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10 Billion Electric Motors Shipped Globally in 2013

2.5 Billion in Automobiles, 30 Per Car Average

Motor for Heating fan Convertible roof

. Circular pump for stationary
stationary heating system Sliding roof

heating system
Idle position
Cooling fan for air adjustment system
conditioning system

Heating and air

Tailgate closing
conditioning system

Rear windscreen

wiper
Wipers
Ergonomic backrest, Fuel pump
headrestadjustment Beltsystem
Circular pump for he_atln_g Seat control
and cooling water circuit
. . Headrest adjustment
Engine cooling fan
Backrestadjustment
Starter
Alternator, Rear seat adjustment
generator

] Active suspension
Mirror

adjustment

Steeringwheel,
adjustment

Window winder
Scavenging pump,

Door closing
high-pressure pump

Headlight range

Centrallocking
adjustment unit Headlight cleaning

system
ABS  Arial EPS

Headlight tilting pump  drive drive

Motor Control



General Purpose and Integrated Solutions

Target Markets

Primarily Body Electronics

Lighting Body Controller HVAC

Actuators and Sensors

Doors/Seats Sensors Pumps/Fans

2 PUBLIC

Products

S32K

The First Automotive MCU
Designed for Software Engineers

MagniV

Shrink your application with MCU
+ HV analog integration

Technology

SW

ARM Cortex
Architecture Tgols

General Purpose

+
HV analog

Integration

Integrated

P TFS Flash




NXP S32 Automotive Processors
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Existing Products

ARM-based processors

MPC57xx, MPC56xx, MPC55xx MCUs
Power Architecture®-based processors
S12(X) MCUs

S12 MagniV mixed-signal MCUs

Image Cognition processors
Kinetis auto MCUs (KFA)

S08 MCUs \
ARM Cortex-based MCUs

MAC57Dxx MCUs

New Products

_ S$32 Automotive
Processors

T~ 332K

Others _



Introducing S32K — The First Auto MCU designed for SW
Engineers
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Most Scalable Portfolio Superior Performance Reduce R&D cost and
16K to 2+Mbyte and Features Time to Market _
hardware and Best low-power, With new S32 Design
software compatibility functional safety and Studio and |
for maximum reuse security features, Software Devt Kit
and scalability system cost savings (SDK)
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KEA / S32K / S32M Scalability
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ex-M4 FPU

Advanced data processing
Bit field manipulations

General data processing

1/O control tasks

PUBLIC

Cortex-M3 8

Cortex-M4

Common peripherals

ISO CAN-FD A
Security
LIN / UART
SPI1/12C
Timer

ADC

Clocks #

8 KB to 2 MB+ Flash
16 to 176 pins

ARM® Cortex®-MO0O+ up to
M4F

Pin and IP module
compatibility within the
product series and with
KEA products

NX




S32K Microcontroller Performance And Features

Superior Performance
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High speed ARM Cortex-M4F CPU with
DSP functionality

IEEE-754 HW floating point unit without
SW overhead

Harvard architecture accelerates
data handling

16 bit instruction set (THUMB 2) —
~31% reduced memory usage

Combined D/l cache for direct execution

Concurrent, low latency bus accesses
over crossbar

Parallel DMA operation

Dedicated EEPROM to support read
while write

100Mbit/s Ethernet
IEEE 1588 Time Stamping

H Highest Energy Efficiency

Low leackage technology

Multiple low power modes

Internal oscillators e.g. 48MHz 1%
Best in class STOP current

wi Future Proof Features

CAN with Flexible Datarate (FD) option
according to ISO/CD 11898-1

HW motor control support (BLDC/PMSM)

1ISO26262 compliance (ASIL-B)

Communication protocol emulation
module (FlexIO)

HW security engine

h
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General Purpose Automotive 16/32bit

- First Auto MCU designed for SW engineers

. S Security Safety
Reducing time-to-market by months and quarters Hardware Support 1SO26262
- Moving to ARM Cortex architecture
- Future-proofing through superior performance ../
and advanced feature set A

A

Software Comm protocols
Development Kit ISO CAN-FD

MP C5xxx
#2 In 32bit auto

Integration

#Lin 160t auto _ARM @ r;TI
N

Se

#2 in 8bit auto

v

Time

h
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S32K Microcontroller Solution Offering

Hardware Platform + Software
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- Low cost development board
compatible to Arduino shields

- Onboard debugger and system
basis chip

- Full-featured, no cost
development platform (S32 DS)

- Production grade NXP Software
Development Kit (SDK)

- NXP libraries e.g. Core Self Test,
LIN Stack, Automotive Math and
Motor Control Library
- Autosar 4.x MCAL and OS

Full Hardware evaluation and Complete software package to
Development Platforms streamline software development
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+ Ecosystem

ARM
©IAR

SYSTEMS
L
Green Hills

SOFTWARE

‘ osmIC
Nofiunare

- IAR and Cosmic toolchains, more
to follow

- Including community software —
FreeRTOS

- Design services

- Training

- Arduino shields

Technology alliances for
building smarter, better

NX



Motor Control With S32K

Target Application:

HVAC Blower
Wipers
AC Compressor

Benefits:

Flexibility
Multiple compatible
devices & packages

Enablement:

Hardware
Eval board
MC Development Kit
NXP Freedom+ board
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Fuel
Water Sliding Doors
Oil Powered Liftgate
Pump

Scalable
Performance 256 K to 2 M Flash
Lower power CAN FD & LIN
High temp (Ta 125 °C) Hardware & software
re-use

-.;'w: =~ vy
NS . A

SYELE Libraries
Development Optimized math &
Production motor control
Compiler, debugger algorithms

h

P



Integrated Solutions — MagniV

. Saves 20% PCB/module size Single Chip Integration of MCU + HV Analog

- Improves manufacturing efficiency VREG MOSFET
. I i1 fi i Gate
Simplifies system design LINICAN Phy g

e siozvm @

Driving Vehicle o Enabling

O 24V systems, ARM Electrification Miniaturization
Cortex, security —~—

O 12V BLDC/PMSM | |
CTm—-

motor control '

O™ Window lift, DC motors N——

Integration

n
>

Time
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S32K144: Overview

ARM Cortex-M4F
32-bit processor HSRUN=112MHz,
RUN=80MHz
Harvard architecture w/ 3 stage pipeline
HW multiplier & divider (32/64bit result)
Floating Point Unit (FPU) (single float)
Extended Thumb2 DSP instruction set
Nested Vectored Interrupt Controller
(NVIC) with up to 240 interrupts w/ 16
configurable priorities
Awake Interrupt Controller AWIC
Memory Protection Unit (MPU)
SWD & JTAG debug interfaces
System
System Integration Module (SIM)
Power Management Controller (PMC)
Miscellaneous control module (MCM)
Crossbar switch (AXBS-Lite)
Peripheral bridge (AIPS-Lite)
enhanced Direct Memory Access controller
(eDMA)
DMA multiplexer (DMAMUX)
TRGMUX
Cyclic Redundancy Check (CRC)
Software Watchdog (WDOG)
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Core System Memories
ARM® Cortex®-M4F SIM Flash
112MHz, FPU, DSP, MPU, 512KB
4 KB I/D-Cache PMC (2x256KB)
SWD NVIC L _mem | [ cre |
AXBS-Lite SRAM
JTAG AWIC 64KB
EEPROM
DMA | WDOG | 4KB
Security . Comm.
and Integrity AT UL Interfaces
CRC | | 2x12bitADC | | 4x8chFTM |
MPU 1 x CMP | 2 x 8ch PDB |
ECC w/ 8-bit DAC | LPIT |

Memories
512KB Flash memory
64kB SRAM
4kB EEPROM
Communication Interfaces
3x LPUART
1x LPSPI
1x LPI2C
3x FlexCAN
1x FlexlO
(configurable for UART, SPI, 12C & 12S)
Analog Peripherals
2x 12bit ADC w/ up to 16 channels
1x CMP w/ 8bit DAC
Timers Peripherals
«  4x FTM with 8 channels
2x PDB with 2 channels
Low Power Interrupt Timer (LPIT)
Low Power Timer (LPTMR)
Real Time Clock (RTC)

h
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S12ZVM: Overview

Internal RC osc. New S12Z CPU Safe RAM Flash& EEPROM Voltage Regulator
* +/-1.3% over tmp * Up to 100MHz ECC *ECC * Boost Option
* 32-bit ALU & 32-bit MAC unit, * Memory Protection » Support for external ballast

Window Watchdog + Optimized 32-bit math. operations * Margin Read transistor
* independent RC osc * Vbat sense

Sensor Supply Charge Pump

» Optional to support 100% duty
cycle
2 UARTs KWU

* ne linked to LIN Phy o Gate Drive Unit
- 2nd as test interface Charge Pump Operational from 3.5V to 26V

