ni.com/powerdev
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NI Power Electronics Control Design V Training VWorkshop

Pre- Requisites

If you hit a snag or have questions, make a note of it and move on to the next exercise. Email your notes to the instructor
when finished.

1. Install the development tools on your computer. Follow the instructions in the PDF document below. Install in evaluation
mode.

Download and install the NI development tools and NI CompactRIO Driver Software

2. Review the introduction to LabVIEW tutorials:

Introduction to NI LabVIEW

3. Complete the introduction to Multisim exercise:

Introduction to Multisim: Learn to Capture and Simulate in Less Than 30 Minutes

4. Complete the introduction to FPGA co-simulation exercise, beginning with part 3.

Introduction to Digital and Analog Co-simulation Between NI LabVIEW and NI Multisim

5. Download and unzip the power electronics hands on training software and instruction manual.

Download and unzip the training software (Nl GPIC Reference Design Project)

(You must unzip to a short directory path such as C:\PowerDev.)

Download the instruction manual



ftp://ftp.ni.com/evaluation/powerdev/training/DownloadDevelopmentToolsReferenceDesignsandIPCores.pdf
ftp://ftp.ni.com/evaluation/powerdev/training/DownloadDevelopmentToolsReferenceDesignsandIPCores.pdf
http://www.ni.com/gettingstarted/labviewbasics/
http://www.ni.com/gettingstarted/labviewbasics/
http://www.ni.com/white-paper/10710/en/
http://www.ni.com/white-paper/10710/en/
http://www.ni.com/white-paper/10710/en/
http://www.ni.com/white-paper/10710/en/
http://www.ni.com/white-paper/13663/en/
http://www.ni.com/white-paper/13663/en/
http://www.ni.com/white-paper/13663/en/
http://www.ni.com/white-paper/13663/en/
http://www.ni.com/white-paper/13663/en/
ftp://ftp.ni.com/evaluation/powerdev/training/GPICReferenceDesign.zip
ftp://ftp.ni.com/evaluation/powerdev/training/GPICReferenceDesign.zip
ftp://ftp.ni.com/evaluation/powerdev/training/GPICReferenceDesign.zip
ftp://ftp.ni.com/evaluation/powerdev/training/InverterControlDesignVHOWorkshopManual.pdf

[

Discussion]

Open guestions from pre-requisite work?
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NI Power Electronics Control Design V Training VWorkshop

Workshop Agenda Module 2: Three Phase Grid Synchronized Inverter

1. Power Electronics

1.

Control
Understanding 3-Phase Power and the PLL

2. NI DeSign VToolchain 2. 3-Phase DC-to-AC Inverter Control

3. Training Kits & Reference Design 5 Comparing Simulated vs. Experimental Results
4. The NI LabVIEW RIO Approach 4. Grid Synchronized Inverter Control

5. Hands On Modules 1-3 Module 3: AC Induction Motor Control

1.

6. Case Studies & Latest Releases

2.

Understanding the 3-Phase AC Induction Motor
Sine-Triangle AC Induction Motor Control

Hands-On Exercises 3. Comparing Simulated vs. Experimental Results
. : . - - |
Module 1: Single Phase Power Conversion ’ Voltage-over Freq.uency Contro
1. Configuring your NI RIO Embedded System 5. PID Control Tutorial
2. Understand the GPIC Reference Design App. Module 4: Power Electronics Real-Time HIL Simulation
3. Half-Bridge DC-to-AC Inverter Control : :
N Pulse Width Modulation Logic 1. LabVIEW FPGA Floating Point Math Palette
5. Sine-Triangle Pulse Width Modulation 2. Transfer Function and State-Space Modeling
6 (éom?aring Simulated vs. Experimental 3. Single-Phase Inverter HIL (Transfer Function)
esults

Three-Phase Inverter HIL (State-Space)
AC Induction Motor HIL (Custom)
Automatic Multisim-to-FPGA Conversion HIL



Power Electronics

The Digital Energy Revolution
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The Digital Energy Revolution

* Digitized and digitally controlled
* Networked

* Field reconfigurable

* Modeled and simulated

* Improving at exponential rates

\

“Today, approximately 30 percent of all
power generation utilizes power
electronics between the point of
generation and consumption. By 2030, it (JEA EAT ‘,
is expected that up to 80 percent of all | —— T
generated electricity will utilize power SRR, S A D T
~ electronics” -US Dept. of Energy

Join the developer community at ni.com/powerdev


http://www.ni.com/powerdev

2020 compared to 2000...

