STeiectronfcs & embedded systems

HOW TO USE MODEL-DRIVEN DEVELOPMENT
FOR SMART HOSPITAL BOOMS AND
SENSORLESS MOTOR CONTROL

High System High-precision Working in Harsh
Efficiency applications Environments

Embedded Software Engineer
+31 8833433 23
sjoerd.rozendal@kendrion.com
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DEVELOPMENT SERVICE
MISSION-CRITICAL APPLICATIONS
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ABOUT 3T

Our mission:
JL 100+ innovators

o CERTIFIED

We continuously invest in our Q‘? 40+ years 0 9001
expertise in electronics and
embedded systems to enable our fl Enschede, Eindhoven & Drachten a
clients offering the best possible L _ g
product to the market. #~  Since 2021 part of Kendrion o

ISO 13485

Co-development )) Qualified supply )» Innovation & support

Development through cooperation Product to volume production Maintain product during life cycle
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~— Racing Car by Solar Team Twente, picture & Solar Team Twente

Project: Sensorless Motor Control

Demonstration of MDD and Code Generation
by two project examples.

Co-development ))) Qualified supply ))) Innovation & support

Development through cooperation Product to volume production Maintain product during life cycle D&E .%
EVENT P
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THE DEVELOPMENT PROCESS
<Star[-_) What is and where to apply Model-driven development (MDD)

MDD as a framework
to manage:

Project
Preparation

Customer
Requirements

Product accepted by

customer = Requirements
Project L _C_USt_Om_erfcc_epEmie lesipl_a”_ —_———> Customer )
Specification Acceptance Test = CompIeXIty
\ / Product Release u Fallure anaIyS|S
Product Qualification

Product Document PFOdL!Ct
Desioni — " - - > Integration &

9 Qualification

\ Module / Module (release
Qualification for integration)

Document
Module L —> Module
Design Qualification
\ / Module (release for
module qualification)
Module

Implementation
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PROJECT: SKYTRON FREEDOM
The Challenge

= Easy positioning and movement of arm

= Drift due to mechanical bending
= Interacting with devices on arm cause movement
= Accidental impacts may have large consequences

= Intentional friction in joints u{
= Takes quite some effort to move arm around
= Wear on friction mechanism
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PROJECT: SKYTRON FREEDOM
The Solution:

= Smart Braking System e ———

= Easy to move when needed
= Stable when stationary

= No special user interaction needed
= Sensor system to detect user intention

Ceiling

Load

Light Duty System
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PROJECT: SKYTRON FREEDOM
Specification

=  Ensure all hardware interfaces are Lcu
accessible and controllable GPIO

Elevation Stop

Accelerometer

= The desired “Excellent user ID-Code
experience” of the end-product

> OVR/PNL Encoder Signal

Receiver

A

Microcontroller

» Service Interface

Pressure Sensor
Amplifier

Mechanical design of brakes and arm
were not available at the start of the —

1 . EEPROM
p I‘Oj e Ct . | Supply Unit L Dual Stepper

Driver
|—)‘ Fuse I

Y

Data Interface

LED Driver

TR

10 Woensdag 20 maart 2024
1931 Congrescentrum 's-Hertogenbosch



PROJECT:. SKYTRON FREEDOM
Development Strategy: Reduce development time and risk

= Use of existing design experience for electronics and software
= Use MDD for functional behavior design and implementation

Electronics Mjcrocontroller Electronics

Non-Volatile <—>  Motor Driver

Memory [
‘¢ Functional Sensor Interfaces
| : <>
T Behavior (SPI,‘|2¢, ADC)
Registers/ <> —
Interface “——» GPIO

Timing and Coordination
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PROJECT: SKYTRON FREEDOM
Customer’s Language

Drift avoidance Power
S On/Off

 No arms move |

Speed swing : T
e . Impact detect °

2 i i 'Arms' 'r'nove i
- + choice .