VREG (svvpbpX, VLS, vDD sensor)

Multiple timers ifelele Bootstrap circuit based
« |OC/periodic wakeup SPI éﬁv Vreg :
: SCI ase comparators
CAN Option 8 KB RAM GDU Desaturation comp. for HS/LS
« CAN controller SCI LIN protection

Two 12bit ADC TIM 4ch/16b 512Bytes Physical 3-phqse/ Under-/Over-voltage detection

EEPROM Interface H-Bridge DC-link and phase voltage
MSCAN Predriver internally accessible on ADC
* Selectable HS/LS slew rate

» List Based Architecture
allows flexible definition of
order and number of PME
conversions PTU 6-ch

» 2.5us conv. time PWM

Programmable Trigger Unit PWM Module LIN Physical CAN Support Current Sense Amplifiers

« Synchronize ADC to PWM « Complementary mode with Interface » 5V Vreg controller * 2-shunt system supported with

» Trigger Command list with up to 32 deadtime ctrl. « 250kb/s fast mode for external additional selectable over-current
triggers per cycle * Fault protection s +/-6kV transceiver protection comparator
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S32K144
MOTOR CONTROL SPECIFIC
HIGHLIGHTS
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Dedicated Peripherals Needed for 3ph Motor Control
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ADC Module

- We need to measure DC Bus voltage, Back-EM voltage, phase
currents, DC Bus current, heatsink temperature

PWM module
- We need to generate 1 up 8 PWM according to motor type
Timer/Quadrature decoder

- We need to measure speed and rotor position from different
sensors (hall sensors, quadrature encoder, tacho generator, sin/cos
interface, etc.)

Built-in Comparator

- We need to detect fault conditions (over-current, over-voltage)
- Allows to eliminate external comparators

- Build in DAC allows SW control of fault level

User interface

- Communication interfaces, if required (SCI, SPI, CAN, 12C)

- GPIO pins

PUBLIC
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S32K144: Motor Control Loop Implementation

CMP

* InMC as a fault
protection unit

 Upto 8 channels
some shared with
ADC channels

e 8bitinternal DAC

FTMO0/1/2/3

* Various PWM modes

* Sync of double
buffered registers

* Double buffered
registers with various
sync schemes

* Fault control

« SW Control &
Masking

» Triggers generator for
PDB or directly for
ADC
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ADC Inputs

CMP Inputs

TRGMUX

Each peripheral has 32-bit
trigger control register

Each control register
support up to 4 triggers

Each trigger can be
selected from up to 64
inputs.

PDBO0/1

« 16bit delay and
triggering unit for ADC

« Two channels and each
channel has 8 pre-
triggers

» Back-to-back operation

« DMA support

ADCO0/1

« 12bit resolution

 Upto 16 channels some
of them interleaved &
shared with analog CMP

 HW average function



S32K144: FlexTimer module (FTM)
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4 x FTM, with 8 channels (inputs/outputs)
FTM has a 16-bit counter

Each channel can be configured for input capture, output
compare, or PWM generation

New combined mode to generate a PWM signal (with
independent control of both edges of PWM signal)

Complementary outputs, include the deadtime insertion
Software control masking of PWM outputs

Up to 4 fault inputs for global fault control

The polarity of each channel is configurable
Synchronized loading of write buffered FTM registers
Write protection for critical registers

Backwards compatible with TPM

Quadrature decoder mode to process encoder signals

PUBLIC

Up counting mode - Edge-Aligned PWM
ELSnB:ELSNA =1:0

CNTIN
counter overflow counter overflow counter overflow
— = peripd ——— | -
pulse
width
Y Y Y
channel (n) output __ | \_
| * J
channel (n) match channel (n) match channel (n) match
Up-down counting mode - Center-Aligned PWM
ELSNnB:ELSnA =1:0
MOD
C(n+1)V
CNTIN
counter overflow channel (n) match channel (n) match ~ counter overflow
FTM counter = (FTM counting (FTM counting FTM counter =
MOD is down) is up)
| '
. | l
channel (n) output
}"— pulse width —>
2 x (CnV - CNTIN)
[ period >|

2 x (MOD - CNTINCNTIN)

h
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S32K144: FlexTimer module (FTM)
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4 x FTM, with 8 channels (inputs/outputs)
FTM has a 16-bit counter
The counting can be up or up-down

Each channel can be configured for input capture, output
compare, or PWM generation

New combined mode to generate a PWM signal (with
independent control of both edges of PWM signal)

Software control masking of PWM outputs

Up to 4 fault inputs for global fault control

The polarity of each channel is configurable
Synchronized loading of write buffered FTM registers
Write protection for critical registers

Backwards compatible with TPM

Quadrature decoder mode to process encoder signals

PUBLIC

MOD—
Cin+1))v—*
CnV=-C(n+tl))V—*
CNTIN =-MOD—

channel (n)
& (n+1) outputs

Center-aligned PWM

e

e e

]

Complementary mode of Center-aligned PWM

MOD —*
C(n+l)v — *
CnV =-C(n+1)v —

CNTIN =-MOD —

channel (n) output

channel (n+1) output

e

e e

Deatime

h
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S32K144: FlexTimer module (FTM)

- 4 x FTM, with 8 channels (inputs/outputs) 0 60 120 180 240 300 360
- FTM has a 16-bit counter e

Commutation

venis I \ \ \ \ l | \ o \ \ l l \ l
. The counting can be up or up-down e jﬂ%é _&%@ _\%@ E@ ﬁ%% _%@%
. Each channel can be configured for input capture, output "
compare, or PWM generation & \A A \4 A& \& A& \& \ & &\ & (& \
New combined mode to generate a PWM signal (with i

independent control of both edges of PWM signal)

. . . . S A-oft A-off
Complementary outputs, include the deadtime insertion
S\ I‘I n n I'I I'I n n I‘I A-off I I A-off
) Si B-off B-off
Up to 4 fault inputs for global fault control — = '
: : : S - S .
- The polarity of each channel is configurable "~ = s = —
Synchronized loading of write buffered FTM registers | ]
C-off C-off
Write protection for critical registers . j:’l e—— [LILLILTLILILS
: : "
BaCkwardS Compatlble Wlth TPM Applied OUTMASK: 0x34 0x1C 0x13 0x31 0x0D 0x07 ¢
Quadrature decoder mode to process encoder Signals Applied SWOCTRL:  0x0808 0x2020 0x2020 0x0202 0x0202 0x0808
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S32K144: FlexTimer module (FTM)
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4 x FTM, with 8 channels (inputs/outputs)
FTM has a 16-bit counter
The counting can be up or up-down

Each channel can be configured for input capture, output
compare, or PWM generation

New combined mode to generate a PWM signal (with
independent control of both edges of PWM signal)

Complementary outputs, include the deadtime insertion
Software control masking of PWM outputs

The polarity of each channel is configurable
Synchronized loading of write buffered FTM registers
Write protection for critical registers

Backwards compatible with TPM

Quadrature decoder mode to process encoder signals

PUBLIC

FTM3_FLTOSEL
FTM3_FLT1SEL
FTM3_FLT2SEL

hw _trig
Ps= fau it

init_trig

pfault! FTM3

= fault2
betm fALIIE3

ext_trig

h
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S32K144: Analog to Digital Converter (ADC)
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Up to 16 single-ended external analog
inputs some of them can be hardware
interleaved:

~  ADCO_SE4 and ADC1_SE14
_  ADCO_SE5 and ADC1_SE15
ADC1_SE8 and ADCO_SES8
ADC1_SE9 and ADCO_SE9

Self-Calibration mode
Single or continuous conversion
Hardware average function

Automatic compare with interrupt for less-
than, greater-than or equal-to, within range,
or out-of-range, programmable value

Programmable sample time and conversion
speed/power (For short sample and 50 MHz
frequency T,,,, = 0.99us)

DMA support

PUBLIC

ADHV:TSA— SC1A
L ] —’ * -
Conversion
ADHWTSn—| trigger SCin
control ADTR
ADHWT ——P <—|G
Compare true @—; Control Registers (SC2, CFG1, CFG2)
- - Lo 4+ & o
a3l & 2 =| il _
1= #E gE s 2l &
sl = = = F = 2
i gl 2 <
| > y y 5 A
nterrupt < RIS «— ALTCLK{
MCU STOP - Control sequencer divide ¢—— ALTCLK2
A 4 ¢—— ALTCLK3
\ HE AEE «————— ALTCLK4
el
£l 3 S | &5 #
. 4 Y-V w
ADO DT ADVIN PP R
AD7 OO SAR converter B3 gk (1
FORCE >
SENSE v
BNGP f
VREFH ‘
VREFL oFS
AD12 | Offset subtractor  [€—] ADCOFS e
TEMPSENSE : / v o
i S
Averager AR sC3
>
& v
w
- : MODE
> Formatting CFG1,2
V RepO— D RA
VarrHO———
transfer -
= T Rn
¥ - ACFE
V REFL Compare <__ACEGT ACREN sc2

logic Compars true > @

cn A Acy;

cvi:cvz

h
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S32K144:. Programmable Delay block (PDB)
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One PDB is associated with one ADC

One 16-bit delay register per pre-trigger output

Optional bypass of the delay registers of the pre-
trigger outputs

Operation in One-Shot or Continuous modes
Optional back-to-back mode operation

One programmable delay interrupt

One sequence error interrupt

One channel flag and one sequence error flag per
pre-trigger

DMA support
Up to 8 pulse outputs (pulse-out's)

PUBLIC

chi_tng

R c_pretrigd

ratriaz] 4 Ch0_peelrig2

Jch0_protrig?

