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27 Years at the Forefront of Motor Control
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Tl MCU Portfolio: Silicon to Solutions

/ MSP430™ \ / Stellaris® C2000™ \ / Hercules™
16-bit ultra-low-power 32-bit ARM® 32-bit real-time 32-bit ARM® safety
Up to 80 MHz 80 MHz to 220 MHz

Up to 25 MHz
Flash: 1 KB to 256 KB
Analog I/0, ADC, LCD, USB

40 MHz to 300 MHz
Flash, RAM: 16 KB to 512 KB
PWM, ADC, CAN, SPI, I2C

Flash: 256 KB to 3MB
USB, ENET, FlexRay, ADC,
CAN, LIN, SPI, I2C

Flash: 64 KB to 256 KB
USB, ENET, MAC+PHY, CAN,

ADC, PWM
Measurement Motion control Motor control Transportation
sensing HMI digital power, lighting medical
general purpose industrial automation renewable energy industrial safety

$0.25 - $9.00 $5.00 - $20.00

/ \ $1.00 - $8.00 / \ $1.00 - $15.00

Studio® IDE llbra

IDEs Modular GUI-based
%oenl;pilers & code rise(s& code gen
uggers examples tools
4 ) 4
mart ) Smart (Embedded\ o Motor N\ Lighting Safety
Sensors Grid RF Control - Bulb
« Sensor hub « Grid . * InstaSPIN T * HW Design for
+ Cap touch infrastructure | |* RF connectivity solutions technology safety
« Ultra-Low « Utility meters * Active and * Premier S * Hercules
Power + Smart homes/ passive (RFID) sensorless dimmers MSP430,
e ildi * SoC/ 2 chi C Cortex™-R4 &
proximity buildings _ p three phase « Multi-string
Sensing solutions « Automotive LED dri Cortex-RM,
- S/\W and stack || . safety i Lightinrg']"ers C2000™
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https://sps03.itg.ti.com/sites/dspsystemscommunications/aec/Release Materials/C2000/My Documents/AEC Catalog/Presentations/_Customer Presentations/MCU_Product.ppt
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https://sps03.itg.ti.com/sites/dspsystemscommunications/aec/Release Materials/C2000/My Documents/AEC Catalog/Presentations/_Customer Presentations/MCU_Product.ppt

What is C2000™?

The 32-bit real-time microcontroller family

Processing Performance : System Integration

Up to 300MHz I

- - C2000 m -
Single Cycle

CAP
Fast Interrupt 32-bit Real-Time
Dual 16x16 MAC  Response p MCU “ ”
32x32 MAC

Real-time 2 TEXAS
- Mode INSTRUMENTS

o : |
DSP performance within a Mlcrocontroller\I Comprehensive Peripheral Set with Analog
architecture .
. I * Best-in-class ADC performance
+ 40-300MHz 32-bit C28x™ CPU * Flexible high-resolution PWMs
+ Built-in DSP functions | * Advanced capture, Quadrature encoder interfaces
« Single-cycle 32x32-bit MAC * CAN, LIN, SPI, I2C, SCI/UART, McBSP, USB
» CLA co-processor £y | * Comparators, VREG, BOR/POR, Oscillators
« Floating-point unit )
. Viterbi and Complex Math Unit (VCU) |
- Embedded flash IR Broad portfolio of configurations
N . 20-300 MHz
Fine-tuned for real-time control | . Mﬁﬁgégpedvgi?ﬁgrg&apg?:t C:terr:ﬁ i
. Optimized core I © 16-1024KBof Flagh o M
. Fast interrupts system I y grt;trcv sub $2 to $20
« Flexible interrupt s * Soitware compatibili
. Real-time debugging I patibiity across €2000 platform




C2000 - Always Differentiating

2011 - Concerto MCU Family

) ) added M3 for Host
Motor Control is our Bread and Butter Business Communications C28x for

and we’'re just getting started... Motor Control

2005 — 15t Sim and Visual Code Gen 2011 - FPU added

from Mathworks & VisSim
1

2002 — 32-bit 28x DSP Core
Up to 150MHz
1995 — DSP seen as excellent for 2012 — New Motor IP
Servo Control

to Piccolo

1971 — The Beginning

Tl Invents the

2007 — Floating Point
Added to increase math
performance |

1997 — F24x is 16-bit DSP 2001— Cl"”trt°' L
aimed at MC ccelerator

To Drive Multiple Motors

( )
2009 - Piccolo
Dedicated for Low Cost &
S —
— High Performance
—

TI Confidential - Maximum Restrictions



C2000™ 32-bit MCU Roadmap

A Drives and Power
™ Automation  E-Metering Analysis
MIPS Concerto  Connectivity L
(144 Pins) and ENET a0l =
$<7 - $20 Performance usB =
300 CAN bkl - - _
High End High End Auto
Delfi ™ Floating Pt C2834x CAN Drives Solar Power Radar
elrino m
150 (176-256 Pins) Performance
F2823x $9 - $16 F2833x CAN
100> F281x
2 Floating Pt LO.W 2 Solar Power Wind Power
AW F280x . ™ w/ Co- RIS
803 P'CCOI_O Processor
e $<2 - $8
§ e e e e e e e e e R e
E _ Motor Lighting
Fixed Pt w/ Control AC/DC & PLC
Co-Processor
60 Options - A
= T
Fixed Pt F2802x Appliances DC/DC EV
<5 ~ Y
Ca R
-