Arms move

Brakes
Stable

f>xsecno  RALCEY i >xsecno

- arms move i arms move .
Foniemsp i s

If >x sec no |
arms move | ‘lmnact chaira -

If >x sec no
arms move

Brake Moment Secondary Arm

Aanpassen Brake Moment: M
BRP-mimp: Brake = ALS(IMDM=true; BRP-brake-max; Brake (last))
BRP-stab: Brake = ALS(STAB=true; ERP-stab; Brake (last)) 30

* BRS (base) (Nm)

* BRS (corrected) Nm

(mg) (mg) (rad) (rad) (rad) (rad/msec) (rad/msec) (rad/msec) MOVE |MOVE |ROTATE |ROTATE STABLE |D
Ax Ay Az Ha Hb Hc Ha Hb Hc intent  |active pendant |carrier pendant |H
3.267 -L.Y3U UL.UUw - L300 -L.98L -L.539 3,728 22371 24371 TA
3.118  -1.782  0.000] -1300 -1.981  -1.545 3.728 26.099 22.37 A AT R
2.970 -1.633 -0.015 -1.300 -1.969 -1.545 0.000 33.556 26.09%9 JA
3.118 -1.782 0.000 -1.300 -1.969 -1.551 0.000 37.284 29.827 JA
14 Woensdag 20 maart 2024

1931 Congrescentrum ‘s-Hertogenbosch



PROJECT: SKYTRON FREEDOM
Translation to model

/Normalkode

1 rakeStableMode

| entry-ActiveState = StableMode; W s looity) > GPMinir ailTimeToMove) &5 ..
H entry: Waitingt 7% poslition)

| ety oS- % decrease brake on C2 when moving away from @ deg

D

NoiseGate

<BrakeMotorMaximumAcceleration>

Parameters <BrakeMotorMaximumVelocity>

»| Noise gate threshold

1) P u y P u / Y P> desired motor speed Out

In
lo lo ;
Noise Gate
imm"“""“'“c”"'s"’" b = max([(Cl.EffectiveArmLength + C2.EffectiveArmLength * ElevationCorrection * cos(C2.Position)) @.ee1]);
i c = a/b;
| i C1DS.BrakeTarget = GP.TargetForceMoveMode * b * sgrt(c*c+l) + max(@, Cl.CorrectionBrakeTorqueAmplitude * (cos(2 * C2.AbsolutePosition) - cos (2 * pi * Cl.CorrectionBrakeTorqueFactor / 188 )));
H H C2DS.BrakeTarget = (GP.TargetForceMoveMode + DeflectionCorrectionMoveMode * 8.5 * (1l-cos(2*C2.AbsolutePosition))) * C2.EffectiveArmLength * ElevationCorrection;
i T i i - J
1 [~CollisionTes] [CollisionTest && C1 isPresent | i I [ X
: ! | | [~CollisionTest] | PR e
EVENT - fo == - =
Het ontwearpen van innovatieve elektronica
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D )

CG2Farce Error
Setp

Foroe FB (F) “<BrakeMotorPasitianCantrolleP>

<BrakeMotorPusitionControllerD>
2 )}
Feedback

PD(z)

C2Brakevslocity

PROJECT: SKYTRON FREEDOM

(€D

NoseGate

o

<BrakeMotorMaximumAccekerabon>

In

—>
Force to Zer0 Parameters

CaBraxaVelocty_profied
Out
wltiicaniain

* GP.TargetForceloveliode / 280;

alength * tion * cos(C2.Position)) 8.8@:

* C1D§. Target

case MoveMode

Tion * cos(C2.Position)) @.ee1]);
= 6. TargatForcen

5. BrakeTarg (6P, Targe

Noise gate threshold
1 » 1)
desired motor speed Out
Noise Gate

The Design of the
Functional Behavior

i

=4 e

== |

D&E
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PROJECT: SKYTRON FREEDOM
Verification

