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More Complex Algorithms

= Increasing motor control
algorithm complexity

— Field-Oriented Control (FOC)
— Field-weakening control

— Sensorless

— Space vector PWM

= Increasing need to run these
algorithms faster
— Wide bandgap semiconductors
— Increasing popularity of motor

types such as switched
reluctance motors
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Model-Based Design

Answer to complex design

ATB Technologies Cuts Electric Motor Controller Development Time by

50% Using Code Generation for Tl's C2000 MCU

“MathWorks tools enabled us to verify the quality of our design
at multiple stages of development, and to produce a high-quality
component within a short time frame.”

— Markus Schertler, ATB Technologies

ATB Technologies permanent magnet synchronous motor.

Challenge

Develop control software to maximize the
efficiency and performance of a
permanent magnet synchronous motor

Solution

Use MathWorks tools for Model-Based
Design to model, simulate, and implement
the control system on a target processor

Results

Development time cut in half
Design reviews simplified

Target verification and deployment
accelerated

4\ MathWorks

ITK Engineering Develops IEC 62304-Compliant Controller for Dental

Drill Motor with Model-Based Design

“Model-Based Design with Simulink enabled us to reduce costs
and project risk through early verification, shorten time to market
on an IEC 62304—certified system, and deliver high-quality
production code that was first-time right.”

— Michael Schwarz, ITK Engineering

Dental drills featuring ITK Engineering’s sensorless brushless motor control.

Challenge

Develop and implement field-oriented
controller software for sensorless
brushless DC motors for use in dental
drills

Solution

Use Model-Based Design with Simulink,
Stateflow, and Embedded Coder to model
the controller and plant, run closed-loop
simulations, generate production code,
and streamline unit testing

Results

Development time halved
Hardware problems discovered early

Contract won, client confidence
established
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Why Simulink for motor control?

= Verify control algorithm with desktop simulation
= Generate compact and fast code from models €A
= Minimize development time using reference examples @

= Customers routinely report
50% faster time to market




CALIBRATE SENSORS

‘

ESTIMATE MOTOR PARAMETERS

«

MODEL MOTOR & INVERTER

‘

DESIGN FOC ALGORITHM

‘

TUNE CONTROLLER GAINS

doys mopjiop

.

VERIFY IN DESKTOP SIMULATION

‘

GENERATE CODE

Iterate

.

VALIDATE ON HARDWARE
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Agenda

From Desktop Simulation to Software Deployment

- Plant modeling
— Sensors Calibration
— Motor Parameters Estimation
— Motor and Inverter Model

= Algorithm design with simulation
— Field-Oriented control

— Autotuning control gain
— Verifying controller

= Software deployment
— Code generation

CALIBRATE SENSORS

‘

ESTIMATE MOTOR PARAMETERS

‘

MODEL MOTOR & INVERTER

‘

DESIGN FOC ALGORITHM

‘

TUNE CONTROLLER GAINS

doys mopjiom
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VERIFY IN DESKTOP SIMULATION

‘

GENERATE CODE

lterate

-

VALIDATE ON HARDWARE
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Texas Instruments Motor Control Kit

Hardware configuration

Teknic 2310P surface-mount

PMSM

DRV8305 3-phase inverter

TMS320 F28379D MCU
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Agenda

From Desktop Simulation to Software Deployment CALIBRATE SENSORS

- Plant modeling
— Sensors Calibration

ESTIMATE MOTOR PARAMETERS

‘I‘I‘I

— Motor Parameters Estimation MODEL MOTOR & INVERTER g
— Motor and Inverter Model "r
DESIGN FOC ALGORITHM ?

. e g

TUNE CONTROLLER GAINS !'I-

- 3

VERIFY IN DESKTOP SIMULATION

‘

GENERATE CODE

lterate

-

VALIDATE ON HARDWARE



Agenda

From Desktop Simulation to Software Deployment

Plant modeling
— Sensors Calibration

CALIBRATE SENSORS

ESTIMATE MOTOR PARAMETERS

‘

-

MODEL MOTOR & INVERTER

‘

DESIGN FOC ALGORITHM

‘

TUNE CONTROLLER GAINS

doys mopjiom

-

VERIFY IN DESKTOP SIMULATION

‘

GENERATE CODE

lterate

-

VALIDATE ON HARDWARE
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Sensor Calibration
Plant Modeling

= ADC offsets

= Position Sensor Offset

‘ MathWorks

11
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ADC Offsets
Plant Modeling Qormidedambtidleady to Run

uint16
PWM Duty

PWM Duty Cycle

PWM

int32 .
Data1_Log
int32
lab,_i d_ADC
int32 -
Data2_Log
Sensors
Data Serial Output erig O = O
Development Computer with ADC offset calibration model Target Hardware

12



ADC Offsets
Plant Modeling

Development Computer with ADC offset calibration model

O External Mode Simulation

Target Hardware

4\ MathWorks:
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ADC Offsets
Plant Modeling e Get Offset for Phase A and B

@ |7 Trace Selection aXx

———— RX/Out H‘ RX/Output1 v

7 ¥ Signal Statistics

Development Computer with ADC offset calibration model Target Hardware
14



ADC Offsets
Plant Modeling

case 'BoostXL-DRVS8305'
inverter.model
inverter.sn
inverter.V_dc
inverter.I_max
inverter.I_trip
inverter.Rds_on
inverter.Rshunt
inverter.MaxADCCnt

'BoostXL-DRVE8305';:%
*INV_XXXX';

24;

19.93;

10;

2e-3;

0.007;

4095;

inverter.CtSensAOffset %
inverter.CtSensBOffset 23037

inverter.ADCGain B

Development Computer with ADC offset calibration model

0 Parameterization script

Target Hardware

4\ MathWorks
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Position Sensor Offset
Plant Modeling =

Documentation

Hall Offset Calibration for PMSM Motor

R2021a
This example calculates the offset between the rotor direct axis (d-axis) and position detected by the Hall sensor. The
field-oriented control (FOC) algorithm needs this position offset to run the permanent magnet synchronous motor
(PMSM) correctly. To compute the offset, the target model runs the motor in the open-loop condition. The model uses a

constant 1 (voltage along the stator's d-axis) and a zero ¥, (voltage along the stator's g-axis) to run the motor (at a low

constant speed) by using a position or ramp generator. When the position or ramp value reaches zero, the corresponding rotor position is the offset value for the Hall
SEnsors.