100+ Code Compatible Devices All pricing is to be considered budgetary and subject to change. Pricing is 1KU SRP -40 to 105°C.


http://www.mobilecomms-technology.com/contractors/base/ems2/

C2000: EE Focused

Sampling Development

Power

Solar

Auto
A {

Ligting

2H’ 12 InstaSPIN Motion
(Piccolo F2805x)

2H’ 12 Safety Drive / Inv

2H’ 12 HV 3PH mains PFC

2H’ 12 3 phs/ 3 level Inv

2H’ 12 Microinverter (Piccolo)

2H’ 12 HEV Charging

-
N F2803x -Front Light
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Connectivity
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e -
< u
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Lu 1Q’ 12 LV Solar Kit (Concerto)



https://sps07.itg.ti.com/sites/c2000sa/tools/Pictures/Solar_LV_v2.jpg

C2000 Leads in Performance for DSP algo’s

DSP Benchmarks

FIR (32 block, 32 taps)

5000 T 700 -
4500 -

600 -
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3000 A

400 1

Cycles
Bytes

2500 1

2000 1 300 {

1500 1
200 {

1000 +

5001 005

0.
16-bit fixed 32-bit fixed 32-bit float 16-bit fixed 32-bit fixed 32-bit float

[] Competitor’s ARM® Cortex™-M4F [ C28xFPU

Cycles: Code Density:
« C2000is 3x better performance « C2000is >7x better code density 32-
32-floating pt. FIR floating pt. FIR
« C2000is up to 2x better « C2000is 7x better code density 16-

performance 16-bit FIR floating pt. FIR



What is the Control Law Accelerator (CLA)?

Independent 32-bit
floating-point math

Operates independently of the C28x
CPU

* Independent register set,
memory bus structure &
processing unit

* Low interrupt response time

Direct access to on-chip peripherals

« Execution of algorithms in
parallel with the C28x CPU

Fully programmable: IEEE 32-bit
floating

* Removes scaling and
saturation burden

Reduced Sample-To-Ou

Digital
Power

Faster System Resp > Applications

Higher MHz Control

Improved Support For Mu
(Phase/Freq) Loo

Automotive,

Improved System Rob _
White-goods

Free-Up C28x CPU Fo

5 _ General Purpose
Tasks (communication, di

MCU Applications



Control Law Accelerator

The Control Law Accelerator on Piccolo F2803x devices is an independent math
accelerator that can execute algorithms in parallel with the C28x CPU

FPU

CLA

CLA

* Direct control of Analog and PWMs

* Parallel Processing

* Piccolo 03x: 64-80 pins, $4-$5

Example Control Loop

C28

(60MH2z)

Cycles

VS.

FPU

* Higher Clock Frequencies
» C-programmable
* Delfino 33x/34x: 176+pins, $8+

C28 + CLA
(60MH2z)
Cycles

CLA enhances control-loop
processing with:

 Lowest latency to

CPU Load

70%

2x MIPS for rest of system!

18 MIPS Remain

40%

2XxXPMSM FOC 10 KHz 2400 2400 0
PFC 60 KHz 300 0 250
Total Loop cycles 10 KHz 4200 2400 1500

36 MIPS Remain

ADC/PWM

* Better code density
 Higher Cycle Efficiency

* Floating-Point instructions



Piccolo F2805x Series

Performance

* 60 MHz 28x CPU
* 60 MHz CLA Floating Point Co-Processor

Embedded Memory

* Up to 128 KB Flash

* Up to 20 KB SRAM

* Boot ROM

* Dual 128-bit Security Key Protected Zones (Flash & ROM)

Flexible Control Peripherals

* 14 enhanced PWM channels (ePWM) with fault mgmt
* 12-bit ADC up to 2.3 MSPS with dual sample and hold

* Up to 4x programmable gain amplifiers (2x, 5x, 10x)

* Up to 7x windowed analog comparators + 10-bit DAC

* 32-bit enhanced input capture module (eCAP)

* Quadrature encoder interface (QEP)

Communication Interfaces

* 3x SCI/UART modules
* SPI module

*12Cbus

*CAN 2.0

Other Features

* Single 3.3V supply with integrated POR/BOR

* Dual on-chip oscillators (10 MHz) with clock fail detect
« 80-pin QFP

*-40 to 105/125° C (Automotive AEC Q-100 Qualified)

QP

Applications: Motor Control & Drives, White Goods, Digital Power,
UPS, Renewable Energy, Power & Protection

Piccolo F2805x
C28x 32-bit CPU

Memory Power & Clocking

60 MHz Upto 128 KB
32x32-bit HW Multiplier Efash
ikl Up 020K
CLA SRAM
Co-Processor 2x 128-bit Secure Zones System Modules