3] 1 <hO_peelrigd
Jcho_pretrip
§ch0_pretrigs

A o LS
. cho pfetnﬂ

Jeh0_peatrig?

PWM

| I—

FTM_init_trign

PDB_trig_in !_l
|

PDB_ch0_pre_trig0 | |

1

]
iy

PDB_chO_pre_trig1

PDB_ch0_pre_ trigZ

PDB_chO_pre_ lrig3

PDB_ch0_trig_ outﬁj—l_ﬂ_,_l—l_v

N f



S32K144:. Programmable Delay block (PDB)

8s
- Upto 2 trigger input sources and one software /*'(;5?3932%/‘ \
trigger source /PDBOCHO X /PDBOCHO N
- One PDB is associated with one ADC e A \\"'?_’fg_g“’.'.’/ i - 5
: : e
- Each PDB has up to 8 pre-trigger outputs to trigger ( ;??fg‘;;‘;/ (;5?&333 )
ADC channels independently % e = 8 P s 3
One 16-bit delay register per pre-trigger output a4 \P’"‘“QWS/
Optional bypass of the delay registers of the pre- e (;23?9‘;;3) /

trigger outputs

. . . Back-to-Back Operation
Operation in One-Shot or Continuous modes P

FTM _init_trig |_

PDB_input_trig |_

One programmable delay interrupt

One channel flag and one sequence error flag per '

e ADC_ADHWTSO0 [ ]
pre-trigger — |

ADC conversion delay
DMA support ADC_COCO[0] ) Acknowledgement
Up to 8 pulse outputs (pulse-out's) PDB_ch0_pre_trigl ] for PDB
ADC_ADHWTS1 |_|
ADC conversion delay
+—>
ADC_cocOaf1] "\ Acknowledgement

22 PUBLIC J for PDB
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S12ZVM
MOTOR CONTROL SPECIFIC
HIGHLIGHTS




S12ZVM: Motor Control Loop Implementation

One control cycle can be a PWM cycle or a number of PWM cycles

~ ~

Trigger RAM Command Result
List(s) List (s) List (s)
(<=32) (<=64) (<=64)

ADCO
Analog

Digital
PMI_: PTU Converter
Pulse Width
Modulation
With Fault

Program
mable

Trigger
Unit ADC1

Analog
Digital
Converter

GDU

Gate Drive
Unit
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S12ZVM: Programmable Trigger Unit (PTU)

Completely avoids CPU involvement to trigger ADC during the control cycle

One 16-bit counter as time base for all trigger events
Two independent trigger generators (TG)

Up to 32 trigger events per trigger generator

Trigger Value List stored in system memory

Double buffered list, CPU can load new values in the background

Software generated “Reload” event
Software generated trigger event

Global Load OK support, to guarantee coherent update of all control
loop modules [ ———m e ControlCycle _ _ _ _ _ _ __ >

Delay T2
Delav T1
Delay TO I
|

|

|

|

, |

f outgoing trigger events t *

reload event

-y

PUBLIC

RAM

Trigger Value Lists

PTU {PTUTO

Trigger Generator
(TG) 0
Trigger Generator
(TG) 1

Bus Clock

§PTURE

XPTUT1

PWM Reload Event
Time base

Counter )
Async Commutation

Event



S12ZVM: Pulse Width Modulator Module (PMF)
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6 PWM channels, 3 independent counters

- Up to 6 independent channels or 3 complementary pairs
Based on core clock (max. 100MHz)

Complementary operation:

- Dead time insertion

- Top and Bottom pulse width correction

- Double switching

- Separate top and bottom polarity control

Edge- or center-aligned PWM signals

Integral reload rates from 1to 16

6-step BLDC commutation support, with optional link
to TIM Output Compare

Individual software-controlled PWM outputs
Programmable fault protection

PUBLIC

Complementary Mode
with / without dead time insertion

!
!
i
' '

PRI TENIINE —\_,_1 | | [ | —
PHANY. NO DEADTHE _l'_l_l l r ! I [_

Double-Switching Mode
for single shunt system

EDGEA~O 8 ) [

PECA=I

PWMO (PINV=0)

PWMO (PINV=1)

h
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S12ZVM: 12-bit SAR Analog-to-Digital (ADC)

27

- 2independent converters:

- ADCO (5 ext ch. + 5int. ch.)

- ADC1 (4 ext ch. + 4int. ch.)

2.5usec conversion time

List Based Architecture

- Double buffered lists -> CPU can load new
values in the background

- Flexible conversion sequence definition
and oversampling.

Can be triggered by PTU, for accurate synch
with PWM

DMA taking commands from SRAM /NVM
and storing results back into SRAM

PUBLIC

RAM / NVM RAM

Command Result Value

Sequence List (RVL)
Sys List (CSL)

Clock

Result 1

Result 2
I
IR

Result 64

N
R
Command 64

—
Next -
h

Restart Trigger Control Unit

SAR & C- I

DAC

Abort

Sample & Hold

Internal ADC channels



S12ZVM: Gate Driver Unit (GDU) — Overview

FET pre-driver for 6 N-ch power MOSFETs (3 high-side, 3 low-side)

- 11V regulator to drive external FETs VGS
- Bootstrap circuit for high-side drivers
- Optional charge pump to support static high-side driver

operation

- Phase comparators to signal BEMF zero crossing
- Option to route DC Link (HD) or Phase voltage

measurement to ADC

- Two current sense amplifiers feeding ADC
- Over- /under- voltage monitoring
- Short circuit protection by monitoring VDS for both LS/

HS

- Step-up (boost) converter option for low supply voltage

28

operation

PUBLIC

‘‘‘‘‘
.....

vssB

BS7

ce

vcp

st Conv
Opbon

vsup '

VLS OuT t

AMP(1:0] |

AMPP[1:0) | |

h

HD

VBS[2:0)

HG[2:0]

HS5([2:0)

VLS{2:0)

LG[2:0)

L5{2:0]

P



MOTOR CONTROL TECHNIQUES




Electric Drive General Concept

Request
—— MCU

30

PUBLIC

Electric Drive P

Electric energy n= — [%l]

Control
commands

= Ul

in

3 Power
Inverter

®, 0 A T

lpn: Unc

Feedback signals

Mechanical energy

PM motor control strictly requires
the information about the actual
rotor position and speed.

According to the rotor position and
speed loop:
« Sensored control

(resolver, encoder, hall ...)

 Sensorless control

h
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Electric Drive General Concept

PM motor control strictly requires
the information about the actual
rotor position and speed.