The control algorithm (available in the field-oriented control and parameter estimation examples) uses this offset value to compute an accurate position of d-axis of
the rotor. The controller needs this offset to optimally run the PMSM.

Models

This example includes these models:

+  mcb_pmsm_hall_offset_f28069m

+  mcb_pmsm_hall_offset_f28379d

You can use these models only for code generation. You can also use the open_system command to open the Simulink® models. For example, use this command for
a F28069M based controller:

open_system{ ‘'mcb_pmsm_hall_offset_f28@69m.slx");

Offset Computation with Hall sensor

Note: This example requires a Tl F28069m controller card mounted on DRV8312 inverter
ste connected to a PMSM Motor with Hall Sensor
ps:
Enter parameders in the Configuration panel, "
Click Build, Deploy & Start in the Hardware tab. .
Perform calibration by using host model. Glabal variabies I
. If the motor does not start or rotate smoothly, increase C2éx

Bk

Vd Ref in Per Unit voltage (that can have a
value of 1) in the Configuration panel.

5. If the current drawn by the connected motor is too high,
reduce the value mentioned in step 4.

6. Learn more about this example.

GlobalHalState

HallStateChangeFlag

Intmrmuy
Hardware Intermupt

Hall Sansor A

Global Count
Configuration | ISpeed | ML ]
Number of Pole Pairs 4 | —
GlobalSpeedyalidity |
f (] o | W Senal Receive Orffsat Calculaton
- Globalhrechon |
Data type for control - SCAPT Inbsrmgat]
algorithm | single i
Enable
Vd Ret in Per Unit 01 e pr—

@
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Examples

Sensor Calibration

Otset Compatatian with Hall sensor

Hall Offset Calibration for
PMSM Motor

Calculates the offset between the
rotor direct axis (d-axis) and position
detected by the Hall sensor. The
field-oriented control (FOC)

Open Example

3
Quadrature Encoder Offset
Calibration for PMSM Motor

16



Agenda

From Desktop Simulation to Software Deployment

Plant modeling

— Motor Parameters Estimation

CALIBRATE SENSORS

ESTIMATE MOTOR PARAMETERS

«I«

MODEL MOTOR & INVERTER g

1
- =

A

DESIGN FOC ALGORITHM o
N g

TUNE CONTROLLER GAINS %
L e

VERIFY IN DESKTOP SIMULATION

‘

GENERATE CODE

lterate

-

VALIDATE ON HARDWARE

4\ MathWorks
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Motor Parameters Estimation

Plant Modeling

Fault Status

Parameter Estimation with Instrumented Test

or

Two types of parameter estimation methods:

4\ MathWorks'

- Expersments
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0 ¢ 9 i

Parameter Estimation using Operation Data
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Motor Parameters Estimation - Instrumented Test
Plant Modeling

P mcb_param_est_hosl read * - Sirmulink Lal use a X
SIMULATION bLsuG MOOLUNG TORMAI
Ty L3 Open v DE Stop Time | zmTime | ] 2 an
L iy =[x} N 3 = = : S B @ P . % =2
Now SR | Signal |7 [[ o Step Run  S=p : Data Logic it
v S Fint v Beowser Tatle Bak v forward Inspector.  Analyzer
FILE LIBRARY PREPARE SIMAKATE REVIEW RESULTS Iy
§ meh_param_est_host_road
Els
; | Board Selecti | | —
£ oard Selection [ Test Status
& 1 | = | Fault Status
] ! DRV8305 and F28379D Launchpad ~ ; |
| |
- | 1 |
- - o
=] i Communication Port | % B i Over Current
| : Run # Stop | -
= == ‘ |
W] : Sedal i ; Under Voltage
; ooy i Estimated Motor Parameters :
! ! | s o .
I ! I Serial communication
| The COM port has e match your board | Rs S h |
! For FINI6H Lmsrchpad, set Baudrats 5o 5 62566 | ohm |
} For FZ83780 Launchpod, sat Baud rate 1o 5¢6 | :
1 | |
i ! Ld - H !
| Required Inputs ! :
i
| I
i ! Lg - H |
| Nominal Voltage: 24 v | :
i ! !
I ! - i
| Nominal Current: 71 A(rms value) | Bemf Verlkrpm )
I |
| ! |
| Nominal Speed: 4000 pm ! Motor Inertia - kg.m"2 |
| i ! Signal from Target
| . ! |
; Role paics: 4 ‘ Friction constant - N.m.s !
i ! | d =z
| Input DC Voltage: 20 v : i
1 | SAw open Mode :
I ! 1
| Hall Offset; 0.2039 Per Unit | \
I Position | :
| ‘ A S E I
‘ } Signal Conditioning and Scaling i
} Note Press Ctrl+D to update the workspace I I
I ! |
“ Hall Offset: For Hall offset calculation open required modal| : ol
i for the hardvare ! | F—
| meb_pmsm_hall_offset f28069m | L, | ey
| ‘mecb_pmsm_hall_offsct_f28379d i Seeuses g | :
! i
‘\ Target Models: Click Build load and Run in reguired ; |
| model for loading the target i :
| meb_param_est {28069 DRV8312 I \ ScotactRos
o | mcb_param_est_{26379D_DRV8305 ! Algashen :
o I
I : Copignt 2020 The MasVicdka, Iz |
i H 1
«
Ready 95% FinedStepDiscrete
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Parameter Estimation Using Operation Data

Cn

PMSM model Real PMSM

Problem: Simulation data does not match measured data because the parameters are incorrect

Solution: Use Simulink Design Optimization to automatically tune model parameters