- Processing pertormance is 113 thousand times cheaper
per dollar

- A power converter controls 27 times more power for its
Size

- Lithion-lon batteries deliver 29 times more energy
storage (k\Wh) per dollar

- Typical inverters are 99.5% etficient (3.4 times less waste
heat)

- Solar module cost is 110 times cheaper per watt, solar
Installed cost Is 24 times cheaper per watt

- Overall inverter market is expected to be ~$75B in 2020
(currently ~$44B)

W7 NATIONAL
ni.com 8 ’ INSTRUMENTS



The Power Electronics Renaissance

“Since the industrial revolution | do not know of a single 1965 1930 1995 2000 2005 >
i i i . 2nd Gen, 34 Gen, / 4" Gen. Y 5N Gen, De
financial push towards a solitary focus as large as 1 Gen [ £ ot [ Msores | Fseries & NF sories n‘;‘;‘:;a"tm
renewable energy outside of war.”- Glenn A. Knierim, A ®
H H Power losses in
Ph.D., founder of Infinity Physics 100w~ Yery 1, invertr application §elesioelten
E IGET O”’@p Ap?lication SVVVE Inverter_Cix_\:uit
s turn-off /O Inverter Qutput Currenr..I? = -la.Ar.m.s.
loss Ss ’ Cunt_ml Scheme = PW.\‘I._Smuso:d.al
260% GI’OWth g 5w @Qruoed %::!irff;g:er;e}::i;; 15kHz
500 k\/\/+, § IGBT " lo 7/
o 156,000 JRC 40w isw CSTBT™
190% Growth ="'~~~ STBI®
6% of units IGBT
turn-on
100 tO 500 loss _
kV\/’ \ 1% Gen. 2" Gen. 34 Gen. 4™ Gen. 5™ Gen. g
416,000 \ Planar gate Trench gate
16% of \ 90% Growth
units / <10KW, =
160% Growth | 1,300,000, =
\ 50 cyO Of 20
10 to 100 units . .
kW’ 10
728,000, 5 -
28% of U |
un I'tS 2007 2008 2009 2010 2011e

INVERTER SHIPMENTS (MWp)
2010 INVERTER UNITS AND GROWTH RATE BY INVERTER SIZE

(KW) " NATIONAL
ni.com 9 ’ INSTRUMENTS'




Inverter Control Crash Course
Understand Power Electronics in 5 Minutes

Standard .

Interface OPEN/ 4
CLOSE ; —
| vbe2 GATE y T ——
3ate Driver —-300V D—";}'GBTZ NI General Purpose
UPPER Inverter Controller (GPIC)

INDUCTOR

VL

CAPACITOR RESISTOR

- 3

OPEN/
CLOSE

_| voet GATE

—300V [FIGBT1
LOWER

Half-Bridge
IGBT Module
(Econodual)

VNATIONAI.
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Putting It All Together

Complete Inverter Control System

. Power Electronics

Battery Stack,
Solar Array

C

Converter
BMS

Converter/Rectific®s

i Transformer : A ront End S rter/Drive : i
‘GRD ‘ e | |
: S— | — o | ]
i L Lt € | e
! I 1\ 1\ I Motor/Generator
Power System : Inverter/Converter/Drive :
::::::::::::::::::::::::::::::::::l::::::::::::J:::::::::::::::::::::: SIIIIIIIIIIIINIIIIIIITIIIIIIIIIIIIIIIIIIII
| |
Control System : - - ‘
| Q Control +1/0 I
D‘%‘D / System AR Machine Condition
e HMI — Monitoring (MCM)