DESIGNEZEELEL

x
W C1 Brake input (0-100):1 C1 Position ® C2_Ds1:1.LastBrakeTarget W C2_Ds1:1.BrakeAdjust
100
0
&0
-10
60
20
0 0 20 0 40 50 a0 70 20
W C2brake
20
20
20
10
0
0
0 10 20 30 40 50 80 70 20) ] 10 20 30 40 50 a0 70 20
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PROJECT: SKYTRON FREEDOM

ExtractControllerinputData

Segment Data
S

gmentParams
UpperArmDataj|———— P

Motor Data

Encoderinputs
ForceSensorinputs LowerArmDatafj—————

Motorlnputs

AccelerationSensorData f|————————————————

Accelerometerinputs
=

Accelerometer Data it
n
InputData

>

GeneralParameters

ns
>
>
Generallnputs

»
>

Content

Summary

Subsystem Report

Code Interface Report
Traceability Report

Static Code Metrics Report
Code Replacements Report
Coder Assumptions

Code

~ Main file
ert_main.cpp

~ Model files
LeuAController.cpp
LcuAController.h
LcuAController_private,
LcuAController_types.h

~ Shared files
rtwtypes.h
zero_crossing_types.h

LcuAController ¥

LcuAController.cpp « Q Search

68 &rtb_Controllertiodel 04[], &rtb_Controllertodel o5[e]);

: '<Root>/OutputData’ incorporates:
»/SegmentParams
t>/Force_outputs’
t>/Motor_outputs®

outport: *<Root»/Segment_outputs’
76 OutputDataMDLOBI3.step{artb_Controllertiodel_o3[@], &rtb_Controllerdodel o4[a],
7 &rtb_controllermModel_os[@], &LcuaController_U.SegmentData[e],
78 &LcuaController_¥.Segment_outputs[@], &LcuaController_¥.Force cutputs[a],
79 &Lcuacontroller_y.mMotor_outputs(e]);

wdel initialize function
initislize()

void ModelClass:

lize function for modelrReference Block: '<root>/Controller Model®

/ set error status pointer for mModelrefersnce Block: '<Root>/Controller Hodel'
centreller_odelDLOBI1. setErrorstatusPointer(rinGetErrorstatusPeinter
((&Lcuacontroller_)));
centroller_ModeltOLOBI1.initialize();

function for MedelReference Block: '<Root>/InputData’

Ln 73 Col 37

Translation to model

Control
Algorithm

Software Development
Environment

Board Support
Package (BSP)

Controller

Arms
Segment_outputs

ForceSensors

Force_outputs
Motors

Motor_outputs

~{SegmentParams
2
it

GenerateControllerOutputData

@

Segment_outputs

Motor_outputs

OutputData

Simulink

Test/Verification
Models

Control
Algorithm

Interface Model

g L o <
Het ontwerpen van innovatieve elektronica
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PROJECT: SKYTRON FREEDOM
Integration

= Comparison between model and mechanical system
= Optimize system and model

= Rapid design iterations to achieve the “Excellent User Experience”

— Customer
Smmemm  SMART BRAK o - Acceptance Test
VIART BRAK { \ / Product Release
, Product Qualification
g Feet, 7 Inches product L _ __ooument_ _ _ 5| jnceqrations
' E .
| Desigy Qualification

[I_' L. \ m / Module (release

| Qualification for integration)

! - Document

ﬂ' ‘ 3 Module L > Module
— ﬂ_. -.i‘ Design Qualification
b

k| Module (release for
-_;1— : —~| ? module quallﬂcat|on)
|: Iil :4 Module

Implementation
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KEY TAKEAWAYS

Customer Challenge Strategy Results
% - Use models to verify - Reduced development costs
c — - System is mechanically understanding of and time-to-market
Q sub-optimal. requirements.
% - Autogenerated 17k+ lines of
5 - Ambiguous requirements - Use MDD as a framework, source code in 4 minutes.
S design methodology and a
C'J common language. - Shortened design iterations:
o

day(s) instead of weeks.