20



Open Parameter Estimation

P ssc_lithium_cell_IRC_estim_ - Simulink

File Edit View Display Diagram Simulation | Analysis Code Tools Help

" i 3
CRACRY . BE @ -f Mool ader e
Refactor Model 4
ssc_lithium_cell_1RC_estim_
© |[Pa]ssc_lithium_cell_1RC_estim_ b Model Dependencies % A
Compare Simulink XML Files...
a s »
L Configuration Performance Tools »
Battery
= current Requirements Traceability — » Veltags Sansoy
=] Control Design » Eﬁj i D
T D O R A T i V.
&= current " | Paameter estimation.. || = o
O f Response Optimization...
VM: YR it Sensitivity Analysis...
- Test Hamness Lo
Lithium Circuit
Test Manager...
This demo implements a model of a lithium cell usk Design Verifier » bnts of an equivalent circuit model with one
RC branch. For the defining equations and their va g lackey, "High Fidelity Electrical Model with
‘Thermal Dependence for Characterization and Sim Coverage »  } International Electric Vehicie Conference.
] March 2012. A simple thermal model is used to mo is primarily via convection, and that heating
is primarily from internal resistance. A battery pack N fhe battery cell block in series.
Data Type Design %
N Copyright 2012-2013 The MathWorks, Inc.
Ready 102% ode15s

Select Tuning Parameters

PARAMETER ESTIMATION

Tuned for all Experiments
There are no parameters selected foe estimation.

L0 Select parameters.

There are no experiments selected for extimation.
[ select Experiments

Filter by vaniable name

Parametors and Initial States Tuned per Experiment

v | vauble [ cument vaiue|

v Provew —“

0
001.001.0

- = 'WM
RO
[0 _lsocuur _11001,020.. | qualent circut model sngle !

I n k!

P Speafy expression indexng If necessary (eg. 3(3) of 5x)

Yok Baancd @Dnep

4\ MathWorks

Make New Experiment

m Squared Error v

Put measurement output in edit box

Put measurement input in edit box

Data Browses | oupas
¥ Parameters Speaty measured cutput uqnals for this
el E
e [ <161 9300t 1 poists> 16 & x
RO [&] Select Meassred Output Signals
R
tapats
Optiomally specy input sigeals for this experniment
jEpEN a1 Kurent)
Ep <11 Sgaal 1 potes ‘\‘d“
Lighges Noltage
<11 Sigaal 1 powts v G & X
(&) setect taputs
¥ Resuks Intial States
Osticeally define innial states for this experimest
There are comently o itial states defived for this eperiment
(5 sefect mnsial states.
Parameters
Ogriceally defs ‘eperment
et Thare are comently 80 parameters debned for thes experiment
n Lig Select Parscuaters.
[ Pct 8 smulate [Jrit P ox Duep v
L — ]

Run Optimization

PARAMETER ESTIMATION
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Agenda

From Desktop Simulation to Software Deployment

- Plant modeling

— Motor and Inverter Model

CALIBRATE SENSORS

-
ESTIMATE MOTOR PARAMETERS

MODEL MOTOR & INVERTER

¥

DESIGN FOC ALGORITHM

.
TUNE CONTROLLER GAINS

N 2
VERIFY IN DESKTOP SIMULATION

¥

GENERATE CODE

lterate -
VALIDATE ON HARDWARE

doys mopjiom

4\ MathWorks
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Motor and Inverter Modeling

Choose the right level of fidelity

4\ MathWorks

« Use linear lumped-parameter model shipped with Motor Control Blockset

NN

LdTrq /‘;\\ 1, e

!

| :._; ) I?_IjseCurr
\\
Phase\)ol\?{ﬂl MtrSpd

p

Induction Motor

NN

LdTrg // f— Info

{ .
|H I » IlhjseCurr

Phase\)ol\t:/ MtrSpd

Interior PMSM

NN

LdTrq // \\\ Info
I: e E?seCurr
Phase\)o\ - / MtrSpd

Surface Mount PMSM

Motor Construction

This figure shows the motor construction with a single pole pair on the motor

Quadrature (q)

The motor magnetic field due to the permanent magnets creates a sinusoidal rate of change of flux with motor angle.

For the axes convention, the a-phase and permanent magnet fluxes are aligned when motor angle ¢, is zero.

Three-Phase Sinusoidal Model Electrical System

The block implements these equations, expressed in the motor flux reference frame (dq frame). All quantities in the motor
reference frame are referred to the stator.

w, = Pw,,
d: _1,_R; Lp .
mi‘,—mvd L_ui‘,+Ldemrq

D I 1 Pwm
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Model Fidelity
Plant Modeling

t Torque 4 Torque
Current Current
Linear Lumped Parameter Saturation
Motor Control Blockset Simscape Electrical

Simscape Electrical

tTorque

Current

Saturation &
Spatial Harmonics

Simscape Electrical

4\ MathWorks'

24



Simscape Products
Plant Modeling

= Simscape platform

— Foundation libraries in many domains
— Language for defining custom blocks

= Extension of MATLAB

— Simulation engine and custom diagnostics

= Simscape add-on libraries

— Extend foundation domains with
components, effects, parameterizations

— Multibody simulation

— Editing Mode permits use of add-ons

with Simscape license only

— Models can be converted to C code

4\ MathWorks

4 : N
Simscape
Electrical Mechanical Magnetic  Thermal Custom
e z equations
if v> W
RER..§ =RV TS
Hydraulic Thermal Two-Phase Gas Moist
I Liquid Fluid Air
0Q o0 é AA ) 0
\ J
Simscape Foundation
/ 3o =g * \
Electrical Driveline Multibody Fluids
G G2 G G
°
Simscape
- p /

Simscape Add-Ons
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Trade Off - Balance Model Fidelity vs Simulation Speed
Plant Modeling

c (51 = .
oy it = Nenlinear
Step ‘ Scope
Effects
Controller Plant

Realistic
Actuators

PWM
Driver

Ideal
Actuators

Computational Time

Linearized
Systems Averaged

Voltage

odel Complexity & Deetail

+ ‘ e

N

Switched Linear
Converter

DutyCycle

+ ModWave|

GINS) ==

Nonlinear
Converter

Average-Value
Converter n C

Switched Linear
Converter Nonlinear PMSM

Nonlinear PMSM
+ Thermal

Nonlinear PMSM
>3 g + Thermal

Linear PMS

Converter
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Agenda

From Desktop Simulation to Software Deployment .