SCADA Safety Systems



NI

Power

—lectronics
Toolchain

Design 'V

A Formal Approach to Embedded Systems Design
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DesignV Approach to Embedded System Design

The DesignV Process
represents the standard for
repeatable methodology

1.Design 5.Production within embedded system
Embedded Software Fully Automated design. Its use of system-
Co-Simulation Testing level design, verification

tools, and reconfigurable
COTS embedded systems
not only enables cost and

S risk reduction, it also
<9;> ‘,,\\5,5” helps teams focus on new
4 2.Prototype 4.HIL K features and innovations
oéé Rapid Control Hardware-in-the-Loop & by exponentially increasing
025)_ Prototyping Validation Aé?) performance per dollar.
u}& b@
> o
l¢) >
% &
©, &
3.Deploy
High-Volume Commercial
Deployment Target
‘7 NATIONAL
ni.com 13 ’ INSTRUMENTS



NI Power Electronics Control Design V Toolchain

Graphical Co-Simulation
(Multisim, LabVIEW FPGA) Deployed System Management
' & Remote Monitoring

. Test
Design Cells
\\ / [
IFI%:;[s’etpant : . ) s FU" Power
HIL Simulati
Prototype Hil i

Rapid Control Prototyping
(CompactRIO, Veristand)

Testing -] |

- i
SIOND
g, &
7% 7
T ¢
o ’ y
¥
g >
L
M
-~

Real-Time HIL Simulation
(StarSim, FPGA Motor Sim, FPGA TF/SS Solvers)

Deploy

Commercial Deployment
Power Measurement Suite (General Purpose Inverter Controller)
(IEC EN 61000, 50160, ...)

Utility Networking
(IEC-61850, DNP3, ...)




Cyber-Physical System Co-Simulation

Sine-Triangle Pulse Width Modulation (PWM)

LabVIEW Control & Simulation Loop

Mod Index s14 / uBOTA ¥
|IE L — Mod Index

[LabVIEW FPGA Desktop Execution Node]
@ D

[FPGA] Half-Bridge Inverter Control.vi

|Multisim Co-Simulation Interface|
- == =

s2A / uTOPA [

ALL2+ /Vu_A
AB+ [TuA
All5+ / VDC_Link_A

Deadtime
(=delay(s)™dT)

=

B

Carrier Freq.

in

(=fc(Hz)*4*dT) Triangle
(=T
Mod Index (ianghe

0.2) =

XCP2
0 1 mv/mA| DC Theatsink Tambient
Ue U2
1 TTj TWrh
PWIM time (s) TOP T I -
- ) [ — T Pswa 0 28.8°C
}i !] _Psw(
L5 Py oo HeatSink
IGBT_DIODE_THERMAL T_PcD
Ti c2 STGIPS10K60A
ime ——33004F
g Bl PJ'LI'I.I s2A uTOPAD . XCP3
IPJ‘I_[LI <14/ uBOTAD Adaptlve VDG L1 LESR 3 v/ma

Synchronized ="
Co-Simulation

SV
IC=0.0

CF
c1
(TAS C S) L 3300F L oo
BOTTOM
@l € Ctneetl]

ni.com

<-PGND
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PATENTED TIME-ADAPTIVE SYNCHRONIZED CO-SIMULATION (TASCS)
ACCURATE SIMULATION OF CYBER-PHYSICAL SYSTEM DYNAMICS

NI LabVIEW FPGA Simulator

Clarke Park  PIFlux/Torgue Loop Imv. Park Space Vector Modulation
—u'v‘.?’aﬁ aﬁ‘/dq | @2 _‘dqf(ﬂﬁ » AP L
[

o

1o |'% {1 |

* TASCS enables accurate, time

r AP Y

» AP W

synchronized co-simulation of the FPGA
and switched-mode power electronics,

automatically adapting for fast transient
events such as faults and short-circuits.