D&E &1/ A"
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PROJECT: SENSORLESS MOTOR CONTROL
The challenge

Develop, evaluate and optimize high performance
sensorless motor control solutions.

Feasibility studies:
= Electrical/Mechanical system
= Execution timing (PIL)

Make control algorithm target independent.
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PROJECT: SENSORLESS MOTOR CONTROL
The Solution

= Use Simulink to create multi domain models with clear interfaces.
= Motor Control Blockset for Control Algorithm
= Simscape Electrical for Motor Drive Electronics and Motor model

= Simscape Multibody for System Mechanics

/ Software \Vgectronics '‘Real World' \

Wref ‘ VdC
) . Idret, . vd Inverse Vg -
PI Controller MTPA I ] Duty Inverter e
' > Qref VEN \ Cycl
3| (Velocity) Tref,Controller 15l 51 Controller Qnerator ycles
(Currents)
4VCI
> Clarke
< Ve [Transform
Estimator
W Velocity B
Scalj [ Mechanics
Id l lx ‘—‘
Park | [ Clarke Current |
¢ Transform B Transform Sensing c

o N
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PROJECT: SENSORLESS MOTOR CONTROL
Development Strategy: Reduce development time and risk

Design and validate the controller for different operating conditions.
= Startup behavior
= Inverter behavior
= Mechanical behavior

Simulation
Plant Models

> Average Inverter + Average

Controller | Motor Inverter +
nverter +
Motor +
Motor .

Mechanics
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PROJECT: SENSORLESS MOTOR CONTROL
Development Strategy: Reduce development time and risk

=  Use Embedded Coder to generate code.

Simulation
Plant Models
L Average Inverter + Average
+
Controller L [veries+ Motor Inverter
Motor Molors#
Mechanics
Code generation
: Real-Life Implementation
: Code on MCU Plant

Y

—» Hardware > :
Controller Hardware Motor

«<— |Interface |« :

I

il
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PROJECT: SENSORLESS MOTOR CONTROL
Example Feasibility study: Execution timing

= Processor in the Loop

Simulink
>
> Analyze

—>
Inverter &
System Inputs > Controller - Motor Model _|
Serial Code Serial Serial
Generation
Microcontroller

Controller
C-Code

PIL Implementation

26 Woensdag 20 maart 2024
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PROJECT: SENSORLESS MOTOR CONTROL
Example Feasibility study: Execution timing

Processor in the Loop

i N\ N\ )

- v A\ @S X
(\Q . AT @\ \ \\\;

A

_ o Ticks
single <= P MotorControlRef_PU

27



PROJECT:. SENSORLESS MOTOR CONTROL
Example Feasibility study: Execution timing

W Vabc(1) = Vabc(2) = Vabe(3)

Lﬁ.-H'--*n-.ulll-'l'ﬁ-_._'u.J'"I..l‘_..-‘l""l-.‘_._IJ'J'I.-".._-'IJ'I.l".‘-’l‘l\.:‘-"-'l‘l\."I:‘--.J\-":‘-.ullll."l"-'-'ﬁ."'l"-.uiﬁ.":‘...'ﬁ."'l"...llﬁ-"l"-...ll."ll"...'ﬁ."l"-..—ﬁ.":...'ﬁ |

m labc(1) mlabc(2) = labc(3) |

A Tima Plat ”
Hid_fo PU mlig_fbo_PU
14 &
0.006 4 W speed_PU
.
; ik m TICKS
| o.004 4
1600
| 0.010 -
1] o.oo2
1400 -
0,005 -
0 1200 4
04 1000
200

DXE !V VSRCE |

EVENT /2o

& L o cof iy
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PROJECT: SENSORLESS MOTOR CONTROL
Future Plans

4\ Fixed-Point Tool

= u]

