: int16_r001_type vl | >> 0 0

tereal ol priey: | Speed : :> The data type selection and scaling depends

Require all inputs to have the same data type

[7] Lock data type settings against changes by the fixed-point tools On the ECU (I nteger or floatl ng p0|nt) .

Integer rounding mode: | Simplest hd

[[] saturate on integer overflow

‘)‘ Cancel Help Apply
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Code Generation - Data Dictionary

The Data Dictionary is the document that entirely describes the model to be transformed: input/output variables,
parameters, data type, storage classes and all those model objects that let the Coder generate the source code that
behaves exactly like the implemented Simulink model.
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MB_CAninputs_out_PD.sidd
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S ¥ LCL sidd' (only)

Column View: |Dictonary Otjects | Show Details
Name ’ Datasource Doclnits Status Value DataType
AcceleratorpedaPosition_Error ME_CaNinputs_out_DD.sid bodlean
AcceleratorPedaPasitiorF MB_CANinputs_out_DD.ddd 804 Type
AccHandThrottle_Impl_Err VCL_outputs_errors.sidd bodlean
AccHandThrottle_S26_E VL _utputs_errors.sidd bodlean
AccHandThrottle_S26_Err VL _outputs_errors.sldd bodlean
AccPedal2EnginePercF VEL_HW_Input_out sdd Signedpercent_s15_r001_typd
AccPedalPosTrica_Impl_Err VCL_sutputs_errors.sdd bodlean
AccPedalPosTrh_00C_Err VeL.sdd bodlean
AccPedalPosTria_S28_Err VCL_outputs_errors.sidd bodlean
AccPedalPosTrich_S26_Err VCL_sutputs_erors.sdd bodlean
AccPecalPosTrkd_Impl_Err VL _outputs_errors.sldd bodlean
AccPedalPosTiE_0OC_Err VeL s bodlean
AccPecalPosTrka_S28_E VeL_outouts_errors.sldd bodlean
AccPedalPosTrka_S26_Err VCL_outputs_errors.sidd bodlean
AccPedalsensord_Error VCL_HW_Input_out. s Enum: 71938_FMI_Error_type
AccPecalSensorh_mVF VEL_HW_Input_out.sdd uint16
AccPedalSensord_Error VEL_HW_Input_out sdd Enum: 11939_FMI_Error_type
AccPedsiSensors_mVF VCL_HW_Input_sut s untié
AccPedalSensorPerch VELHW_Trput_out.sdd SignedPercent s16_r00 1_tynd
ActusEnginePctiorque_Error MB_CANinputs_out_DD.sdd bodlean
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16r04 Type
uints
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Code Generation Report

Simulink Code Generation Report highlights bidirectional traceability between model and code.

<

& Find:

Contents

Summary

Subsystem Report

Code Interface Report
Traceability Report
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Code Replacements Report

Generated Code
[-1 Model files
VCl.c
VCLh
[+] Shared files (73)
[+] Interface files (2)

[+] Other files (2)
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Code Generation Report = B
Match Case
A
/* Entry "GAMMA L1': '<S220>:362' */
GammaSelected = VCL_GammaState type GAMMA L1;
}
}
3597 break;
1
}
3600 break;
From Code
3602 default: tO Model
3603 /* During 'LOW REQUEST':
3604 if (VCL_DWork.bitsForTIDO.RelationalCperator? && (GammaSelected ==
3605 VCL_GammaState_type_GAMMA L1)) {
3606 /* Transition: '€5220>:410' */
/+ Exit Internal 'LOW_REQUEST': '<S220>:373' */
VCL_DWork.bitsForTIDO.is LOW REQUEST = VCL_IN NCO ACTIVE CHILD ko;
3609 VCL_DWork.bitsForTIDO.is NORMAL m = VCL_IN GAMMA L1;
/* Entry "GAMMA L1': '<§220>:256' * 5 5 . 5 = -
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/* Exit Internal 'LOW_REQUEST': | NORMAL X
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<
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]
[DewnConfirmed]
= 2 [HiGesEnabled
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i [initShifter == 1 ’
Shifter Reg i_SHIFTER_REQ]
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Model Based Design - Development V-Cycle Steps

Software
Integration
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Software Integration

The source code files corresponding to the generated models are then integrated into a global project
that is built for custom ECUs.
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Software Architecture

The architecture of the complete ECU software is composed by three main levels.