ni.com

NI Multisim Circuit Simulator

Vde_link
ut VT wT
1 mV/ma 1 mV/ma
o1 ; 53 3 55 i la_i Va, L XCP2 la_L
vai |° S S L1 Rioad1 FD
<3
T mv/ma 3.348mH 16820 1 m{/ma
XCPS Ib i Vb, L XcPp1l b L
=00V o (—o L2 onez (T
T mv/mh 3.348mH 16820 11 mf/m
XCP§ le_i ve, L C: le_L
ve i H Lf3 ? Rload3 A"‘—D
- ~ 3.348mH 1.6820
us \r} ve I we In
O n! m! .
1 1 1
b2 52 Lo s4 lse T Ls Output Filter 3 Phase Load |yneutral
= 2-Level, 3-Phase Inverter
T3 60 Hz - ELVIS 2-Level 3-Leg, 3-Phase Inverter Co-simulation 1B [= @ )

First simulator and second
simulator synchronized at
simuiation start time

!

First simulator and second
simulator exchange
initialization data and each
simulator initializes its
starting states

J

First simulator and second
simulator restore state at the
most recent time point where
convergence was successful

(at a saved check point)

b

First simuiator
advances first simwlation
one time step

|

Second simulator computes
solution at time requested
by first simulator

Does
either simulator
fail to find a solution at
the current time step
(i.e. failed
to converge)

No

First and second simulators
negatiate next time step
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The Evolution of System Level Design
Traditional Methodology = Graphical System Design

Closed Loop
Simulation
<€

>
Closed Loop

Simulation

A

1X9j1U0) uonejnwis

FPGA SW Cost FPGA SW Cost

1/0

Algo-

1/0 rithm -

(7{)% ) Algorithm
(90%)

A

1X331u0) JusawaAo|daqg

Full-Custom Chip-On-Board
Circuit Design with 1/0 Support

1X91U0) uonejnwis

IX9ju0) JudwAiojdaq



Accelerating Cyber-Physical Systems Design

E POWER SWISS
ONEYEAR FROM CO-SIMULATIONTO HIGHVOLUME PRODUCTION

We will tell you the story about

= Developing a 500kW PV-inverter

= Setting-up a factory in China
= Make the prototypes
= Passing the certifications

= Commissioning the zero series

» Accurate cyberphysical
co-simulation accelerated project

« Remote access to inverters
deployed in China

* Over 120 megawatts deployed
in first two years

I I 'th 3 1 cRIO Controller
- a WI I n yea r R u r Application FPGA Al Module sync. Al
Loop _(1;
* Ext. Inferfaces Al Input:
« Appl. State Machine lac-Control Temp
¢ Activation/ Deactivation * SVM Al Module mult. Sensors
* MPPT *« PWM (|
« Slow Fault Handling DI/ DO
+ Counters, Trace and Logs HW Fault ——
IGBT
TCP/IP
Display fn \| =Tk fast DO Module A
. §
hi I'I; Webserver Switches
Modbus g {
Client iy Modbus I/F DI/ DO Module
i System Monitoring Feedbacks
FTP . =
Filesystem { {
Client ﬁ’_’ﬂ@L =
Han Chua. . @l . Hubei Lage scale roof top
o “ ~ Asynchronous Task Transition (FIFO) h ] ]
mven b
EPS 500 kVA Solar Inverter : Srteeri > e EP — 5
I: k p files