60 MHz

Boot ROM 3x 32-bit CPU Timers

Debug
Real Time JTAG

Watchdog Timer
96 Interrupt PIE

Analog

Control Peripherals

7x ePWM Modules
14x Outputs

12-bit ADC, Up to 2.3 MSPS
16 channels

Up to 4x PGA/Op Amps

7x Windowed Comparators w/
10-bit DAC

Temperature Sensor

SPI CAN 2.0

Fault Trip Zones

Communication Peripherals
3x UART

12



Piccolo F2802x0 Entry Line

Performance

* 40-50 MHz 28x CPU

Embedded Memory

* 16-32 KB Flash

* 6-8 KB SRAM

* Boot ROM

* 128-bit Security Key

Flexible Control Peripherals

* 6 enhanced PWM channels (ePWM) with fault mgmt

+12-bit ADC up to 1.25 MSPS with dual sample and hold

» Up to 2x analog comparators + 10-bit DAC with slope compensation
+ 32-bit enhanced input capture module (eCAP)

Communication Interfaces

* SCI/UART module
* SPI module
*12C bus

Other Features

« Single 3.3V supply with integrated POR/BOR

+ Dual on-chip oscillators (10 MHz) with clock fail detect
* 38-pin TSSOP, 48-pin QFP

*-40 to 105 Temp Range

Applications: Motor Control (Washing Machines, Pumps,
Refrigerators, Compressors, Induction Cooking, A/C)

Piccolo F2802x0

C28x 32-bit CPU
40-50 MHz

Memory
16-32 KB

Power & Clocking
Dual 10 MHz OSC

32x32-bit HW Multiplier Flash
RMW Atomic ALU

System Modules

6-8 KB
SRAM
128-bit Security
Boot ROM
Debug

Real Time JTAG

96 Interrupt PIE

Analog
12-bit ADC, Up to 1.25 MSPS

Control Peripherals Comms Peripherals

3x ePWM Modules UART

6x Outputs 12C

2X Comparator w/ 10-bit DAC

Temperature Sensor

Fault Trip Zones

SPI

13



Piccolo 05x ADC designed for motor control

Synchronous motor phase readings
with dual sample & hold ADC

ADC input mux for greater pin out
utilization

12-bit, 2.3 MSPS ADC for high
speed feedback loops

Auto-sequencer for auto sampling
patterns

Piccolo™
F2805x
MCU

14



05x Integrated Op-Amps & windowed
comparators

Piccolo™ OpAmp
F2805x
[o]: ¥/ Kinetis-
d 3-Phase Inverter A e -m-
Gain 2,5,10 External 1,2,4,8,
| | | Settings Resistors 16, 32,
: Comparators : gf;;:;t 0.2mv 5uv 0.2mv
¢ Trip | f\:::]rac 0.1% 0.001%
, | Zone Y
B | ) Slew Rate 30V/us 2V/us N/A
| |
| |
| I Windowed comparators
lb ADC |
> |
% | OpAmp > |
AN — ° o S T T
|. | Trip!
I OpAmp —> : W A - [cMP> —>
-_ - e e e e e e e = = = - —— - 4

Trip!
Individual current feedback for each motor phase "ow..v... —>|CMP> —>
Integrated fault protection for system robustness and less pin

utilization  Over-current AND under-
High-performance, programmable OpAmps for accurate and current fault protection
on-time system feedback




FOC Introduction

Demands on motor control
— Smooth rotation over entire speed range
— Full torgue control at zero speed
— Fast acceleration and deceleration

=) Field Oriented Control (Vector Control)

Field Oriented Control

— Decomposition of the three-phase stator currents into
= magnetic field-generating part > Qe
= torque-generating part > s

Rotor flux position is estimated using motor quantities
— Measurement of phase voltages
— Measurement of phase currents (three/two/single — shunt)



Introduction

Processing of motor quantities [*]

ias .5 .5 t'e e .5
S/ — lgs N lgs N S s | Inverse lgs g Vas
i Clarke Park — Park NS Space
7/_\Y bs Vector
. i s e o . PWM
1. , ds | / ds ds [ Lys 1y Vds Gen
3-Phase 2-Phase 3-Phase

. FE
Ipc Single-Shunt Three Phase |/,
L —— r—-

Current Reconstruction i




Single-Shunt Phase Current Reconstruction

Low side shunt current measurement
Three Shunts Two Shunts Single-Shunt

ANF KT ,.J{. Jﬁl J% ‘ ng J/T. Ji-
VDEI A F R F R . Jﬂ Jﬁ JL\: ch| T e €N ¢
1 NS S
- P

2 phase currents measured DC-Link current measured
1 phase current calculated 3 phase currents calculated

~.