Electric Drive P
Electric energy n=— [%]

According to the rotor position and

|
|
|
|
|
|
|
Control P.. = Ul : speed loop:
commands ;= Sensored control
I (resolver, encoder, hall ...)
Request eU 3 Power :
I Inverter : - Sensorless control
: [
| @0 :
L T""“‘ Yoe B Our Main Focus Today!
I Feedback signals I
|
| |
L e e e e e e e e e e e e — - -

Mechanical energy

A
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BLDC 6-STEP COMMUTATION
CONTROL

SENSORLESS




BLDC 6-Step Commutation Principle

- Stator field is generated between 60° to
G (PWM) 120° to rotor field to get maximal torque

_ (@ 90°) and energy efficiency
I Running

Direction

Lb’

- Six resulting flux vectors defined by the
Six voltage vectors to create rotation

R e I G
\‘\ N L I 30 60 90 120 150 180 21 240 270 300 3 360 390
c GN\Np (PWM) |

—id0
— A

Gi\p (PWM)

Current behavior during the commutation
. Six Step: 0° => 60° => 120° => 180° => 240° => 300° => 360° => 0° => ... \ ¥ 4
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Complementary/ldependent Unipolar PWM Switching

DC BUS voltage

losses

h
P

* Low EMC noise
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Complementary/ldependent Unipolar PWM Switching

- Apply SW control to grounded phase

- Apply Mask to disconnected phase

35
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Commutation

events

SAt

SAb

SBt

SBb

SCt

SChb

60° 120°

180°  240°

|

3000

A \E[AN 2 \4 &
&) o _[EpEha| v _[Ea)d
M

& ) R
,L‘L]"\LE RE S SIE

s
P H o 13
(o

1

360°

i

v

v

v

v

v

= )

S s

v

DC BUS voltage

i ! !
Cf ICE IR
- R, e A

SAt J SBt SCtl
SAb | SBbF SCh)|
o

s a
1< &0k U
N~ N A S

B
/Q}&‘LQC
One phase powered by

complementary PWM
signal,

second phase grounded:

* Low MOSFET switching
losses
* Low EMC noise
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Back-EMF Zero-Cross Events and Commutations

l Sector 1 ¢ Sector 2 ¢ Sector 3 l Sector 4 ¢ Sector 5 ¢ Sector 6 ¢ Commutations

® 7ero-cross
event

Lt 11T

Relationships:

phase voltage
—_—>

» On constant rotor speed:
. commutation period = zero-cross period

* zero-cross event occurs in the middle of two
commutations (on ideal motor)

BEMF

I
I
I
I
: evaluation window
Wh : n | " | " | " ‘ "
I
I
I

b AU P

(Tz¢ — Tzc-1)
2

Teyr = Tzc + AdvanceAngle

mmmmm L

T,c — time of actual zero-cross

T,c — time of previous zero-cross

Temt — time of next commutation

I time AdvanceAngle - constant in the range 0.7 to 0.95
> (depends on motor parameters)

[
Commutation Zero-cross Toe Tewr
period period ‘
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Measurement During PWM Switching

SAtop
Phase A
SAbot

SBtop
Phase B
SBbhot

SCtop
Phase C

SChbot

commutation

y

DC BUS
current

Phase
current
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DC BUS voltage

Top MOSFET is ON:

+ Phase current can be measured by
DC BUS shunt resistor

+ Back-EMF voltage can be
measured both positive and

GND

Top MOSFET is OFF:
— Phase current can NOT be
measured by DC BUS shunt resistor
— Only positive Back-EMF voltage can
be measured (zero-cross can not be

SAtop |\ [ _____ ___________________ 1 OFF [,
SAbot [ OFE o _______ P L,
SCtop — OFF ->
SCbOt ——————————————————————————— ;— ON——————=—=—=——"=—"=—"=—"=—"—"—"—"—"—"—"—"—"—"—-"—-—-— | g
Phase Phase Phase i Phase Phase Phase
A B C : A B C
DC BUS > ] ) ! DC BUS ] i
voltage * l " l " l | voltage 0 l o l o l
éﬁ | g N é? N ! éﬁ N f-g? N é? N
n @) 0 i % @) [0
& & Q9 ' & Z Q
S S S : S S I S T
GND ' GND e |
— :
BEMF I BEMF
v voltage | * voltage 4

negative

precisely measured)
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Back-EMF Voltage Measurement

Back-EMF voltage can not be measured within all
the active PWM pulse as there is switching noise
and resonance transient at the beginning of the
PWM pulse

Back-EMF ‘ pr—
voltage ey | =)
unpowered — - N
phase g - g
PWM ‘ \ -
powered
phase S~ — - o
S
aSkHzAVQ---
.h---—i E
416!0-12'{\ . o
Kmemm \r
. Lot
Resonance transient on ;
Back-EMF voltage depends IR W
on motor and power stage | :
parameters [\
Pesssmeasam ) —
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SAtop
SAbot

SCtop
SChot

motor phase
resonance

!

switching

PWM to ADC

noise spikes

ADC sample
point

delay by PTU

-1 ---

» Back-EMF voltage
measure window

» Time of Back-EMF voltage
sample point is used to
calculate exact time of the
Zero-cross

Measured Back-EMF
voltage

h

P



Zero Cross Linear Interpolation

minlal;

M-
I} | |! I |

39
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Rising Back-EMF Voltage ADC samples interpolation

1}c: ADC —

BEMF, —DCBUS/?2

BEMF, — BEMF; ,

“TpwMm

Falling Back-EMF Voltage ADC samples interpolation

Tﬁzz ADC —

DCBUS /2 - BEMF,

BEMF;_, - BEMF;

*Tpwm
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BLDC Motor Startup States

The open-loop starting sequence ensures motor running at enough high speed and so the zero-cross events can be
successfully detected and sensorless closed loop control can follow.

speed |
Alignment : Open Loop Starting : Run
DeSired ___________ _:. ________________ :_ -—— - — e =
Speed I I
+Vp (PWM) | :
. Lbl Starting | |
vector : Open Loop: : Closed Loop:
________ I Commutation time I Commutation time calculated
Ap b/ N ! calculated base on I base on Back-EMF zero-cross
/ L i i !
(PWM) Aligr;\ineclsqtND' acceleration equation !
I I
Vector .
Startspeed | L ' Required speed
in sensorless |
close loop |
I
, Real speed
I
I >
1 1 .
I I time

40 PUBLIC

h

P



S12ZVM: BLDC Sensorless Control Block Diagram

MC9S12ZVM Board 3-phase Inverter

Power line

VVY VYVYY vyvvVv VYVVY VY
—>  ADC Module 0 nase Yoltage |Ph.Comp.
Trigzl?arcs C Bus Voltage| MuXx GDU
— ADC Module 1 CBus Current/Current Amp.
A A A A 4 A
BEMF DC Bus
Voltage Voltage ¥
Zero Crossing Period &|_| || Commutation PME L PTU
Position Recognition Control Comm.
Sequence | |
A
. Actual cDulty l l
On-ChIp Required DC Bus Current yee ADC T
Debugging BDM v DC Bu; ) p— riggers
Freemaster < > 1T Current Limit -E o\ ol Cantraller ___I I
I ActualSpeed .
Limitations
Su perior ) R LIN Required Speed ";é . Speed
System Module Pl Controller
S12ZVM
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S32K144: BLDC Sensorless Control Block Diagram

42

Power line

On-Chip
Debugging
Freemaster

Superior
System

PUBLIC

Motor Control Shield

=%  ADC Module 0

Triggers
[e]¢] >

ADC Module 1 "

BEMF DC Bus
Voltage Voltage

DC Bus Voltage
C Bus Current

Mux
Current Amp.

3-phase Inverter

Driver

» TRGMUX

Zero Crossmg Period & R Commutation S
» " —_— FTM3
Position Recognltlon Control Comm. -
Sequence LL
A
Duty
Actual Cycle
. DC Bus Current
d Required
BDM e Current |
< > UT Current Limit + _
> » Pl Controller
I ActualSpeed
Limitations
« R LIN Required Speed té R Speed
Module PI Controller

<+——PDBO0 *+
<+——PDB1 +

ADC Triggers

S32K144




S127ZVM: Modules Involvement in BLDC Control Loop

Async

commutation \1,
event |
PWM reload

N

TIM

PMF

1r A " or L N

PWM Atop | |

PTU reload ‘lf

PTU ; o
| T1 1 ‘l, ;

Measured i i |

Fam)
L

BackEMF : /™~ B—
voltage | | ADC1 *\
! trlggerl_: : !

Measured 10 ‘L 10 ,.\%\

DCBus | . St
: trigger 1 _ 1 i b | ADCO0/1 !
> ADC 0 e Lo conversion !
ADCO i \conversion A time :
| i 1 _time r !
: < > ! ADC1

interrupt
Measured
DC BUS
current
(average
value ! sample sample |

. time time

1

1

1

1

1

I|/

IA/

|4 ADCO Interrupt Service Routine

:( Zero-cross detection )

b
|

CPU

R4
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S32K144: Modules Involvement in BLDC Control Loop

44

PUBLIC

FTMO

FTM3 l

ADC1 |

ADCO !

PDBO/1

Async

commutation \1,

event

PWM reload ‘1’

PWM Atop | >

sample
time

1
sample |

time

PDB reload \ly
' Tl 1
Measured i L
Back/EMF : /= e
voltage r/ ADC1 *\
trlgger 1;: : :
: TO 1 ¢ TO 2| ¢ _
Measured ! S~ T >
DC Bus SRR
voltage ADC 0 ADCO | !
ADEO : ! ADC 0/1
rigger : ADC 0 %i Cont\i/r%r:ion :
rconversion |
! time _ ¢
<> ADC1
i | interrupt !
Measured |
DC BUS :
current |/
(average
value EA/ADCO Interrupt Service Routine

:( Zero-cross detection )

b
|
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FIELD-ORIENTED CONTROL

SENSORLESS

N



Field Oriented Control Principle

All is about magnetic fields interaction! T, =c-Wr X ¥ =c-|Wr| X |¥] - siny

- The torque/force is produced when both

- Having the stator magnetic field leading ‘N ¥,

- Then FOC is to control the torque

46

- Rotor Magnetic field
- Stator Magnetic field

fields form an non zero angle

the rotor magnetic field we form an

el. motor I —— |

- thus also the mag. field angle
- by strength of the rotor mag. field and

- by strength of the stator mag. field FOC allows to control the motor at max(T,).
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Why Field Oriented Control?