X

ITERATIVE FIXED-POINT CONVERSION BXPLC

n
Q7 H Settings ~ ;[}J Run to compare in SDI
- - New Propose Simulate with
» Data Types Embedded Types ~
onvert base datatype to fixed-point ... o el :
* Workflow Browser o [i[+ * Result Details o
. . . . B sews = -
€8 setwp CompliledDT  SpecifieddDT  ProposedDT  Accept SimMin SimMax o, pdemo_ feedback/ControllefUp Cast
u S I n IXe - O I I I e S I I I e r O O OX £ Preparation Results Q o Torms : Output ~ double fdt(1,32.28)  fixdl(1,32.28) []  -6.475416336... 3.4877081684... ~
" H® BaselineRun 3 o Terms : Produ... double fixdl(1,32,27)  fxdi(1,3227) [J  -8.516638478... 53964875151 Proposed Data Type Summary
Q Down Cast double fixdt(1,16,12) fixdi(1,16,12) |m} +2.413500003. 4.3270018075. Property Proposed Data 1) Specified Data Typ
Q2 m fixdl(1,8,4) fixdi(1,8,4) (m] DataType fixdl(1,16,12) fixdt(1,16,12)
3 Numerator Torms : Accumul... doublo fixdl(1,32,28)  fixdy(1,32.28) [ -5.677304450,.. 57005245184 Minimum 8 8
2 Numerator Terms : Output  double fxdt(1,32.29)  fixdl(1,32.20) []  -3.367372640... 35439615250 Maximum  7.999755850375 7.999755859375
3 Numerator Terms : Product ... double fixdl(1,32,28)  fixd(1,32,28) [ -5.677304459... 57005245184 Precision 0.000244140625 0.000244140625
3 ou Inherit: auto  nVa : %
. . . . . o
Optimize computationally intensive w0 WNAD O 2 S e et
Visualization of Simulation Data
Property Minimum Maximum
r],.] a H . * Model Hierarchy ° =l simutation 2 3.9999999999711
ul IC IOI IS Ccurii(: V:; ‘ !X‘ !(:ll I‘ ’l I =] ¥ Simulink Root
£ Data Objects ¥ |Saaes: peestaeias: BESIERS Data Overview using fixdt(1,16,12)
. . =) (%3] fxpdemo_foedback T S e —
efficienc o Contoter i =
. e8] More Info 2
L I-_LL-_I
§ .« I S
g Values | Potential  In-Range  Potential
% Overflows Underflows
. Positive w0 wao 151
Negative #0 %49 151
P . et e et e chaaneanaes st ARRRRRRREN ——  Overflows 2Zor0 0
Representable
——  In-Range

Underflows

EVENT ' °
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Innovation &

Co - development

support

Project

KEY TAKEAWAYS

Customer Challenge

- System is mechanically
sub-optimal.

- Ambiguous requirements

- Development of high-
performance control
algorithms is costly as it is
target-dependent.

- Feasibility studies of
mechanical systems.

Strategy

- Use models to verify
understanding of
requirements.

- Use MDD as a framework,
design methodology and a
common language.

- Use Simulink to create
multi domain models with
clear interfaces.

- Use Embedded Coder to

generate target independent
code.

30

Results

- Reduced development costs
and time-to-market.

- Autogenerated 17k+ lines of
source code in 4 minutes.

- Shortened design iterations:
day(s) instead of weeks.

- Met code execution time
requirement of <30 ps.

- Answered feasibility questions
in weeks instead of months.

- Achieved better software
quality / decreased errors.
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KENDRION

CHALLENGING TASKS ARE OUR SPECIALTY.
3T IS WHERE TECHNOLOGY AND QUALITY MEET.

Marcel van Wilpe
Business Development
+31 53 851 66 26
marcel.vanwilpe@kendrion.com

STeiectronfcs & embedded systems

High System High-precision Working in Harsh
Efficiency applications Environments
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