Kirchhoff’s Current Law:

) Lty +1.=0

Yy

3 phase currents measured

Motor as balanced
load with star
connection




Single-Shunt Phase Current Reconstruction

Current determination in DC-Link line (two examples)

. o .
C edd (edled]
=t ., =
J)& uﬁ Jﬁ ,J)& uﬁ J\)}
o— ) . . — 1N ) . .
top switches state: 100 top switches state: 110
bottom switches state: 011 bottom switches state: 001

=

Complementary PWM signals in each leg




Single-Shunt Phase Current Reconstruction

VDC :E VDC
34 mﬁ
O L

[ o T —

A
IB

 eaa—

DC

|DC

A
top switches state:  100) top switches state: 110
bottom switches state: 011] bottom switches state: 001

Complementary PWM signals in each leg




Single-Shunt Phase Current Reconstruction

! SMEH o u\} ! it ol 4 5

VDC :E VDC ¢
4
S i Siﬂ% q?r S F } Sa
_ _ v o

DC

top switches state: 100 top switches state:  1110)
bottom switches state: 011 bottom switches state: Q01

Complementary PWM signals in each leg




Single-Shunt Phase Current Reconstruction

DC-Link current table
SAH SBH SCH IDC
C NC NC 4,
NC C NC +lg
NC NC C +l¢
NC C C Iy
C NC C lg
C C NC lc

C: Conducting Transistor (1)

NC: Non-Conducting Transistor ( 0) e



Single-Shunt Phase Current Reconstruction

Relation between PWM signals and DC-Link current

vz ti It t
= acClive voltage veclors
e #0

-} zero voltage vectors
zero - | =0
DC

|
Sﬂ\H | 1 1 i 1 1 |
i
Sen 0 1 ! 1 0
i
Sci 0 0 i 0 0
I
I : : :
zero active active ZEI:‘O active active
: . i ! i i i
i
|DC i
E | E
% :
: |
V1 V2 V3 V4 V3 V2 V1

DC-Link current measurements must be done during time interval of active voltage vectors
At least one sample per V2 and V3 => two different currents measured: +l,, -l




Single-Shunt Phase Current Reconstruction

1

o

1

o

o

mid

min

Sample 1

Sample 2
; ; >
Tr + Ts TS&H Tr + Ts TS&H t

Determine sampling points for DC-Link current measurements

1. Sample point:
t. =t

min + Tr + Ts

2. Sample point:

ts = 1:mid + Tr + Ts

with:

T, = Rise Time

T, = Settling Time

Tsen = Sample & Hold Time
Minimum active voltage duration:

tav_dur = Tr + Ts + TS&H

Active voltage duration must be large enough for valid current measurements




Single-Shunt Phase Current Reconstruction
Challenges (explained in detail in next section)

— Sampling point determination (already shown)
=) Synchronization of PWM and ADC conversion q

Vi (010) -7 .. Vg (011)

— Make valid DC-Link current measurements during '
= Low modulation indices operation Y

4 V4 (100)
= Space vector sector change g s
=—)» Maintain large enough active voltage duration”
1. PWM Duty Cycle Compensation
2. PWM Phase Shift Compensation Vag (100) "o 77 Varo (107)

— Compensation of ripple in reconstructed phase currents
=) Phase current ripple compensation



Single-Shunt Phase Current Reconstruction
Determine sampling points for DC-Link current measurements

1 1

1

o

Deadband between complementery
transistors in inverter stage makes the

active voltage durations even smaller

®
A

|oc If active voltage duration is
large enough

valid current measurement;

active voltage duration large enough

Invalid current measurement;

/ active voltage duration too small

==
t



Implementation of Current Reconstruction

Basic implementation without PWM compensation

— Large enough active voltage duration is not maintained
= Current measurements during too small active voltage durations are not valid

— Wide variances in reconstructed phase currents as result

Worst current reconstruction performance

Advanced implementation with PWM compensation
— Large enough active voltage duration is maintained in every cycle
1. PWM Duty Cycle Compensation

Better current reconstruction performance

2. PWM Phase Shift Compensation

Best current reconstruction performance

Phase current ripple compensation
— Can be applied to basic or advanced implementation type
=> improves current reconstruction performance



PWM Duty Cycle Compensation (simple)[2]

Implementation of Current Reconstruction

S, extended

<—] R B

i SBjL sh!orte. ed i

: l 1 I 1 ' ;

! : I !

: , | 1 :

; ! I ;

vi ! : lva ! vt

i V2 V3 i ! i V3 V2 i
| : — |
| . A |
| : i !
| i ol E |
| ! ! | ! i
| L0 i
: o :
s | o |
g V1 : V2 V3 : Vi4 : V3 V2 : V1

PWM with maximum duty cycle is
extended.

PWM with minimum duty cycle is
shortened.

PWM with midrange duty cycle
remains unchanged.

V2 and V3 become large enough
active voltage durations.

Advantage:
Only one PWM CMP value necessary

Disadvantage:

Distortion of phase voltages.
S, larger than original

Sg. smaller than original




Implementation of Current Reconstruction

PWM Phase Shift Compensation (more complex)

Sg_ left shift | o S, fight shift

0 —

| L |

i | : | : I

| | | ! | |

E E A R E

SRS R R v

| | V2 V3 | o v v

i | i l |

: : i I . |

i [ ; | : |

: ! | : |

| | : i : : |

i O E |

| | | ! | 1

| R | 1

| Yl XX XX ! 1 ' v3 v2 ! Vil

| [T — I e e O l
Not Valid Minimum Active Voltage Duration

PWM with maximum duty cycle is
right shifted.

PWM with minimum duty cycle is
left shifted.

PWM with midrange duty cycle
remains unchanged.