For a PMSM motor the 3 sinusodal phase currents have to be controlled to create a flux vector which is

perpendicular to the rotor flux current

« To control the three sinusoidal currents independantly would be a very complex mathematical task

* FOC simplifies the math by transforming the 3 phase system (abc) to a two phase (dq) DC system viewing angle

* FOC decomposes the stator current into two components:

* ip — Flux-producing component
* Io — Torque-producing component

* Better performance
 Full motor torque capability at low speed
» Better dynamic behavior
 Higher efficiency for each operation point
in a wide speed range
» Decoupled control of torque and flux
» Natural four quadrant operation

47 PUBLIC

The “q” axis is the axis motor
torque along which the stator
field must be developed

N
.
L ..\-

PMSM phase currents

Rotor with PM

Axis of phase b

Axis of phase c

The “d” axis refers to the
“direct” axis of the rotor flux

Axis of phase a

Stator windings

¥s
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Field Oriented Control in Steps

w

N o b

48

WO AN — PN~

E

[ X [~ E— |~
Phase A o d d o Phase A
3-Phase Stationary Rotating
Phase B
ADC to B to q 9 to B SVM Phase B
Phase C | 2-Phase Rotating —| Stationary Phase C
T T
3-Phase AC System ! 2-Phase AC System 2-Phase DC System 2-Phase AC System ! 3-Phase System

Measure obtain state variables quantities (e.g. phase currents, voltages, rotor position, rotor speed ...).

Transform quantities from 3-phase system to 2-phase system (Forward Clark Transform) to simplify the math - lower
number of equations

Transform quantities from stationary to rotating reference frame -
“rectify” AC quantities, thus in fact transform the AC machine to DC machine

Calculate control action (when math is simplified and machine is “DC”)

Transform the control action (from rotating) to stationary reference frame Transformation benefits:
Transform the control action (from 2-phase) to 3-phase system * Reduce 3ph system to 2ph system
Apply 3-phase control action to el. motor * Eliminates the AC component

N
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FOC Design - 2-phase PMSM Model

- Considering sinusoidal 2-phase distributed winding and neglecting effect of magnetic saturation and
leakage inductances

— Stator voltage equations
B ¢ ‘ Forward Park I
— u i
(24 — R -Ot d WO!
LJ LJ dt L’J

Stator linkage flux
¥, L, 0|1, cos b,
v, [0 i [ ¥heol|

Sp S B > sin ere

Internal motor torque
3 pp (u

3 . .
A+ u,ﬂlﬁ) = > pp(S”alﬁ —Tﬂla)
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PMSM Cutrrent Control

Py e e Y

R-L circuit cross-coupling backEMF

_ Tt 1[|Independent control of DQ currents I
Resulting Transfer functjon .
; _

and RL model infis; domain

d

\4

mmmmmm

=
=
v

Two axis components of
required current vector

50 PUBLIC

h
P



Zero Cancelation

Design of the controller gains can be done by matching coefficients of characteristic polynomial with those
of an ideal 2" order system.

Transfer function of current loop

Ke S+ K

G(s) = L L . t\¢
s2 4 KetR K Sz+[KP+RS+K|
L L L L

Transfer function of ideal 2" order system

Gideal (S) —

2
S° +2&0,S + @) on

“Zero” introduced by PI controller at —K./K,; adds derivative behavior to the closed loop, creating overshoot
during step response

51 PUBLIC

— Is damping factor
— is natural frequency
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Zero Cancelation

- Zero Cancellation” placed in the feed-forward path shall be designed to
compensate the closed loop zero with unity DC gain

Ir z¢ g Ur r i
. K l .

B .X-

. K
Lr
—
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Pl Controller Gain Calculation

- Implementation of zero Cancellation allows precise matching of characteristic polynomial coefficients

- Enables simple tuning of the current loop bandwidth and attenuation

53

G(s)

GMmI

KI
L
_|_

L

Sz{KPRjHKu
L
]

2
Q)

(s) =

% + 28w, S +

Pl controller gains

PUBLIC

K, =wiL
Ke =280,L-R

2
[ON
-

1.6
— with zero cancelation, dampnig factor = 1

1.4 — without zero cancelation, dampnig factor =1

1.207

1.2

1.0
— with zero cancelation, dampnig factor = 0.707

0.8 — without zero cancelation, dampnig factor = 0.707

0.6

1.0a3

0.4 b —
0.2
0.0 ok
0.000
0.4
0.2
0.0
0.000 0.002 0.004 0.006 0.008 0.010
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Sensorless PMSM Control Block Diagram on S32K144

OLO U 0 10 !
ij 1< J(]
phase Inverte I g I % I

54

Power line

On-Chip
Debugging
Freemaster

Superior
System
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S

v

PhaseA Current
AW' ADC Module 0 DC Bus Voltage |]Vo|t. Divider Gate
Triggers PhaseB Current u .
— ADC Module 1 = Current Amp: Driver
i i 1[.1 us
[ ‘} Ib" DC B!
Current
; FTM
Calculation FOC RRCHULA
E i U, Upc Bus 1 1 1 l l
" N N 3| Forward [ Torque ™ Reverse RibDle S o
* Rotor 2l Control Y Trans- u Elimiell[;tion Q 8
—i»  Position | angle |[fOrmation ~>formation == . a:o
; : u, .| & Modulation
Estimation ) >
BDM f
_1 Actual ADC Triggers
L I N L I N -: Speed R Speed |q* |d*:0
Transc. DIV - ired “| PI Controller
Speed S32K144




Sensorless PMSM Control Block Diagram on S12ZVM

Power line

On-Chip
Debugging
Freemaster

Superior
System
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MC9S12ZVM Board

3-phase Inverter

\ A 4

y v VYV VvV V

\ 4 VvV VvV

-
<

M
— ADC Module 0 Socewsvoage | [lvolt. Divider
ADC D GDU
Triggers ¢ PhaseB Current u
— ADC Module 1 TempSense = Current Amp:
1 A\ A A A A/
in ] ib" Upc Bus CPMU
Current
_ PMF
Calculation FOC o
S g U, Upc Bus 1 1 1
. > —>
N N > Forward [ Torque["| Reverse .
—_—p A Trans- |i |Control|u,| Trans- _R'Pp"? .
u . Rotor : ] . u. .|  Elimination ADC Triggers
—Li»  Position | ange |fOrmation formation -
; : u, .| & Modulation
Estimation Y >
> BDM t
_1 Actual
. LIN LIN ‘l‘ Speed‘ Speed e 4=
Transc. Drv Require; "| PI Controller
Speed SlZZVM




Saliency Based Back-EMF Observer

Saliency based back-EMF voltage is generated due to
Ly#Lg

Because back-EMF term is not modeled, observer actually
acts as a back-EMF state filter

Observer is designed in synchronous reference frame, i.e.
all observer quantities are DC in steady state making the
observer accuracy independent of rotor speed.