‘

ESTIMATE MOTOR PARAMETERS

‘

MODEL MOTOR & INVERTER

Y-

DESIGN FOC ALGORITHM

= Algorithm design with simulation
— Field-Oriented control
— Autotuning control gain
— Verifying controller

TUNE CONTROLLER GAINS

doys mopjiom

VERIFY IN DESKTOP SIMULATION

«I«I«

GENERATE CODE

lterate

-

VALIDATE ON HARDWARE
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Modeling Field-Oriented Control (FOC)

A word about transforms

Measured current (A,B,C) Current control (d, q)
in time domain

a0 180

Clarke transform (abc <—->ap)
Park transform (a8 €<-> dq)



Modeling Field-Oriented Control (FOC)
Algorithm Design

Inverse Park
Transform

va_ref

. Vector
Vp_ref Generator

ld_ref

Current
Speed Current
Reference
Controller i Controller [
Generator KRG q_ref

4\ MathWorks

Voltage
Supply

Power
Inverter

Park, Clarke

Transforms

Sensor

decoders or
observers

- Control algorithm Physical system

\

PMSM



Modeling Field-Oriented Control (FOC)

Overview of the model

Pl mb_ee_pmsm _foc - Simulink tal use

SIMULATION DEBUG MODELING TORMAI

HARDWARE

Hardhwars Bozrd @ N oo (Pam— Lb F& E
e = = Fardware Control || SOPime S ki MATLAS i ;
| 71 Daffine F28379D LauncaPad ], Rt i Crl woic e
si.\m‘n\'»'-; JARD ’.H\Qx\ -{A?‘:\\/{f | L 7'7’. 7F’}.f‘v Iy
~ med_oo_pesm_foc . ¥ Speed Comrol Current Control Input Scaing Control System Uosec Locp Control lnwverter (Code Generabon) Average-Valus Inverter
=
& seled
- * Motor Control Blockset invertar
-t Simscape Electrical 3 phase convertar >
= Simscape Electrical Modular Multilevel convertar
= (o] >3 Permanent Magnet Synchronous Motor Field Oriented Control
O
Note: This example requires a Tl F28379D LaunchPad with a BOOSTXL-DRV8305 booster pack () initialize
connected to a PMSM Motor with QEP Sensor
Code generation b
II pearbest e
Simulation SR - Trigger)
’|W_—:} Ly spene ret pU % dq_ref_PU Duty Cycles
Global Variables —l
Desired Speed IdqRef_PU P{ Duty_Cycles Feedbacks_sim -
P Spesc_Meas_PU -’.'-—" Feadbacks_sim Speed_fo
W Serial Receive Speed Control Current Control Inverter and Motor - Plant Mode!
e Explore more:
1. Edit motor & inverter parameters
2. Use Offsel compulation model o find
oul posilion offset.
3. Update offset in Init script to variable
SpeedRef ‘pmsm.PositionOffset’
— " 4. Build, Deploy & Start
- Copyright2020 Tre MathWorks, Ific. 5. Control molor via host model
—
i-H
» E
Ready 145% FinediStepDiserete
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Autotuning controller gains

Multiple tuning methods available

>

Motor,
inverter, and
target
parameters

Control
execution time

Delays and per-
unit system
values

N

4\ MathWorks'

Control loop
gains



Autotuning controller gains

Closed-Loop

Algorithm detalls: Ay % conv [

PID Autotuner

Muin u out [

startistop pad gaine [»

— Injects a few superimposed sine waves, )

Closed-Loop PID Autotuner

while maintaining closed-loop operation

4\ MathWorks:

— Collects ' -
plant input-output data ref | PID Slant output
_ _ _ Controller ;
— Estimates frequency response in real-time 7Y test signal
_ _ tuned gains
— Tunes PID parameters to satisfy desired Closed-L
| | osed-Loop |
bandwidth and phase margin PID Autotuner

Initial stable PID controller is required

Option to deploy autotuning to embedded processor using Simulink Coder™

Requires Simulink Control Design ™



Autotuning controller gains

Tuning All Controller Gains in One Simulation

Stator currents [p.u.]
T T T

Te & Tload [p.u.]

Autotuning

4 5 6

Rotor speed & reference [rpm]
T

15 T T
1k
05+
0
05F
R=
15 s
0 1 2 3
A [ o |
1500 - =J
1000 -
500 -
0
| | |
0 1 2 3

Motor speed is close to the nominal value while tuning

| | I
4 5 6

1
7

1
8

I
9

10
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Autotuning controller gains

Overview of the workflow

SIMULATION MODELING FORMAT
{10Open ~ ] Stop Time |15 ‘ @ N =
TR s ] g @ b 7
ave - . = - 1 - ) < oty -
New ™ Library 2N Mol = Step Run Step to Data Logic Bird's-Eye
v & Print v  Browser o@ Fast Restart Back = - Forward Inspector Analyzer Scope
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a
Tools
Eg \'.J mcb_pmsm_foc_autotuner X FOC_AutoTuner
& (C] E} mcb_pmsm_foc_autotuner P v
]
L
= Tuning Pl controllers for current and speed using FOC Autotuner
Explore more:
@ 1. Edit motor & inverter parameters
2. Simulate the model to compute the Pl gains
= 1
Scheduler
'
Desired Speed = Speed_Ref PU —»{E}—- \dq_ref_ PU Trager()
- Dusty Cycles ->.—> Duty_Cycles Fordbacks_sim —>-
D Speed Ref Feedoacks_sim g
-_> Speed_Meas_PU FOC_AutaTune_Sig
IdgRef_PU— Foc_Autotuner_Output
perturbation_spd -_,15,,.&,9 Speed_fb g Inverter and Motor - Plant Model
- Current Control
——————, Speed Control
CurrentLoop_AutoTune_In i
Spd_Prib
Pi_Speed_Kp Spd_Act Ceret_StriStp
Pt Gains Gans
PI_Speed_Ki Spd:Fiin Spd_Sttsp
lﬁ FO0 PutoTuner —| PI_Params_Dusplary_and_Loggng
Copyright 2020 The MathWorks, Inc.
«
Ready 78% FixedStepDiscrete
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Autotuning controller gains
Verify Controller Using Desktop Simulation