V2 and V3 in second half of PWM
period become large enough active
voltage durations.

Advantage:
No distortion of phase voltages.

PWM duty cycles remain unchanged.

Disadvantage:
Two PWM CMP values used.




Implementation of Current Reconstruction

Current Ripple Compensati?n 3] PTD % 3 |
| @ (cn% |
| T~ |
| .

ZRO:; :

ld av i | l

PMSM motor model: 9 _"""__*_Al. B
lB! av } :\I

s | e et | LT
-t | i

! | |

| | :

Vs Vemr LA o | |

Measurement error of Samplel and Sample2

Samplel: -lc = -l¢ 4, - A
Sample2: lg = Ig 4, - A

ZRO



Implementation of Current Reconstruction

Current Ripple Compensation

\

|n ec = reconstructed current |,
|, 5, = directly measured current I,

Sector dependent offfset-like
current waveform error

\w %j
e Sector Part Transition
Beginning Middle End Offset
1 la av - A la_av la av + A -3A
2 la_av - 2A la_av - A la_av A
3 oo + A a oy + A o + A 0 <)://
4 laav + A la av + A la av+ A -A
5 A av la av - A la_av - 2A 3A
6 I av + A la_av la_av - A 0




Implementation of Current Reconstruction

Current Ripple Compensation
PMSM motor model:

. R Ls I
VS:RS.iS—i-LS d +VEMF
VS VEMF
dis  Rs
P L st (Vs Vemr)
with:

Vg = measured motor quantity (DC-bus voltage) — phase voltages
Veue = estimated in SMO (sliding mode observer) module

I = measured motor quantity (DC-link current) — phase currents
Rg = motor stator resistance

Ls = motor stator inductance



Implementation of Current Reconstruction

Current Ripple Compensation

PMSM motor model in stationary reference frame:

dl,  Rs 1 dlp Rs

1
e 7. (V. — - ., 4+ —-(Vo—E
dt s lat 5" Va—Ea) dt Ls # 7 Is (Vg = Ep)

Current change of rate in original phase domain:

dl o 1/dt 0

' dl o 1/dt
dlyo1/dt| = —1/2 V3/2 [dl‘“‘”jdt
dlg./dt| |-1/2 —V3/2 £O1

Offset correction values:

ALl [dl/de Al [Aly] [dla/dt
Alyy | = |dlpo/dt| -t Alpy | = |Alpy | + |dlpr/dt| - (tmia — t,00)
Al 4 dIcO/dt Al Al 4 d]cl/dt




Implementation of Current Reconstruction

Current Ripple Compensation

Sector

la

Ic

-(le+lc pc2-Alp2 -Ipci-Ale
3 -Ipc1-Ala lpc2-Alb -(la+lg)
4 -lpc1-Alaq -(latlc) lpco-Aleo
S -(ls+lc) -Ipc1-Alpy lpco-Aleo
6 lpc2-Ala2 -lpc1-Alp -(la+lg)

Example:

Samplel — lp¢;

Sample2 — lpe,




Software Implementation

Implemented solution makes use of the following resources
— 5 A/D channels (1x dummy, 2x phase currents, 1x DC voltage, 1x DC current)

— 4 EPWMs (3x phase voltages, 1x ADC synchronisation for DC-Link current sampling)
— 1linterrupt on EPWM CNT=ZRO
(processing complete FOC control algorithm with DC-Link current reconstruction)

PWM Period

S

MainISR’ called on EPWM CNT=ZRO
Equal time base for all PWMs

EPWM1-4 in up-down count mode
PWM signal set on CMPA match
PWM signal clear on CMPB match

ZRO

EPWM1S, j EPWM4 SOCB on CMPB match
i | = Samplel
EPWM25Sg,, | i
EPWM4 SOCA on CMPA match
EPWM3Sy | | = Sample2

EPWM4




Software

Use of already existing project within Control Suite v2.2.1
BT

= IC3) controlSUITE
= IC3) development_kits

— PM_Sensorless project

A Motor: DRV8312-C2-KIT Three-Phase Brulslhless Motor Control =l IEI DRY8312-C2-KIT
DRV8312 Three-Phase Brushless Motor Control Kit (v1.1) B ~Docs
Buy Now (@] Froject PM_Sensorless

Main features

Piccolo F28035 controlCARD with onboard isolated USB JTAG emulation

DRW8312 3-phase Motor Driver Evaluation Board. 52 5% 6.5A (continuous, per phase)
24V DC desktop power supply

1x BLDC motor

GUI. Detailed example software and documentation

Complete hardware schematics. gerber files. and BOM

& Doramerin |

/5] How To Run Guide «¢ BLDC Sensored
=] Hardware Guide L& BLDC Sensorlacs
5] GUI Quick Start Guide % PM Sensorless

5] Sensorless FOC of PMSM
;_} Sensorless Trapezoidal Control of BLDC Motors
;_} Trapezoidal Control of BLDC Motors Using Hall Effect Sensors

& roie

DRWB8312-C2-KIT Tool Folder m Graphical User Interface (GUI)
DRWY3312 Product Folder m Hardware Development Package
TI Integrated Motor Drivers m Digital Motor Control Library
C2000 Motor Control Primer m XDS100 drivers