BA synchronous
estimated frame

q
/ rotor flux

frame

‘ stationary
» 0 |\ frame

uyl _ RS + SLd —&)\yqu [ly] [_Sin(aerr)] .\ = <
Us wysly  Rs+sLq|lis SAL cos(Oerr)

h
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Position Estimation Using Saliency Based Back-EMF

EP iti E i i Positi Tracki : 600
Calculation  Controler | §w = b
LPF Pl ¥ aop
BN g I
LB
6, & o
o PI % I ; 100 | : : .
4 /4 /‘ - '.‘Z'.?&;'?.Z'"“.mon
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, g 100—/ / / / / M7
E | / / /
3 ; / |
Rs+sLy —®ysLq][i - e ¢ /////‘
u)/] _ 'S d yétq [l]/] - [_Sln(eerr) o / : : 1 : | -
Us WysLg  Rs+ sLg|lis SAL ] 05 (0prr) ; 10
s S -
Position estimation can now be performed by £ ol - . S S
. . . a
extracting the 6., term from the model and adjusting *
the position of the estimated reference frame such as .%
to achieve eerr = 0. % 218 22 2% 23 235
time [sec)
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Sensorless Start-Up

Merging Merai
0 rpm Speed 1 Sg;gelggz
Open Loop Open Loop Sensorless control
(V/f) control (V/f) control
Bemf observer OFF Bemf observer Closed loop with Bemf observer _
\ runs on background Requwed}speed
i i i M1 .NmecFbck M1 .pospeControl. wHotEIRegRamp M1.uDOReq fitArg?
2000 i i i e —
oo 0o
ool || Required speed
S Real speed
500 !
0 " 1 1 1 1 1 1 1 1 1 1
Iq current
Ty ot Pl i gyl
0.15 0.20 0.25

. l Time [sec] x
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S12ZVM Ecosystem — The Complete Solution

MC ToolBox: FreeMASTER:
Rapid prototyping with
Matlab Simulink

Math and Motor Control Libraries:
- Standard optimized math functions and motor control algorithms |
- Includes Matlab Simulink Models l Autosar OS J

NS Compiler and Debugger Graphical Init Tool
l SYSTEM MUTE”BACHA-"" oaews |

NXP production
L Software

CAN/LIN Stack

3rd Party production

B
-

Hardware (Evaluation board, target application)

h
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S12ZVM Ecosystem — Software (motor control)

MC_TOOLBOX:
Motor Control Development Toolbox
IDE & tool chain for configuring and generating software to

execute motor control algorithms on NXP MCUs:

+ Includes Automotive Math and
Motor Control Library set

+ plug in to MATLAB™/Simulink™
model-based design environment

- optimized for fast execution on our MCUs
with bit-accurate results compared to Simulink® simulation

2 support rapid application development

AMMCLIib: Automotive Math and
Motor Control Library Set

Precompiled software library containing

control applications = [&&) —MTHIJ B
Easy migrat_ion b_et_wgen === 1 s
platforms with minimized effort - it
Production ready SW (SPICE Level 3° )

CMMI and ISO9001/TS16949)
- Control loop modeling with Foee (M)
Matlab/Simulink® models

61 PUBLIC

Debugger for Real-time Applications: Ryt ey
- Graphical User Interface :
- View & Modify variables run-time
- Real-time Monitor Tool = =
- Track & trace your variables
- Demonstration Platform

- Design your own dashboard

MCAT: Motor Control Application
Tuning Tool

Tune your drive:

- Graphical User Interface,
plugin to FreeMaster

- interfacing with the target MCU, modify software variables
during runtime to tune your motor control algorithms to
achieve control objectives (i.e. Pl parameters)

- Saves time in getting started & finetuning

FreeMASTER

i
)

'
!
sy
e
:

4|
i

s

MC ToolBox:
Rapid prototyping
with Matlab
Simulink

Math and Motor Control Libraries:

Standard optimized math functions and motor control algorithms
Includes Matlab Simulink Models

Motor Control Devkit SW

Comprehensive solution:

- All Motor Control Development Kit members

come not only with hardware, but are
supported (& documented) by application
software available in source code.

- Reduce development & prototyping time

- Faster Time to Market
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‘ AUtomotiVve m Application Example for MPC5643L
VMeter Comntrall ﬂ:ﬂ[b) PMSM Field Oriented Control

Q‘uttom%tiv? l\/llal_t%and 3-Phase Low-Voltage Power Stage léesoléler
otor Control Library ncoder
Set for MPC5643L omttlcgus - @l ¢l ¢l
ACLIB oo o & W PMSM
12 Vdc N3 _ N2 ry
[ 5 B8 T A
[ ] 6 Load
Start/Stop . X X . S—
FreeMASTER J\ Faults PWM U_Dc bus| Isa| Isb| Isc Resolver H/W
i v U.,l é’l Ref
UsB GPIO PWM <> CTU <« ADC eTimer
Driver Driver Driver Driver Driver Driver
Application Control Prcft:lélttion 333 8¥§i§§ Sector .'§§ 5 Coul Position
Duty Cycle c Us_alpha_comp Isc e il Count
Speed_Req = Lt
Is_a_req
Angle Angle
- Us_alpha Tracking Tracking
Current Observer | | Observer
Sensing
Field Processing
Weakening
Controller
Theta_actual_el
Software [¢—
switch <
Is_q Is beta
Omega_autual_mech M PC5643L
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EREEN Y-SR

- Real-time monitor tool - Graphical User Interface - Demonstration platform

- Track your variables - Modify variables run-time - Design your own dashboard
- Tracing capability

! MR e . BIONONE e 2 o . l
At ihben ¢ pade NS Y Pl | JweEm
— :‘_;?:s — ;‘q:~
N —
AT . s emmmme
- - S S N
-— e [ W as
— e e T L e e e o |
S = — |
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MOTOR CONTROL
APPLICATION TOOL
(MCAT)




Motor Control Structure
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Current/Torque Control Loop
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Speed Control Loop
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Control Loop Bandwidth & Attenuation

5 = 2
-y % - ( “‘c—r

= 3 \ v
- 02‘ \ pr

et
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a \
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L 1
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Response Settling Time & Overshoot

{
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o
3
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Control Loop Controllers
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Motor Control Structure in Equations

. o
)
L 2
.....
....
L)
Y

C\)
N3 A
we

VvV LU T - g U b U - al -
ie reached. I
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Motor Control Application Tuning tool

What is it?
It is a user-friendly graphical plug-in tool for FreeMASTER, which can be used for motor control applications debugging with
PMSM motors.

It allows to tune the specific parameters of the motor control application on run-time (no compilation of the code needed).
Once the right parameters are found, it allows to store them in *.h file.

MCAT Goals

- Goal #1 — PI Controller parameters tuning, to enable customers to make basic motor control tuning activities themselves.
- Goal #2 — control at different levels of a cascade control structure

- Goal #3 — export the *.h file with static configuration of the motor application

- Goal #4 — MCU implementation independency

The application cases
- FOC control of PMSM motor respecting the cascade control structure

- shall be focused on typical application cases, fitting various mainstream industrial & automotive areas. It however shall not be
seen nor promoted as solution for every possible corner case

h

72 PUBLIC

P



MCAT in FreeMASTER

MCAT is a plug-in tool for FreeMASTER — NXP’s real-time debug monitor and data visualization tool.

MCAT tool in connection with FreeMASTER allows real-time monitoring, tuning and updating of the control parameters
in motor control application.

ET R e — MCAT features
e e A | T T
= =m s 2T, | « MCAT enables tuning of control
=) ~— I : .
i S— T ' parameters according to the target motor
EEE | e — aniEzma /\ / application
A ey s - = c & e ._."\_...\ ‘ \
LT = Cim e e e  CE
ges S Gae . - Ry > * Dynamic tuning & update of control
= i Z - I parameters
— e - Generation of header file with static
— = configuration of the tuned parameters
e B B _ V_ « MCU independent (Kinetis, MPC, DSC)
;:;__ MCAT tool Real-time monitor
= = ' « Arithmetic independent (16/32bit, Fix/Flt )

W o oVASTER \ ¥ 4
visualization tool
4\
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MCAT Motor Control Structure Coverage

74

Ramp Pl w/ AW LPF Pl w/ AW VSI
wREQ V dq /|UREQ| SVM ._T
| - = > B
—D\ e ( *?*K e
Optional Optional
= 2o o T e [T
Tune by i — e ——
MCAT T“B " fj{ \
gFBCK position | < _
wFBCK gFBCK Angle '
A \ w,0557 Tracking sensor -
Observer
e kMAF /IR REQ
RS ,QEST Tf;'(‘:i'; | Back EMF <—2BCK | )
’eesr *wEST Observegr Observer |e—1—— % >
MCAT tool:
a) supports only standard speed Field Oriented Control in a cascade structure
b) is fully compliant with AMMCLIib functions API (FLT/FIX32/FIX16 implementation)
c) FOC structure can be extended by optional (filter/ramp) blocks in a feed-forward path
d) supports all types of PI controllers available in AMMCIib (parallel, recurrent)
e) calculates the parameters of an ATO for both sensors, resolver and encoder
f) supports sensorless operation, calculates the parameters for BEMF/ATO observers
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MCAT - Goal #1 - Pl Controller Parameters Tuning

1. Parameter Setting-Up 2. Control Loop Tuning

D
|4
{3

| 50
WD
|t
L 36e)

EE

REsE - NGBANEIRLERND
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MCAT - Goal #1 - Pl Controller Parameters Tuning

15t step: MCAT input parameters

=

Z “freescale-

Motor Control Application Tuning Tool

Motor 1: PMSM © Tuning Mode: Expert  |v|

Introduction EElElnEC el Current Loop | Speed Loop Control Struc | Output File App Control _

Input Application Parameters

- Motor Parameters - SW Fault Triggers
PP 3 U DCB trip [ 1B ™
Rs 2 (o)) U DCB under [ s ™M
id 0.000304  [H] U DCB over [ 7. ™
Lg 0.000304  [H] 1 ph over [ 93 @
ke 0.0060215  [V.sec/rad] Temp over 10 €]
J 1e [kg.m2]

- Application Scales
Iph nom 6.3 Al

o RRNCRRRRLECRR

Kt | oo04e2 |  [NmA]
Uph nom M
— N max 10000 [rem]
N nom rpm
Umax 20 M
- Hardware Scales E max 25 ™M
I max 2 Al
TR . i ~ Alignment
max
Align voltage 20 M
Temp max [C]
Align duration 3 {sec]
I Update Target

Freescale Semiconductor, Inc.
by MC Teams / Roznov CSC

Input parameters tab
76 PUBLIC

Parameters tab:

User has to enter all input parameters manually,
including the motor parameters and application
parameters.