4\ Simulation Data Inspector - untitled*

: ®|WE |- Q-3 6|,

= o X

Cad

W speed_ref_rpm M speed_fo_rpm M speed_fb_rpm

002 004 006 008 010 012 014 016 018 020 02 024 026 028 030 03 034 036 038 040 042 044 046 048 050 05 054 055 058 060 062 064 066 068 0

Wig_Ref mig Wiqgh

® Vabc_motor(1) 8 Vabc_motor(1)

01 . . r - Y . : ’ .
. | __/\w*mwm‘mmmm
heesn Adl Bubl » LAl aRe un ol ) ahete o b 2 A digd L0a2as

002 004 006 008 010 012 014 016 018 020 02 024 026 028 030 032 034 036 038 040 042 044 04 04 05 052 054 05 . 064 066 068 070

QP le« OB ®

W labc_motor(1) @ labc_motor(1)

002 004 006 008 010 012 0 016 018 020 02 024 026 028 030 03 034 036 038 040 042 044 04 048 05 05 054 05 X

064 06 068 o7

2

o ==

= Space Vector Generator1 W Space Vector Generator:2 8 Space Vector Generator:1 W Space Vector Generator:2

002 004 006 008 010 012 014 016 018 020 02 024 026 028 030 032 034 036 038 040 04 044 04 048 050 05 054 05 3
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Verifying Controller

Key take-away

Simulation models are primary meant

to support V&V activities
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Verifying Controller

Overview
. : = Does design meet requirements
Functional Testing
= Confirm correct design behavior
________ —— = Verify no unintended behavior
” ~~\\
¥ \

Model used for

Textual » Executable | gy g g » production code

Requirements Specification :
generation

Modelling
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Test Sequence

Er=x=]

e o-

nnnnnnnnn

Verifying Controller

Functional Testing Process

uuuuuuuuuu

eeeee

Author test-cases that are derived from requirements Tl
— Use test harness to isolate component under test o 1 b
— Test Sequence to create complextest scenarios s
Tedt Sequence
Manage tests, execution, results
Test Manager

L]

— Re-use tests for regression Test Harness

— Automate in Continuous Integration ——
systems such as Jenkins

nnnnnnnnn
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Verifying Controller
V&Y |ourney

— Edit-time checks

Interactive testing <

Reactive Testing

Coverage Analysis \

— Requirement Proving

Code Testing “

I
I
I
: —>  Code proving
I
I

Rrooro
RPROOK
OCOoOrHHO

Static Analysis
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Agenda

From Desktop Simulation to Software Deployment CALIBRATE SENSORS

‘

ESTIMATE MOTOR PARAMETERS

‘

MODEL MOTOR & INVERTER

‘

DESIGN FOC ALGORITHM

‘

TUNE CONTROLLER GAINS

doys mopjiom

-

VERIFY IN DESKTOP SIMULATION

GENERATE CODE
= Software deployment

— Code generation

lterate

VALIDATE ON HARDWARE

I‘I‘



Simple Embedded Software Architecture

Communication
Interfaces

[T [ [ ] == COmm

1 1 |1 Drivers

Output
Drivers

4\ MathWorks:

_/ C
Actuators
e #

M Input
Drivers

Sensors ®——>

iy

o)

Special
Device
Drivers

Special
Interfaces

" $ N

o)
Most
Development

is on Core
Software

Scheduler/Operating System

And Support Utilities

Algorithms )




Integrating Generated Controller Code with an Embedded

Software Project

4\ MathWorks'

Hand

Embedded Software Project
Execute at 20kHz
Command [
‘ ADC |_. Controller PWM
‘ Encoder |—>




Integrate Generated Controller Code with Your Hand-Coded
Software Project

4\ MathWorks:

Hand

Embedded Software Project Pseudo-Code

{

main()

adclnit();
encoderlnit();
pwminit();

controllerinit();

while(1) {
}

InterruptServiceRountine()

{

readAdcCountFromDriver();
readEncoderCountFromDriver();

controller();

writePwmCountToDriver();
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Embedded Coder Hardware Support Packages

Communication

Interfaces
| Comm Core Output 4»3@)
- - D:EEEIT Drivers | | Software Drivers
. Algorithms s Actuators

d Logi
. % £ @ 9 @ E @ ISearch Documentation Pu and Logic .

B i
@ @ {0} Preferences & @ (% Community Input OE O Special

s o = Drivers Devi
Simulink  Layout [ Set Path Add-Ons Help = tequestSupport Boa Drivers
~ [l Paraliel = - v [El Learn MATLAB Il W | seees 1 specal
SIMULINK ENVIRONMENT sensors MD Interiaces
ﬁ% Get Add-Ons - L1
N Most “ 3 N
: E Package Teolbox D;v::)g:znt Scheduler/Operating System
Software And Support Utilities
Algorithms
@ Package App
4\ Add-On Explorer - O x
ﬁ Get Hardware Support Packages

Contrbute | Manage Add-Ons

S Q

Filter by Source

MathWarks 2 198 RESULTS

Community 196 Embedded Coder Support Package for Texas 4
Instruments C2000 Processors by Math\Works

310 Downloads
Embedded Coder Team )

Updated 21 Oct 2019

Filter by Category

Using MATLAB
Generate code optimized for C2000 MCU.