All C2000 kits and toals [/ kit Folder

C2000 Mator Control Site
Interactive MCU Selection Tool




Software

New modules written as macros

— DC-Link current reconstruction f2803xdclink_PM.h

— ADC configuration for DC-Link
f2803xdclink_ileg vdc_PM.h

— PWM configuration for DC-Link f2803xdclink_pwm_PM.h

— Current offset calculation f2803xdclink_calc_offset. PM.h
Additional files
E I D LINE = ) ~Docs
— Linker comn  [Elrzsoss_pcumk_FLasH.cmd = delink. pdf NK FLASH.cmd
[£] Fzan35xddink_calc_offset_PM.h =% delink_calc_offset.pdf -
— Module doc  El rzanasudink_ileg_vde_pr.h = delink_ileg_velc.pdF
=] F2E035xddlink_FM.h = delirnk_pwarn. pf

=] Fzanasxddlink_pwm_PM.h



Software

Module integration in existing PM_Sensorless project

e Import and include module header files and linker command file

e Declare and define module objects

e Insert and replace original PWM and ADC initialization macros

e Insert and replace module function calls

J/

A detailed step-by-step description for DC-Link modules
integration can be found in the DC-Link module folder.

Sls]oc 1k

-_j How To Integrate DC_LIMK Modules.pdf



Practical Measurement Results

Used hardware
— DRV8312-C2-KIT (F28035) =
— Anaheim Automation BLY172S-24V-4000




Practical Measurement Results

No PWM Compensation vs. PWM Duty Cycle Compensation

--- |, (directly measured in phase A leg of stage inverter)
--- |, (reconstructed from DC-Link current measurement)

No PWM Compensation : PWM Duty Cycle Compensation

/ /N o ey

1AV im| B

12540 Q0.
0.000000 0.573270 1.146540 1.713810 2293080 2.866 0.003650 0.576190 1.148730 1721270 2293810

Parameters: SpeedRef = 0.3; 1g=0.1; no load




Practical Measurement Results

Wik DURippyelEnpyreyasation  vs. PWM Phase Shift Compensation

--- |, (directly measured in phase A leg of stage inverter)
-=- |5 (reconstructed from DC-Link current measurement)
--- difference in result when using Current Ripple Compensation

0.12647 0.12727

No PWM Compensation - | Ripple Compensation ON
\

’ "
[\
\

A

/ LAY

I

IRV | )
AN Nl

430750"( 4 ] -0.07e07
( ADp—— \J
“”/ \\_i / \\ //

01
1.719810 2233080 2.866 0.000000 0573270 1.146540 1.713810 2293080 2866

| =

\q_j“
\

A0
0.000000 0.573270 1.146540

Parameters: SpeedRef = 0.3; 1g=0.1; no load




Summary

Following subjects were achieved

TI MCUs for Motor Control Application
- MSP430(Low power), Stellaris(32-bit ARM), C2000(DSP) ,Hercules(Safety)

TI DSP based C2000 series for Motor Control Application

Current reconstruction algorithm with 6 different options
— No PWM compensation with/without current ripple compensation
— PWM Duty Cycle compensation with/without current ripple compensation
— PWM Phase Shift compensation with/without current ripple compensation

Software modules written as macros for Piccolo

Successfully tested on DRV8312-C2-KIT (F28035) with sensorless FOC of
PMSM



Thank you
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Software Implementation

Implemented solution makes use of the following resources
— 5 A/D channels (1x dummy, 2x phase currents, 1x DC voltage, 1x DC current)

— 4 EPWMs (3x phase voltages, 1x ADC synchronisation for DC-Link current sampling)
— 1linterrupt on EPWM CNT=ZRO
(processing complete FOC control algorithm with DC-Link current reconstruction)

PWM Period

S

MainISR’ called on EPWM CNT=ZRO
Equal time base for all PWMs

EPWM1-4 in up-down count mode
PWM signal set on CMPA match
PWM signal clear on CMPB match

ZRO

EPWM1S, j EPWM4 SOCB on CMPB match
i | = Samplel
EPWM25Sg,, | i
EPWM4 SOCA on CMPA match
EPWM3Sy | | = Sample2

EPWM4




Program flow ‘MainISR’

C Main¢ISR() )

Clarke Transformation
IA;'B => Imllﬂ

v

Park Transformation
laylg => lg,lg

v

PID Controller
PID_speed, PID_l, PID_lq4

v

Inverse Park Transformation
lg,lg == lo,lp

Phase Voltage Reconstruction
Ve => Vo, V3

v

Rotor Position/Speed estimation in
SMO/SE module

v

Space Vector Generation
=> Taons Teons Teon

v

CMPA/CMPB Calculation for Phase
PWMs PWM1/2/3

Software

Changes to original
,MainlSR()‘ code

( MainISR() )
i

Current Reconstruction

loc == lalalc
___

v

Clarke Transformation
|p,,|5 == |n,|ﬂ

v

Park Transformation
leﬂ == ld;lq

v

PID Controller
PID_speed, PID_|,, PID_lg

v

Inverse Park Transformation

Phase Voltage Reconstruction
Voc => VaVp

v

Rotor Position/Speed estimation in
SMO/SE module

v

Space Vector Generation
=> Taone Toons Ton

v

CMPA/CMPB Calculation for Phase
PWMs PWM1/2/3

‘

L
( main() )