Motor parameters
- acquired from the motor manufacturer
- manual measurement / estimation

h
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MCAT - Goal #1 - Pl Controller Parameters Tuning

2"d step: MCAT Control Loop Tuning

Control ge

7 X 0.000, 0.084 T
2 freescale- Motor Control Application Tuning Tool el RS mre = =
1.0+
- 0.9
| oL There is an exponential behavior in
Current Control Loop Los{ the feedback with low overshoot if
- Loop Parameters - D axis Pi Confrolier - Q axis Pl Controller 0.4—; the |OO iS tuned ro el’l
Sample Time [ 0.0001 fsecs D_CCt 0.04656446 Q_cct 0.04656446 03 P property
FO I 350 [Hz] D.CC2 -0.79934684 Q_cc2 -0.79984684 02»;
3 09 [ 01
—— .~ - D axis ZC Constants - Q axis ZC Constants 0-Eud
pe D_BO ’Tm Q-BD rm o »E ] ! ! ] ! ] ] ! ! ! ! ] ! | 1 1 1 1 1 1 ! ! 1 1
- Current PI Controller Limits D_8f BEreEa) 9.B1 bl ] {of FreeMASTER recorder to
Output imit [ o0 D_A1 I a.at B o capture the transient
08
07+
Manually control the loop =
o o z ]
behavior. The impact can 05E
be seen on the 04t
FreeMASTER recorder = 03L
02
omi
£ 1 0 :-Hl | | | | | | | | | | | | | | | | | | | |
[ Update Target | ‘ Reload Data J § Store Data 1 0.002 0.004 0.006 0.008 0.010 0.012 0.014
Index
| = by MC Teams / Roznov CSC ‘ A o
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MCAT - Goal #3 — Export App. Static Configuration

3'd step: MCAT preview of Output Control Constant

Z “freescale-

Motor1: PMSM © Tuning Mode: Expe
Introduction Speed Loop Control Struc [EeNTIESI] App Control

[ Generate Configuration File

Motor Control Application Tuning Tool

by clicking on a button.

Name of output header file

Location of header file within the
project file system

——
File Name: | PMSM _appconfig .h /

Config File Path: {FM_project_loc}/../Config/PMSM_appconfig.h
Date: November 3, 2015, 15:46:15
Description: Automatically generated file for static configuration of the PMSM FOC application

B Frewscale CodeWarnoes
B rie tde view Semch Proea Window Help
REsH>Y “><HuQAN R sEHEME

B T L L L L L L T
File Naxe (FM_project_loo)/dpplicaticeConti1g /PHEN_appoontig

) . 2013
// Motor Parameters Date' 10 Saepteaber 20

// Automaticelly generstad file for static configquretion of the PHASH FOC spplicatian
// Stator resistance = 0.33 [Ohms] A
// Pole-pair numbers =5F] 250t e TNSFOC-CONFIG-SETUR R
//-Direct axis inductance = 0.000304 [H]
// Quadrature axis inductance = 0.000304 [H] Motor Faranmtars
// Back-EMF constant = 0.0060215 [V.sec/rad] EFLEar SRS
// Drive inertia = 1e-6 [kg.m2] Statar reeigtance * 0.384 [Ohas]
Direct s inductanc ). 00024% [E
// Nominal current = 6.36 [A] i e s 280 f1

°
0

Quadrature ax1s inductance = 0080326 [H)

Back-FNF constant 0: 0061275 [7.wec rad]
0
.

#define MOTOR PP GAIN FRAC16(0.625) ke ety i -l B
#define MOTOR PP. SEIFT (3) sdstine Wi NOTOR.PP i3, 0%}
— fdetins M1_NOTOR_PP_GAIN FRACI2(0.76)
7/ Application Scales 2def ine NI_NOTOR_PE_SHIFT (2)
/% —= =
e MCAT preview of Output™.h file ASSiioatioe sdetes
#define U DCB MEX (25.0F) fdefin= Mi_I_MAX {10 .0F)
4 TRE = fdefine N1_U_DCH_MAX {36.0F)
SRR 1 2det ine gzju‘:g (égnggr
: fdmiine M1 N {6 J
Freescale Semiconductor, fdnf ioe N1 _E_KAX (25 OF)
by MC Teams / Roznov CSC fdefine M1 _U DC2 TRIP {36 .0F)
e M1_U_DCE_UNDERVOLTAGE (10.0F)
= Mi_U_DCE_OVERVOLTAGE (36 .0F)
2define M1_W_REQ_MAX (3000 0F)
fd=fine M1ZI_PH_BON (5.2F)
‘Wechanical slaicnaent
#det ine M1_ALIGN VOLTAGE (1. BF)
78 PUBLIC 2datine MI_ALIGH_DURATION (1003)

The output header file is generated

Generated *.h file

h
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MCAT - Goal #2 - Control Structure Selection

Speed FOC Control Current FOC Control Voltage FOC Control
T e 2 z 5, Scalar Control
- “freescale- Motor Control Application Tuning Tool Voc

’a,req ’d,recr Id req_ZC T T
{ roq.. GD : Ui _req
% Tiy . Kp K| dq SVM A VSI L
A . 3 [ Zero cancellation fa_reat P} controller Up_req = [Tm\PMSM
Motor - PMSM O Tuning Mode: Expert |v| - /ap % — J:l ™\

o_re _req Io req 76 —
Introduction Current Loop | Speed Loop | Sensorless [ReapieESidGl Output File | App Control _ Dec\/ Inc A? % Kp.Ki % T ® L Ke K| ﬁea H

Pi controlier Zero cancellation -7 P! controller lo_real ia re |

L
ST

a
2

=

Application Control Structure o W dq ) /“B = O
- State Control ———————————— - Cascade Control Structure Composition %% T [~ ap = abc ==
: Virpm_factor 100 T | [%6] Zero cancellation 6,
e [' Ug_req 0 M W._real Position/S_peed
o - Speed req [—O tpom] ) evaluation
Control Structure tab:
. Voltage FOC _—n Ud_req [ o0 ™ Offers a huge advantage of controlling the motor at different
Application State I 0 ™ levels of cascade control structure. This approach is appreciated
when new HW setup is arranged. Tuning process starts at lowest
{ RE ADY Current FOC ‘ Id_req 0 [A] I I h . I } h
o e % w evel (the most inner loop) and continues up to the most outer
loop — speed loop.
Spe;z::oc | ENABLED | | Speed_reqg 0 [rom]
; = Scalar Control - Open loop control
P e no need any current, position or speed feedback
Feedback p\ s

Voltage FOC control — position required
no need any current and speed feedback
Current FOC control — current, position required
e Speed FOC control - current, position and speed required
full speed FOC control with all feedback signals
A 4
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MCAT - Goal #4 — MCU Implementation Independency