. Logs and




NI LabVIEW RIO Approach vs. Conventional

Full Custom Embedded Design

= Wilson Research Study

NI Embedded EETimes Overall Ratio
Customers (2012)* Embedded Market
(2012)2

Average Development Team Size

: . 4.8 11.5 2.4
(HW, SW, Firmware Engineers)
Average Months to Complete Project 6.2 12.5 2.0
Average Person-Months to Complete 30 144 4.8 (average of 114 person-
Project month savings per design)
Average Development Cost $248,000 $1,198,000 4.8 (average $950,000 cost
(assuming $100k/person/year with savings per design)
overhead)
Percent of Projects Completed On or | 58% of NI customers 42% of embedded 0.7
Ahead of Schedule market
Percent of Projects Completed 38% of NI customers 55% of embedded 1.4
Behind Schedule/Late market

NOTEZ1L: The overall embedded market study was a global Email/web study including over 1,700

NATIONAL

responses from embedded engineers from Americas, Europe and Asia
NSTRUMENTS NOTEZ2: The study of NI embedded customers was a global Email/web study including over 1,100

responses NI embedded customers from Americas, Europe and Asia

& XILINX.



NI Power Electronics Control Design V Training VWorkshop

Workshop Agenda Module 2: Three Phase Grid Synchronized Inverter

1. Power Electronics

1.

Control
Understanding 3-Phase Power and the PLL

2. NI DeSign VToolchain 2. 3-Phase DC-to-AC Inverter Control

3. Training Kits & Reference Design 5 Comparing Simulated vs. Experimental Results
4. The NI LabVIEW RIO Approach 4. Grid Synchronized Inverter Control

5. Hands On Modules 1-3 Module 3: AC Induction Motor Control

1.

6. Case Studies & Latest Releases

2.

Understanding the 3-Phase AC Induction Motor
Sine-Triangle AC Induction Motor Control

Hands-On Exercises 3. Comparing Simulated vs. Experimental Results
. : . - - |
Module 1: Single Phase Power Conversion ’ Voltage-over Freq.uency Contro
1. Configuring your NI RIO Embedded System 5. PID Control Tutorial
2. Understand the GPIC Reference Design App. Module 4: Power Electronics Real-Time HIL Simulation
3. Half-Bridge DC-to-AC Inverter Control : :
N Pulse Width Modulation Logic 1. LabVIEW FPGA Floating Point Math Palette
5. Sine-Triangle Pulse Width Modulation 2. Transfer Function and State-Space Modeling
6 (éom?aring Simulated vs. Experimental 3. Single-Phase Inverter HIL (Transfer Function)
esults

Three-Phase Inverter HIL (State-Space)
AC Induction Motor HIL (Custom)
Automatic Multisim-to-FPGA Conversion HIL



Power

=lectronics Iraining Kits

NI sbRIO General Purpose Inverter Controller (GPIC)
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NI Single-Board RIO General Purpose Inverter Controller (GPIC

Accumulator Increment
|85899346 ||

reset

[Control amplitude of filkered power output (PID contral)|

ARMS > PID
RMS setpoint FXP} =
@ @Eﬂ okl e iy Ot
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Triangle sine PYWM comparators - Y y & Joud FF1
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E—
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Energy Source

Power Inverter Output Filter Stage 3-Phase AC System
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NI Single-Board RIO General Purpose Inverter Controller
(NI GPIC)

* Industry-proven NI LabVIEW RIO architecture and cutting-edge co-
simulation tools

* Deployment-ready for high volume commercial applications

» Heterogeneous FPGA with 58 DSP cores delivers 40x higher
performance per dollar than traditional DSPs

Energy Source Power Invertor Output Fidter Stago 3-Phase AC System

y NATIONAL

ni.com INSTRUMENTS




Typical Application

1. NI Single-Board RIO sbRI0-9606 (FPGA, PowerPC, Network)

2. NI GPIC 9683 RIO Mezzanine Card (bottom orientation connectors)
3. Custom interface or gate drive PCB (template available)

4. |solating sensors

5. IGBT modules or Power Stack

6. DC link capacitors

v NATIONAL
’ INSTRUMENTS"




Open Source Back-to-Back Inverter Research Board

ni.com
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Transformer &
Full Bridge Rectifier
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https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777

Source Back-to-Back Inverter Research Board

S mating board with invertersv25 - Ultiboard - [GPIC Breakout Template Board]