47

PWM Pattern Compensation =>
Minimum Active Voltage Duration

-
(___main() )




Software

A a0 2

Ui20 (010)

O (111)

Useo (011)

Ulso (110)

U240 (100)

0o (000) Uo (001)
o

Usoo (101)

( DCLINK_IxEstimation() )

3
Get momentary sector of space vector
generation

compensation

YES

L

Current ripple compensation

il

-

Y

Get ADC results from previous PWM cycle.
Determine which 2 currents have been
measured at that time => LastSector
(active voltage vector & Iy table)

48

A J
Use Kirchhoff's Current Law to
calculate third phase current

Y
Save momentary sector; To use in
next cycle as LastSector
LastSector = Sector

(" MainlSR) )




Software

Current reconstruction routine

Sector Ia le lc
1 Ipc2-Alaz -(Iatlc) -lpc1-Aley
2 -(Is+lc) lpcz-Alpz -lpc1-Aley
3 -lpc1-Alay Ipca-Alp2 -(la*lg)
4 -lpc1-Ala -(Iatlc) Ipc2-Aleo
5 -(Is+lc) -lpc1-Alpy Ipc2-Alco
6 Ipco-Alaz -lpc1-Alp -(la*lg)

( DCLINK_IxEstimation() )

Y
Get momentary sector of space vector

generation

i

e
_~ Ripple ™
compensation
on?

YES
4

Current ripple compensation

il
-
y

49

Get ADC results from previous PWM cycle.
Determine which 2 currents have been
measured at that time => LastSector
(active voltage vector & Iy table)

Y
Use Kirchhoff's Current Law to
calculate third phase current

¥
Save momentary sector; To use in

next cycle as LastSector
LastSector = Sector

(" MainISR() )




Software

Current reconstruction routine

( DCLINK_IxEstimation() )

Y
Get momentary sector of space vector
generation

‘

o
-~ .,
L "
" Ripple ™

- o
compensation
on?
NO

YES

Y

Current ripple compensation

il
-

Get ADC results from previous PWM cycle.
Determine which 2 currents have been
measured at that time => LastSector

(active voltage vector & Iy table)

ADCRESULT 10-14: ADCRESULT 4-9:
Sample 1 Sample 2
S“i 1 ; ] E 1 0
|
S | 1 . 0 0
|
Sct : 1 R 0 0
Sample 1 Sample 2
SECTOR S Sg, S, loc
2/3 NC C C +,
1(5 C NC C +g
4/6 C C NC +l,
4¢5 C NC NC -l
2/6 NC C NC Iy
1/3 NC NC C e

C: Conducting Transistor (1)
NC: Non-Conducting Transistor (0)

50

Y
Use Kirchhoff's Current Law to
calculate third phase current

¥
Save momentary sector; To use in

next cycle as LastSector
LastSector = Sector

(" MainISR() )




Software

Current reconstruction routine

51

- (ADCRESULT10-14) (ADCRESULT4-9)

(" DCLINK_IxEstimation() )

Y
Get momentary sector of space vector
generation

‘

/ﬁ;lple\
compensation
on?

YES

L

Current ripple compensation

il
-

Y

Get ADC results from previous PWM cycle.
Determine which 2 currents have been
measured at that time => LastSector
(active voltage vector & Iy table)

)
Use Kirchhoff's Current Law to
calculate third phase current

Y
Save momentary sector; To use in
next cycle as LastSector
LastSector = Sector

(" MainlSR) )




Software

Current reconstruction routine

X,y: PWM cycle

ADC(y)

A

N

ADC(y+1)

A

ADC(y+2)

A

(" DCLINK_IxEstimation() )

Y
Get momentary sector of space vector
generation

‘

/ﬁ;lple\
compensation
on?

YES

L

Current ripple compensation

il
-

Y

sector (X);

prepare PWM4 for
ADC(y+1);

use ADC(y-1) from
sector(x-2);

sector (x+1);

prepare PWM4 for
ADC(y+2);

use ADC(y) from
sector(x-1);

sector (x+2);

prepare PWM4 for
ADC(y+3);

use ADC(y+1) from
sector(x);

Get ADC results from previous PWM cycle.
Determine which 2 currents have been
measured at that time => LastSector
(active voltage vector & Iy table)

52

A J
Use Kirchhoff's Current Law to
calculate third phase current

Save momentary sector; To use in
next cycle as LastSector
LastSector = Sector

(" MainlSR) )




PWM compensation routine

Software (DCLINK_Compensation() )
v

=>PWM1, PWM2, PWM3

Get momentary CMPA values of the three phase PWMs

v

Determine min, mid, max value of PWMx CMPA
== cmpl=min, cmp2=mid, cmp3=max

No Compensation PWM Duty Cycle Compensation

1. Active voltage
duration too small?2

Extend PWMx signal by calculating
new CMPA/CMPB values

2. Active voltage
duration too small?

Shorten PWMx signal by calculating
new CMPA/CMPB values
[

PWM Phase-Shift Compensation

. Active voltage
duration too small?