Application Mid level Software

scheduler
I/0 Config
EEPROM

CAN Config
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Model Based Design - Development V-Cycle Steps

SW Validation
SIL, Bench, HIL
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Software Validation - SIL

The model-based generated source code (High level software) must be validated in order to verify if
its behaviour matches with the system control algorithms one.

From control prototyping simulation (Model In the Loop, MIL)...

Tac_cal)

________ U -
i

- - _g: v Signal 1 : 4 TANEY

X LG 1 owoeancy)

| IS +- R :

5l
1 1

R ol _:_S'RLZ:_‘: ¥_B(CANECY)
- TSI
|
L. ] L

Scheduler

Hardware 1/O Logics

VCL_task DCL_task l ECL_task

fnc_cal() fnc_cal() fnc_call()
Vehicle Control Logics Driveline Control Logics Engine Commands
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Software Validation - SIL

The generated model-based source code (High level software) must be validated in order to verify if
its behaviour matches with the system control algorithms one.

...to Software In the Loop (SIL) simulation

nc_Cail)
4
]nn [ ]nﬂ[ ] ”” [DCLitaEk]
>
Scheduler _
Hardware 1/O Logics
VCL_task DCL_task ECL_task

fne_call() fnc_cal() Tnc_call)

[EEET L
(OCL_BusOut] DEEs0u
foneon e
[Forpuou 2>
Vehicle Control Logics Driveline Control Logics Engine Commands
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Software Validation - Test Bench

The test bench validation permits the test of the complete ECU software with actual input/output
commands.

Breakout Box for
Diagnosis Test

Command
Armrest
Electro-hydraulic
Valves
Instrument
Speed Cluster
Sensors
FNRIP
Lever Accelerator
Pedal
Clutch
Pedal
TN /A\
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Software Validation - Test Bench

Adding a simplified dicrete-time version of the model to the ECU project and connecting the test
bench to a laptop, a real time simulator of the system is implemented.

Dicrete-time
simplified model
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Further Test and Validation

« Hardware In the Loop (HIL): dSPACE “VINSA:I_T II!‘I)JNNlI\Ig-NTS” spegdgl?at

- Modelling and Simulation
- Analysis and Reporting

- Real-time SW Testing

- Requirements Traceability
- Test Automation

« AVL Test bench:

- HW Endurance Test
- HW Stress test
- SW Automation Test

AVL 3z
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Model Based Design - Development V-Cycle Steps

Field Test
& Fine Tuning
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Drive & Field Test

The on board test has a key role to verify all those dynamics that are not possible to
model in detail.

Drive Test (Test Track)

Field Test
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Fine Tuning

Real-time parameter changing to evaluate the different system dynamic responses and
obtain the best performances.

[Eie [t Diiay Desce Mememens Coibewion Ao

- 11 +| /]2 = | & 300 Phy [0,6557 T m s LYY I Bo@s [khEs EELL Fa 2UE g9

-4 :!V L = 1.7) Geaphic FEC_RPES, Protofima_1311_GIGShilts MOF
Name Value i b —
tmp_pEngineDroop_MegativeRateLimit._0_  -300 .
tmp_pEngineDroopThreasholdPTO1._0_ Ga0 o
tmp_pEngineDroopThreasholdPTO0_0_ 1800
tmp_pEngineDroopThreasholdHigh._0_ T 1800 hflj
tmp_pLoadPowerlIRFilterfs._0_ 50 L :
tmp_plLeadTimeCompBoostReq._0_ T 200 ?i
tmp_pDeltaVehicleSpeeddMaxLimit._0_ 500 v

tmp_pPedalAccEngineRpmMegativeRate._0_  -500
tmp_pPedalAccEngineRpmPositiveRate._ 0 495
tmp_pAccEngineRpmPositiveRateKickDown._[ 96

tmp_pMNHydroRateLimit._0_ T 200

8 EEEEE

= SEEE B«

tmp_pMNHydroRateLimit_Shift._0_ 50

tmp_pMNHydroRateLimit_Shuttling._0_ T 200 L
tmp_pNHydroRateLimit_G1G25hift._0_ 950 <

tmp_pMNHydroRLswitchSteps._0_ 50 R H_
tmp_pMNDelayVehicleAccelerationFilter_0_ 100 'C

tmp_pMDelayVehicleSpeedFilter_Up._0_ 0 E

tmp_pDeltaEngineSpeedTgReserve_rpm._0_ 1800 L

Time
10,7 13 9584625] 205.0M
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Video_RP68/IMG_4028.MOV

Thanks for your
attention!!
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