4} File Edit View Place Design Transfer Tools Autoroute Options Window Help
REaaaq % k)
A AR TR A Automatic (10,0000 mil)

j=\ Mg
)

lkscreen TUE L

I

4} GPIC Breakout Template Board |

Faiyvups | ivcia et wous |

Faus j vies | Cupm arcas | Necynsiiesyuuis | Cuppe layers | Faris pusiiu j Siaisin |

NI Single-Board RIO General Purpose Inverter Controller 3-Phase Back-to-Back Inverter Research Board
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https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777
https://decibel.ni.com/content/message/45777

NI GPIC Reference Design Software

- Fully instrumented turnkey control
demonstration software with network user
interface, live scope display, and configurable
control settings

- 10 kHz waveform graphing and data logging
with live status display and automatic fault
capture (up to 116 kS/s)

- Support for external isolated voltage and
current sensors with configurable gain,
offsets and filtering

- Datalog and fault log viewing and analysis
with Microsoft Excel, The MathWorks, Inc.
MATLAB®, NI DIAdem, and NI LabVIEW

(including 3-phase power quality analysis)
- Open source reference design code

- Download:
ftp://ftp.ni.com/evaluation/powerdev/training/
GPICReferenceDesign.zip

ni.com

E
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ftp://ftp.ni.com/evaluation/powerdev/training/GPICReferenceDesign.zip
ftp://ftp.ni.com/evaluation/powerdev/training/GPICReferenceDesign.zip
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[Module 1, Exercise 2]
Understanding the GPIC Reference Design Application

Induction Motor Drive (Inverter A) and Grid Synchronized Inverter (Inverter B)

= [Desktop] Graphical User Interface - GPIC 3-Phase Inverter Control.vi
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cf
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Typical sbRIO GPIC Control System Architecture

Remote Client Dashboard

Live Trend, Log File Data Firmware HMI Utility Vehicle
VWaveform Meter Viewer B Dashboard Update Panel SCADA Bus

Real-Time Processor TCP, HTTPS RS-232 IEC-61850

Supervisory Power Event Dashboard Health SCADA
Logic Analysis Record Comm. Diagnostic Comm Comm.

Field Programmable Gate Array PCI, DMA

Elae Space Vector @ Fault Event

Sensor - M b Control o i
Modulation Recording

DMA Data Protection
Transforms

Scope Interlocks

Decoding,
Filtering meeles

GPIC Mezzanine Card LVTTL

Scanned §.. . Relay . H-Bridge
LVTTL DIO Al AO Simultaneous Al Sourcing DI Control DO Sinking DO
3 3 3

FPGA-FPGA, Temperature, 3-ph. IV, IGBT Error, AC, DC, Pilot Relays, Gate i
Encoder, GPS, Monitoring, Resolver P/Q  Contactor Aux, E- Precharge Faults, Fans, Fiber TX :
Fiber, Watchdog Debugging CMD Stop, Sensors Contactors Resets, LEDs
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The Alternative

(Traditional full custom design)

¢ NATIONAL
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Typical Full Custom Design — Natural Gas Turbine Inverter (100 kW)

Low Level Inyerter Control

Supervisory Control & Networking
(Processor)