Right shift of PWMx signal by
calculating new CMPA/CMPE values

. Active voltage
duration too small?

Left shift of PWMx signal by
calculating new CMPA/CMPB values

-

Set appropriate CMPA/CMPB values of PWM4
=> ADC start of conversion synchronisation

53

v
> MainlISR() )




Software  (bcLink_compensation()
v

Get momentary CMPA values of the three phase PWMs
=> PWM1, PWM2, PWM3

x

Determine min, mid, max value of PWMx CMPA
== cmpl=min, cmp2=mid, cmp3=max

PWM compensation routine

\pensation PWM Duty Cycle Compensation PWM Phase-Shift Compensation

1. Active voltage
duration too small?2

. Active voltage

CMPA duration too small?

mid

Extend PWMx signal by calculating Right shift of PWMx signal by
new CMPA/CMPB values calculating new CMPA/CMPE values

[
I
!
|
PWM1S,, ! 2. Active voltage . Active voltage
_ . duration too small? duration too small?
! I
PWM2Sy | !
BL | |
| I . : . .
i i Shorten PWMx signal by calculating Left shift of PWMx signal by
PWM3S, | | new CMPA/CMPB values calculating new CMPA/CMPB values
T |

-

Set appropriate CMPA/CMPB values of PWM4
=> ADC start of conversion synchronisation

v
> MainlISR() )
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Software

PWM compensation routine

(DCLINK_Compensation())
v

Get momentary CMPA values of the three phase PWMs

=>PWM1, PWM2, PWM3

v

Determine min, mid, max value of PWMx CMPA

== cmpl=min, cmp2=mid, cmp3=max

Mo Compensation

S, extended

“—

SeL shdrtened

—

—

55

/Co/mperm

PWM Duty Cycle Compensation

—
“1. Active voltaE\
uration too small?2

Extend PWMx signal by calculating
new CMPA/CMPB values

T kx
2. Active volt%é\\a

uration too small?

PWM Phase-Shift Compensation

X
" .,
//ﬂctive volta‘g\e\

uration too small?

Right shift of PWMx signal by
calculating new CMPA/CMPE values

.

- ",
//ﬁctive vnltaﬁ\

uration too small2

Shorten PWMx signal by calculating
new CMPA/CMPB values

Left shift of PWMx signal by
calculating new CMPA/CMPB values

Set appropriate CMPA/CMPB values of PWM4
=> ADC start of conversion synchronisation

v
> MainlISR() )




PWM compensation routine

Software

No Compensation PWM Duty Cycle Compensation

(DCLINK_Compensation())
v

Get momentary CMPA values of the three phase PWMs
=> PWM1, PWM2, PWM3

S, right shift

| | |
i A1 : A1 i

SaL | — | — i
| I |

| @ i

SeL | | [ | !
I i !

I : I

i [ i

Sa | | i ,
| Sy, left shift |

. L H

I : i

Sau | | ! | i
! ! I

! a2 1 B2 I

SaL : | i | |
: I

i ! i

i I i

Sa | | ; i

56

v

Determine min, mid, max value of PWMx CMPA
== cmpl=min, cmp2=mid, cmp3=max

/Co/mperm

’—W ‘

PWM Phase-Shift Compensation

,—-"J\M_,_
//ﬂctive volta‘g\e\m

uration too small?

—
1. Active volta‘ai\m
uration too small?2

Right shift of PWMx signal by
calculating new CMPA/CMPE values

N //L
‘ 2. Active volt%é\\a

"
//ﬁctive vnltaig?\h

uration too small2

uration too small?

Left shift of PWMx signal by
calculating new CMPA/CMPB values

-

Set appropriate CMPA/CMPB values of PWM4
=> ADC start of conversion synchronisation

v
> MainlISR() )




Software (DCLINK_Compensation() )

Get momentary CMPA values of the three phase PWMs
=> PWM1, PWM2, PWM3

v

Determine min, mid, max value of PWMx CMPA
== cmpl=min, cmp2=mid, cmp3=max

¥

PWM compensation routine

No Compensation PWM Duty Cycle Compensation PWM Phase-Shift Compensation

1. Active voltage
uration too small?2

. Active voltage
uration too small?

=> ADC start of conversion synchronisation

\ PRD \

| CMPA |

| |

: CNTU CNcTr[jPB : Extend PWMx signal by calculating Right shift of PWMx signal by

E ! : new CMPA/CMPB values calculating new CMPA/CMPE values

i - 4 i L /i\

| T R |

[ g g [

i & ] : = — et

ZRO i . ! 2. Active voltage . Active voltage

; : uration too small? uration too small?
PWMI1S, | !

| i :

| 1 |

; : WMx signal by calculating Left shift of PWMx signal by
PWM2 5 | | i WIPA/CMPB values calculating new CMPA/CMPB values

: .

i : i [ I

| ; | ]

| | |
PWMS Sc, : : : Set appropriate CMPA/CMPB values of PWM4

| |

| |

| |

| |

PWM4

v
> MainlISR() )
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