Language Fundamentals 4
. Embedded Coder” Support Package for Texas Instruments™
Mathematics 4 . .
C2000™ Processors enables you to generate a real-time
Graphics 3 executable and download it to your Tl development board.
Programming 1 Embedded Coder automatically
Software Development Tools 1 Hardware Support

y* ¥
\{" WANDBOARD.ORG

& TEXAS
INSTRUMENTS
@z L picozed

Hardware Support Packages: https://www. mathworks.com/hardware-support/home.htmi



https://www.mathworks.com/hardware-support/home.html
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MathWorks Tl C2000 Support Package for Embedded Coder

Supported devices:

= F2802x/3x/5x/6x/07x/004x

= F2833x/32x/37xS/37xD/38xS/38xD
= Fixed-point F280x/1x

F28379D LaunchPad

Scheduling the generated code:

= Periodic tasks

= Idle tasks

= Interrupts (Hardware, Software)
= Advanced concepts:

Pre-emptive rate-monotonic scheduler
Base rate interrupt replacement

Peripheral triggers (launch A/D
conversion from PWM)

Running on the CLA
Loading in Flash, running in RAM
Using DMA
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Supported TI C2000 drivers

C28x C28x F2&004x
A FIEIFRT.INTE A_IND [
Sw Int Trigger Watchdog ADC
Software Interrupt Trigger Watchdog ADC
- ADC’ A|O, Com parator, T o o
N GPIOx GPIOx [y
- GPIO, eQEP, ePWM, eCAP, o oo
igital Output Digital Input
- eCAN, I2C, SCI, SPI, LIN = =
. Watchdog, DMA S m e
C2Bx C28x cZBx 5
gposcntfr TS Rf:::w
- - e EP aCAP Slave selact: S.P]?E?'ES p
= Motor control position sensing o SR
. . cZBx cZBx c28
— Optical encoder (using eQEP) Joo S b gn sm b o
. Slave salect: SPISTE Slave saelect: SPISTE 12C RCV
—_ H al | sensors (u SiN g e CA P) SP| Transmit SPI Master Transfer 12C Receive
. CZBx CZ8x CZBx
— Sensorless (using SMO) swo T e
12C XMT eCAN RCV Msg P eCAN XMT
12C Tramem it eCAN Recaive eCAN Transmi it

CCP
CAMN Calibration Protocol
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Prepare the Model for Code Generation Using Supported TI C2000
Drivers Blocks

ﬁ meh_se_pmsm_fac/Current Contral - Simulink — [m] x
SIMULATION DEBUG MODELING FORMAT HARDWARE
Hardware Board @ | %E — B} @
- S -
| TIDeffino F283790 LaunchPad v | | Frdware ] R Monitor || MATLAB Build, Deploy
Settings Panel 8 Tune = | Workspace 8 Start ~
HARDWARE BOARD PREPARE RUN ON HARDWARE REVIEW RESULTS DEPLOY Y
@ 4F  Cument Control
® mcD_eeJ.lmsm_fuc 4 Cun’ent Contral b -
[w0] F2BaTx07 004
int 16
M —_——
HW Driver Blocks -M e
ADC [sensor Driver Blocks (sim)] s anc seed PU — ePWM1
- F2B3T=/07 0004
— WA
!
_ADC laby_meas_| lab 1o PU | meas_PU PWM_Duly_Cycles Iverter Signals Sitm PW_B
ePWM
i - N Bty Gl i Inverter (Code Generation) T
" J—." F2BRATw0T 004
B | |\‘ 2F EP_Pasition_Count Pos_PU PP  PU PWH_Enakbie Inverler Signais Sim =
—— P NA
A . e Inverier (Simulation) FiaM_C
ADC “ ePWM
2 Index_Lalch  EnClosedl Clossdl
| e ePWM3
HW_Inputs
o Y 7 F2837x
Input Scaling 'L
L rer_PU SCI (Code Generation) = GPIOx
_rel PU
Frp ; GPIO DO
Cantrol_Syslem g detug DRVEIDx Enable
Debug_signal
= ‘SCI (Simulation
peedR peed_Rel
a (ﬁ E Fl Debug_signals

Ready

93%

FixedStepDiscrete
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Prepare the Model for Code Generation Using Supported TI C2000
Drivers Blocks

& Configuration Parameters: mcb_ee_pmsm_foc/Configuration (Active) — ] *
Solver Hardware board: Tl Delfino F28379D LaunchPad - r
Data Import/Export . . . . ;

Math and Data Types T
» Diagnostics Device vendor: | Texas Instruments - | Device type: |C2000 -

Hardware Implementation
Model Referencing
Simulation Target

» Code Generation
Coverage (® Embedded Coder Hardware Support Package

Simscape () SoC Blockset
» Simscape Multibody

» Device details

Feature set for selected hardware board:

Hardware board settings

¥ Target hardware resources

Groups
Build options
Clocking
ADC_A
ADC_B Serial port in MATLAE preferences: |COM3 | - | | Refresh I
ADC_C
ADC D
CMPSS
DAC
ePWM
eCAP
eQEP
12C_A
12C_B

ol A

Communication interface: |serial | -

SCI module: [SCI_A -




Deployment on the Target

4\ MathWorks:

= Generate code (floating |-
and fixed-point)

R

» EE

Copyright 2020 The MathWorks, Inc.

idq ref PU

Trigger()

Duty Cycles

Ready




Fixed-Point conversion

@..F_'. ______ - Model Adwvisor

Metrics Dashboard

.* Fixed-Point Tool...
function-cal
— VehiciaSpaad o . |
Identify Modeling Clones
— VehicleSpead_CQual
Model Transformer
— YawRata P
— YawRate Qual C/C++ Code
—m] YawRate_Qual_RTEStatus o= HOL Code
PLC Code
Run_REC_1C

= Run the tool on the
system to convert

= Chose your conversion
method

4\ MathWorks

4\ Fixed-Point Tool

S B e
New Prepare  Collect
= Ranges +
WORKFLOW | PREPARE = COLLECT
WORKFLOW BROWSER

Setup

MODEL HIERARCHY
[E g Simulink Root
EH Data Objects
[ [Pa] Swc_REC_step_4_Fixed
Run_REC_10ms

Run to compare in SDI

COMNVERT VERIFY MANAGE
- System Under Design (SUD)
Select the system to analyze or convert

Selected system under design: Swc_REC_step_4 Fixed Point With_ToolsTest/Run_REC_10ms
[= Pg Simulink Root
[ [Pal Swc_REC_step_4_Fixed_Point_With_ToolsTest
Run_REC_10ms

+ Range Collection Mode

Select whether to collect ranges for objects in the model through simulation, or through static analysis that derives

(®) Simulation ranges

() Derived ranges

(_) Simulation with Range Analysis

+ Simulation Inputs

Specify inputs for simulafions. You can choose to use the current model inputs, or select a Simulink.SimulationInput object from the base

Simulation inputs: Use default model inputs - | | Refresh |

+ Signal Tolerances

Specify tolerances for signals in your model that have signal logging enabled. After simulating with embedded types, the Workflow Brows
specified signal tolerances.