g . 7

+ ; —
4“ DC BUS LIVE

PB-TOP
cossor Boord

i
mm =
i -

; (‘;
SRR

’ﬂ“ II'- ﬂaﬁ




DSP Programming— Text vs. Graphica

46 e ResonantConv_CNF (intlé n, intlé period, intlé deadband) -
47 i
8 // Function arguments defined as:
49 7
50 ffn= Target ePWM module, 1,2,...16. e.g. if n=2, then target is ePWM2
51 // periocd = PWM period in Sysclks
52 // deadband = PWM deadband
& 7
54 wvold ResonantConv_ CHNF(intlé n, intlé period, intlé deadband)
55 [
56
ST (*ePWM[n]) .TBCTL.bit.PRDLD = TB_IMMEDIATE:; // Set immediate load
8 (*ePWM[n]) .TEPRD = period; // PWM frequency = 1 / period
53 (*ePWM[n]) .CMPL.half.CMPL = period/Z2: // Set duty as initial period (Lower Left)
a0 (*ePWM[n]) .CMPE = period/<: J// Set duty as initial period/2 (Upper Left)
61 (*ePWM[n]) .TBPHS.half.TBPHS = O: // Set as master, phase =0
62 (*ePWM[n]) .TECTR = O // Time base counter =0
64 (*ePWM[n]) .TBCTL.bit.CTRMODE = TB _COUNT_UP; // Count-up mode: used for asymmetric PWM =
65 (*ePWM[n]) .TBCTL.bit.PHSEN = TB_DISABLE; // Disable phase loading
66 (*ePWM[n]) .TBCTL.bit.SYNCOSEL = TB CTR_ZERC:// Used to sync EPWM(n+l) "down-stream"
a7 (*ePWM[n]) .TECTIL.bit.HSPCLKDIV = TB DIV1; // Set the clock rate
8 (*ePWM[n]) .TECIL.bit.CLEDIV = TE_DIV1; // Set the clock rate
g | 4
(*ePWM[n]) .CMPCTL.bit.LOADAMODE = CC_CTR_PRD; // Load on CTR=FRD
(*ePWM[n]) .CMPCTL.bit.LOADBMODE = CC_CTR_PRD; // Load on CTR=FRD
(*eFWM[n]) .CMPCTL.bitc. SHDWAMODE = CC_SHADOW: /{ Shadow mode. Cperates as a double buffer.
(*ePWM[n]) .CMPCIL.bit.SHDWEMODE = CC_SHARDOW; // Shadow mode. Operates as a double buffer.
(*ePWM[n]) .AQCTLA.bit.ZRO = AQ SET; // Set PWMIA on Zero
(*ePWM[n]) .AQCTLA.bit.CAU = AQ CLERR; /f Clear PWM1A on event &, up count
(*ePWM[n]) .AQCTLE.bit.CAU = AQ SET; // Set PWM1B on event B, up count
(*=PWM[n]) .AQCTLE.bit.PRD = AQ CLEAR; // Clear PWM1E on BRD
fﬁa 1 | 3

VS.

Clarke Park  PIFlux/Torque Loop Inv. Park  Space Vector Modulation

as | L[ BE | {fahel [mml—»aPWM U
' : oL S S apwmy

—  am -

current gains |[CSm: K

current cutput range

kA PWR W

INSTRUMENTS'

‘7 NATIONAL
ni.com 36 ’



The Problem with Embedded Design

Transistor count doubles every 18 months

Performance per dollar doubles every 14
months

Full custom embedded design takes 12-13
months

Logic voltage levels dropping closer and
closer to noise floor

PCB design/layout increasingly complex,
risky, costly

DIP Package Low Profile Quad Flat Package

©

,,,, L

L]
Solution: Pre-Validated
Heterogeneous SOC
with Complete
Platform-based Design
Toolchain

Ball Grid Array (BGA) Package



The NI LabV!

-\

RIO Approach

An Improved Methodology for Embedded Systems Design
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Clarke Park  PIFlux/Torque Locp Inv, Park  Space Vector Modulation

M an g L[ BE | [f9hel ff— [ #PWM U
1% L

“r [ [ 15 ok —

NI RIO Deployment Curve

current gains E
current output range |Co: k

NI LabVIEW RIO Architecture

/O
/0

|
|
/0|
Efi;gf FPl_clsy:/rliDdSP — — Custom 1/0|

PXI FlexRIO
& R Series

Performance
CompactRIO

System Performance & Price

GPIC

Value
CompactRIO

Singleboard
RIO

Number of Systems Deployed
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Key Enablers

1.

ni.com

The availability of heterogeneous field programmable gate array (FPGA)
hardware containing an array of integrated digital signal processor (DSP)
cores capable of efficiently executing floating point math operations. These
modern FPGAs are actually hybrid devices containing hard-core DSP
processing elements, integrated within the reconfigurable computing
fabric, and capable of achieving MHz speeds for simulation and control.