M1.pwm32.s32Argl

M1.iDQReq.s32Argl M1.iDQReqZC.s32Argl M1.iDQErr.s32Argl M1.uDQReq.s32Argl  M1.uAlBeReq.s32Argl  M1.uAlBeReqDCB.s32Argl M1.pwm32.s32Arg2
M1.iDQReq.s32Arg2 M1.iDQReqZC.s32Arg2 M1.iDQErr.s32Arg2 M1.uDQReq.s32Arg2  M1.uAlBeReq.s32Arg2 M1.uAlBeReqDCB.s32Arg2 M1.pwm32.s32Arg3
""" _\l _“““\ v A A -
GDFLIB_FilterR1 ¥ GFLIB_ControllerPIrAW L _&
— = -»(8)—» —
\ M1.dAxisZC \ \ M1.dAxisPI 1 1
\ [t | |
/'Y'_l-_“LR_°IE_'Req /M_l;“LR_OEE_'E" \\ \\ \\ : GMCLIB_Park : GMCLIB_ElimDcBusRip
_: GFLIB_Ramp é;l GFLIB_ControllerPIrAW i GDFLIB_FilterR1 x:®x_> GFLIB_ControllerPIrAW _L _l> M1 elimDcRi
M1.speedRamp T M1.speedPI M1.gAxisZC M1.gAxisPI ' P
A -
- A
M1.thTransform.s32Argl T .
M1.wRotEIReqRamp_] ) M1.fAchbck.s32Argl
______ M1.iAIBeFbck.s32Argl M1.iAbcFbck.s32Arg2
M1.thTransform.s32Arg2 R ML.iAlBeFbck.s32Arg2  M1.iAbcFbck.s32Arg3
! { J/ J/
M1.iDQFbck.s32Argl T - 3-phase stator o
I current measurement I+
I
GMCLIB_Parkinv I GMCLIB_Clarkinv }— - a‘:t.:
- [ - I ADC_Measure2Ph() o
M1.iDQFbck.s32Arg2 }_ L " Et
M1.adc
M1.pospeControl.thRotEl
______ -
\ = M1.thRotEIEnc | POSPE_GetPositionEIEnc() -
GFLIB_Sin < 3
Fast Current Loop i W R w/ %
itch | .thRot es o
100ps | GFLIB_Cos F— SWE e ﬁ %\e T
S
(]
\ S
———  POSPE_GetSpeedEIEnc() =
(]
M1.wRotEIEnc M1.pospeEnc
\/
M1.pospeControl.wRotEl S/W POSPE_GetPositionEIRes|() .
switch

w/
@)
A
M1.wRotEIRes \j
—{ POSPE_GetSpeedEIR F—
Slow Speed Loop etSpeedEIRes()

80 PUBL|C M1.pospeRes Nl
Ims

ADC #A, #B




MCAT - Goal #4 — MCU Implementation Independency

This approach makes the MCAT tool independent from the FOC microcontroller implementation. The user has to
update variable names in XML file based on the final implementation.

GDFLIB_FilterR1 GFLIB_ControllerPIrAW GMCLIB_SvmStd
™ MLdAxiszC ~(0—= MZL.dAxisPI ™ ™ ™ ™
-A
M1.iDQReq.s32Argl .
M1.wRotEIRegRamp M1.iDQRe:.s32Ar§z M1.iDQFbck.s32Argl GMCLIB_Park GMCLIB_ElimDcBusRip -
\
M1.wRotEIReq GFLIB Ram \ h
_Ramp GFLIB_ControllerPIrAW GDFLIB_FilterR1 > GFLIB_ControllerPIrAW - -
™ ML.speedRamp &) ML.speedP! ™ ML1.gAxiszC e ML.gAxisPI ™ > MielimDcRip == ™
M1.iDQFbck.s32Arg2 M1.thTransform.s32Argl T t
M1.thTransform.s32Arg2
______ FreeMASTER variable
T — Updated by user!
Parallel PI e e
<M1 5L Hsh></M1 5L Hsh>»<!-- Eeccu
Recurrent PI <M1 SL CC1SC></M1 SL CC1SC»<!—— ! —> MCAT variable
<M1 5L CC25C»></M1 5L CC25C»<!-- EHe
- = - = |
Limitation Pl <M1 5L UP LIM>M1.speedPI.flcUpperlLimit«</M1 5L UF LIM><!-—- Not Changed by user:
<M1 5L LOW LIM>M1.speedPI.fltLowerLimit</M1 5L LOW LIM><
R <M1 RAMEF UFP g>Ml.speedRamp. fltRampUp<,-"Hl RAME UF g>»<!-- Sp
amp <M1 RAMP DOWH g>M1l.speedRamp. fltRa.mpDr:umat,-"Hl RAME DOWH g>< =
<M1 SPEED RES MAF sc>Ml.pospeRes.observer.filterMi. ulENSa.mple@SPEED RES MAF scx<
<M1 SPEED ENC MAF sc>Ml.pospeEnc.observer.filterMi. ulENSamples{,-’Hl_bbn.n.um _Bchxal--
Fi|terS < <M1 SPEED S5LS55 MAF .st:}{,-"Hl SPEED SLS5S5 MAF =sc»<!-- Actual Speed Filter, number of =samples —->
. MAF <I-I1_SPEED_IIR_31_g><,-’I-IIL_SPEED_IIR_El_g}-f —— I 1 5 i ITE Filter constant —-3
IR <M1 SPEED IIR B2 g></M1 SPEED IIR B2 g»<!-—— I IIR Filter constant| —-: ‘
N {I-IIL_SPEED_IIR_FLE_g‘;-i,-’I-Il_SPEED_IIR_;LE_g‘;--'; - ITR Filter constant| —->
81 PUBLIC </M1 SpeedPiControllers> ‘
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HARDWARE




S12ZVM Ecosystem — Hardware

Motor Control
Development Kits

T PR codcwarte? ||
i Hardware (MCU, Evaluation board, target
e I I lo Siave application)

All Motor Control DevKits S12ZVML31 Fuel Pump Demo 5 New Evaluation Boards (EVBS):
» Come with EVB, Powerstage, Motor & SW » Based on three-phase sensor less Single-shunt * S12VR32EVB with double relay (as used in windowlifters)
* Fully documented SW- and HW-Reference PMSM Motor Control Development Kit: . S127VM32EVB with t 6 x N-FET
- Supported by MCAT 1.0 - Software ported from S12ZVML128 to S12ZVML31 with powerstage (6 x )

) - ' ' * X-S12ZVMC256EVB with powerstage (6 x N-FET
VML128 3-phs Sensor less PMSM DevKit fger|1er|c motor replaced by a real automotive | p ge ( )
. New uelpump + X-S12ZVMBEVB with powerstage (4 x N-FET)

- Pl-parameters tuned with MCAT tuning tool

» Supporting single shunt or dual shunt current )
» Using NXP LIN-stack

* X-S12ZVMAEVB with powerstage (2 x N-FET)

sensing
) + startup time 0 to 7k RPM in <100ms visualized on
VML 128 3-phs Sensor less BLDC DevKit PC with FreeMASTER
» Updated
. Suppqrting sensor-less or Hall-sensor based >80% reuse of production ready HW / SW
operation —>save significant R&D time ‘ '
83 PUBLIC ‘ k



Motor Kit: MTRCKTSBNZVM128 BLDC Motor Control Kit

- The kit includes a 4 pole-pair count motor, which means that every single mechanical revolution
equals four electrical revolutions. State changes in Hall sensors is every 60 degrees electrical.

h
P
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Motor Kit: XS12ZVMx12EVB

Power indicator

. LEDs OSBDM
User Switches

CAN option

Aadl
PRLLLLLLLLLLE S

LIN interface

a1 (ARRRRES

I/0O Port access
(for example PWM
/ TIM /| ECLK)

freés

VMx17EVB

USB-to-SCI
interface

Reset

BDM interface

User LEDs

Potentiometer Resolver ADC inputs Current Sense
interface Resistors
85 PUBLIC

Hall
interface

Motor
connector

GDU / 3-phase
bridge access

12V
supply



S32K144 DEVKIT + MC Shield + BLDC Motor

- KEA128BLDCRD application software is available at
- S32K144 Motor Control Development Kit is not available yet

BLDC Motor

Motor Control Shield

FRDMPK144-Q100

86  PUBLIC


http://www.nxp.com/KEA128BLDCRD

FRDMPK144-Q100 DEV-KIT (Former FRDM+)

LIN Bus
CAN Bus OpenSDA USB
L
Reset Button
External Power !
Supply (5-12V) , OpenSDA MCU
: OpenSDA JTAG
System Basis
Chip MCZ33903
DCBI e o PWMs
BEMF_A/PHA_| DCBY
BEMF_B/PHB._|
BEMF_C/PHC_| L2 0
.-_ = ‘ »
S32K144 ‘;‘T_
MCU ;l*’:% e
RS o 5
';e B A User Buttons
RGB LED R £ Potentiometer

87 PUBLIC Preliminary and subject to change



DEVKIT-MOTORGD (Former DEVKIT-MCSHIELD)

Motor Phase

Terminals
External Power

Supply (8-18V)

DC Bus current shunt resistor

DCBI
DCBV

BEMF_A/PHA |

BEMF_B/PHB._|

BEMF_C/PHC |
Switch for BLDC or PMSM

control

88  PUBLIC

Terminals for breaking

resistors
3
i)
3x Dual FETs
b 3-phase current shunts resistor
“ae &.' “ PWM signals
: : FAN7888 FET Driver Amplifier for bidirectional
Y ; o DC Bus current sense
| 1 *# Voltage Stabilization
b g
r . : 5V/3.3V for Encoder Interface
& ;
- : Hall/ Encoder Interface

R4

Preliminary and subject to change



SECURE CONNECTIONS
FOR A SMARTER WORLD