Filter signal list

Signal Name Abs Tol Rel Tol
LIE_MdI_Saturation_Opp:1
Rescaler5:1

Rescalers:1
COMP_REC_YawRate_Angle 1
COMP_REC_YawRate_Angle:2
COMP_REC_YawRate_Angle:3

REC_VSpeed_map_X_kf 0
REC_YawRate_Weight 0.0048828125
REC_YawRate_SteerAngle 0.01953125
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Fixed-Point conversion

PREPARATION DETAILS -]

ETEEIETIESS O Selected system under design: Swc_REC_step_4_Fixed_Point_With_ToolsTest/tRun_REC_10ms

) Preparation Results Select a result below for more information Progress Check Details

To ensure your original design is saved before making

]
Selection Check Status
] P re are tI l e e n VI ro n I I l el I t - fixed-point data type changes, create a restore point for
Create Restore Point the model

100%

Hardware Implementation Consistency
Diagnostic Settings Check Status

Unsupported Constructs
A restore point has previously been created for this

(I

System Under Design Boundary

- -
C O n f I I e O I I O t O model. To restore the model to this state, click the
" I g r y r IJ I n S Preparation is complste for the selscted system under design Restore Original Model button.

= Accept or modify the

Results ¥ RESULT DETAILS ]

- - . -
d ata e ro OS I tl O n Setup : Name ~  CompiledDT SpecifiedDT ProposedDT  Accept SimM©@ Swc_REC_step_4_Fixed_Point_With_ToolsTest/Run
5 Preparation Results 13 COMP_REC_YawRate_Angle/Rescalers double Inherit: Inherit . fixdt{0,32,15) 0 = || _REC_10ms/COMP_REC_YawRate Angle/Rescalert
m -
£F ETselERLy 13 COMP_REC_YawRate_Angle/Sum - Accumulator double Inherit: Inherit . n/a 0
= = = : X Proposed Data Type Summary
2 COMP_REC_YawRate_Angle/Sum : Output double Inherit: Inherit ... fixdt(0,16,15) 0
T3 COMP_REC_ YawRate Angle/Switch1 double Inherit: Inherit ... fixdt(0,16,15) 0 FEpEyy  HEpESmliE e SRR
DataT fixdt(0,32,15; Inherit: Inherit
T3 COMP_REC YawRate AngleNVehicleSpeed Inherit: auto fixdt(0.16,7) M” i ux ( ) nnent innen
inimum
COMP_REC_YawRate_Angle/VehicleSpeed_Qual Inherit: aut fixdt(0,16,14)
sia g i R i g ( ) A (IR SR
] COMP_REC_YawRate_Angle/YawRate Inherit: auto fixdt{1,16,11) Precsion 3.0517578125¢.05
[ = T3 COMP_REC_YawRate_Angle/YawRate_Qual Inherit- auto fixdt(0,16,14) ‘ ,
| Settings ~ | — ] 13 COMP_REC_YawRate_Angle/YawRate_Qual RTEStatus Inherit: auto fixdt(1,16,4)
g Ranges used for proposal
PROPOSE ¢ REC_vSpead_map_X_kf fixdt(0,32.0) fixdt(0,32,15) < =l
F'FD[J-DSE' | Fraction Length - | ¢ REC_YawRate_SteerAngle Inherit: auto n/a Property Minimum Maximum
2 REC_YawRate_Weight Inherit: auto nia Shared Simul... 0 65536
| Propase signedness: | Yes - 3 VehicleSpeed Inherit auto fixdt(0,16.7) Szt L S
L \nkica@nand Nl Inharit autn fudtin 18 141 =] e
1 . - . - . 3 J D Visualization of Simulation Data usin
Safety margin for simulation min/max (35): | 2 | ¥ MODEL HIERARCHY ° 5 5 P ?
[ ¥ Simuiink Root Visualization of Simulation Data fixdt{0,32,15)
" FH Data Objects Histograms of all results in the model [=]
CONVERT TO FIXED POINT 1 ) Swe REC. step 4 Fixed
| Convert double/single types: | Yes - | (OIS (0T ] — — : : —
1 3 ° axi v :
2 o , e e I - | EEEEEEESEESE e Values | Potential In-Range Potential
Convert inherited types: | Yes - | — |0vemms s
2 Positive L1 LKl 0
= — —
Default word length: | 16 | o ] 1 Negative %0 %0 0
g Zero 230
5
Default fraction length: 4 2
g I Proposal Details
Original Data TﬂE Word Lengm Fraction Length | e | e e L. e | | [ ] (e | » There is a requirement for the data type of this result
Doubla/Singl 16 Will to match the data type of other results.
—
ENEE=Ta] 1= WErarid= | o Highlight Elements Sharing Same Data Type
Inherited — 16 Will propose
3 z 5 - Querflows
) Fixed point — No change Will propose Reprasentable
= In-Range
Underflows
14 1]




Fixed-Point conversion

= Run again with your
new datatype

= Compare
automatically with
floating point results

Run to compare in SDI

| EmbeddedRun

Simulate with

~ | Compare

4\ MathWorks

Embedded Types = Results
VERIFY
4\ Simulation Data Inspector - untitled* a X
Q =~ Baseline: | BaselineRun_3 | Global Abs Tolerance: 0] Giobal Time Tolerance 0
Inspect Compare Compare to: | EmbeddedRun | Global Rel Tolerance: 0
5 Within tolerance
@ o 0 Out of folerance
W LIE_Mdl_Saturation_Opp:1 (BaselineRun_3) W LIE_Md|_Saturation_Opp:1 (EmbeddedRun) M Tolerance
Fiter Comparisons
. LS = B )
~ Compare EmbeddedRun to Bas... @5
O M -
Rescaler5 0 0.00% 0 9
REC_VSp 0 0.00% 0 (/]
3 REC_Yaw 0 0.00% 0 (/]
+ REC_Yaw| .. 0.00% 206e03 @ 10
o
]
¢ 20
@ 30
40
Properties
T . 0.05 Q.10 0.15 020 025 0.30 0.35 0.40 0.45 0.50 0.55 060 065 0.70 Q.75 0.80 0.85 0.00 0.05 1.0
Name LIB_MdLS.. LIE_MdL_S m Tolerance m Difference
Description oz
Line — —
Override Global T yes no o
Absolute Tolerance | 0.01953125 0
Relative Tolerance | 0.00% 0.00% oo
Time Tolerance 0 0
Units o
Data Type double ADT_Pinicn
Sample Time 0.001 0.001 .
Run Compare ... Compare E
Align By Path Path 0.005
Model Swe_REC_.. Swe REC_
Block Name LIB_MdLS... LB_MALS.. o0
Block Path Swe_REC_ . Swe_REC_
Bort U g 2015

Dimensions ) 0




Deployment on the Target

4\ MathWorks:

= Generate code (floating |-
and fixed-point)

R

» EE

Copyright 2020 The MathWorks, Inc.

idq ref PU

Trigger()

Duty Cycles

Ready




Software-In-the-Loop (SIL) Testing

,[

Code

4\ MathWorks

Show equivalence, model to code
Assess code execution time
Collect code coverage

W Test
Vectors

Model

Desktop Simulation

Generator # Generated

(on PC)

4\

|

PC
Compiler

Code

Compare

m Results

|

4 Object File

Object Code
Execution (on PC)

|

[

( -

F

Results
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Software-In-the-Loop Test with Model Reference

Py tcuTestHamess * - Simulink “

File Edit View Display Diagram Simulation Analysis Code Tools Help File Tools View Simulation Help oy

E-=-8 MH@-E-RGPb - [0 ] i -@- 1900 i

touTestHarness

® L’y tcuTestHamess P

Passing Maneuver
double
Speed

>

Speed

int16

- Sim
Gear_sim

| double
Throttle Throttle Exp
Throttle 6

N Out Check

| double
SearExpected >
Gear_exp

Inputs

Gear_diff

10 15

Autosave : Backing up all unsaved models: Started 29 FixedStepDiscrete Ready Sample based | T=40.000
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Verify numerical equivalence
Assess target execution time
Collect on target code coverage

Processor-In-the-Loop (PIL) Testing

W Test
Vectors

Code Cross

Model Generator # Generated Compiler # ibfiec Fle
Code

Desktop Simulation Object Code1
(on PC) Execution (on target) Aeeet
| s L

[

( -

l Compare
m Results

Results

F
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Processor-In-the-Loop (PIL) Testing

Algorithm
4 )

ﬂﬂﬂﬂﬂﬂ

sssssssss

| K e |fee=—=—===d
. = - X
& A . 1% S R
: 2 L » i RL . mmmmemm—m——nee
3 ,“& b A B | quae
. - - e O e
g - o sl
A
\ . LY st
1 1 1 O 1 O a : _nele
'R inay

O O O 1 1 1 Y ‘;_\“ 2  L

2o bioinl

011001

Serial link

Open hardware
Or Evaluation boards
Or Production Board
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Verify and Profile Code Using Processor-In-the-Loop(PIL) Testing

The code execution profiling repo
recorded by instrumentation probe
DProfiling for more information.

1. Summary

Total ime

Unit of tme

Command

Profiling data created

2. Profiled Sections of Code

Timer frequency (ticks per second

Section

[+] Current_initialize

Current_step [3e-05 0]

Current_terminate

3. CPU Utilization

Task

Current_step [3e-05 0]
Overall CPU Unlization

Code Execution Profiling Report for
mcb_pmsm_foc _sim_v2/Current Controll

Section

Maximum
Execution
Time 1n ns

Average Ma
Execution
Time 1n ns

[+] Current initialize

2260

2260

Current_step [3e-05 0]

5135

5067

Current termuinate

540

540

3. CPU Utilization

Task

Current_step [3e-05 0]
Overall CPU Unlization

10.13% 10.27%
10.13% 10.27%

Average CPU
Utilization
10.13%
10.13%

Maximum CPU
Utilization
10.27%

10.27%
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Deployment on the Target

brary

= Use host model to
control and debug

Reference Speed (RPM)

= Validate on hardware

F v ™
8




Code Generation and Real-Time Testing in Model-Based Design

Development computer

MATLAB, Simulink,
Stateflow and other MathWorks
products.

Development computer

Target computer

Ethernet

MATLAB, Simulink, MATLAB
Coder, Simulink coder and
Simulink Real-Time

Multi-core CPU running Simulink
Real-Time kernel, FPGAs, 1/0 and
protocol interfaces

Desktop

. g Validation
Simulation

Controller(s)

1/0

HIL testing

Development computer
Physical system

Ethernet

-

MATLAB, Simulink, MATLAB
Coder, Simulink coder and
Simulink Real-Time

Hardware under test with sensor
and actuator interfaces

Controller(s)

Embedded control unit

Embedded control unit

Target computer

Multi-core CPU running Simulink
Real-Time kernel, FPGAs, I/0 and
protocol interfaces

1/0

Physical system

1/0

Hardware under test with sensor
and actuator interfaces

Controller(s)

Hardware under test with sensor
and actuator interfaces

4\ MathWorks
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Key Takeaways

= Model-based design for motor control enables you to make 50% faster time
to market.
— Various fidelity modeling of motor and inverter using Simscape Electrical
— Autotuning P1 controller gains using optimization algorithm

= Motor Control Toolbox, a new product in R2020a, enables you to minimize
development time using reference examples

— Sensor calibration, built-in algorithmic blocks, automated parameter estimation, and
gain-tuning

= Generate, deploy and validate production code
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Q&A

4\ MathWorks