Internal Communication Programmable
Elements Hardware Element L
Internal Communication
Elements
Programmable Hardware & External Communication
Internal Communication Elements Elements
=
. — —
‘:D’EEJ ==
= N I A I
ZD‘EE —||c—
D
2 L ]
DSP Cores -
Microprocessors and/or GPUs

Figure 1. Heterogeneous FPGA system-on-a-chip (SOC)
devices contain an array of programmable hardware logic,
DSP cores, and communication elements that can now be
programmed using graphical floating point math.
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The future of Moore's Law Is heterogeneous,
massively parallel SOCs

D D el
- SERCRDE RO OO0 5
ﬁ%ﬁﬁﬁﬁﬁ%
] O] EE LI T I
— T ﬁ%@ggﬁ £3 41 5
—= PROGRAMMABLE LOGIC o {3} {% {:_t:' e g EXTERNAL
—— & COMMUNICATION CECE LT O : COMMUNICATION
. nEnEatututs:
—4
Dj EREEEE | -
T—D_'

i i
LabVIEW FPGA Fj@ ]

Ly L] L]
m L]
j: - | I |
LabVIEW Real-Time

-
HARD CORE DSP SLICES MICROPROCESSORS

Modern Hybrid DSP/FPGA/ARM System-on-Chip
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Million MACS per Chip

Modern hybrid FPGAs offer higher performance than traditional DSPs

35,000

30,000

25,000

20,000

15,000

10,000

5,000

ni.com

Performance per Chip Performance per Watt Performance per Dollar
400
7,000
360
= k=
= 5,000 S 280 —
S 5
- = 240
< 4,000 A
s g 200
= =
14,500 2 3,000 i 2 160
= s
: 2,000 - 120
80
- 1,000 |
600 o7 40
— . 1N 0 ?
2-Core DSP 58-Core FPGA 2-Core DSP 58-Core FPGA 2-Core DSP 58-Core FPGA

Dual-Core Sp&'fg = Zyng 7020 Performance Ratio Performance Ratio

DSP |\Fpea SFPGA (FPGA/DSP)  (Zyng-7020/DSP)

Million MACS per Watt 5,897

MACS = Multiply-accumulate operations per second
(measure of DSP performance)
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Computing Price-Performance: 1910-2020

1.00E+11

1.00E+10

1.00E+09

- 2013: Xilinx Zyng-7020x220 (FPGA+ARM x2+multicore DSP x220), CPS/$=369,478,
2012: Xilinx Spartan-6 LX45x58 (FPGA+multicore DSP x58), CPS/$=183,544,00
|

1.00E+08 2012: Raspberry Pi (ARM x1), cpsls_ss 824,000

1.00E+07

1.00E+06

1.00E+05

1.00E+04

1.00E+03

1.00E+02

1.00E+01
1.00E+00

— 1960: DEC PDP-1 (discrete transistors), C
1.00E-01 +—

1.00E-02 +—

1.00E-03 +—

1.00E-04 | g "”

- /
1.00E-05 “| * (3
3 1919: IBM Tabulator(mechanlcal
>

~E Y-

1.00E-06

Calculations per Second per Dollar (log scale)

1.00E-07

1.00E-08 -

1.00E-09 -

1.00E-10 -
1910 1930 1950 1970 1990 2010

@ CPS/s B Data Used for Fit (1946-2009) = Fit CPS/$ L]

Data Source: http://www.frc.ri.cmu.edu/~hpm/book97/ch3/processor.list



http://www.frc.ri.cmu.edu/~hpm/book97/ch3/processor.list

NI Single-Board RIO General Purpose Inverter Controller
(NI GPIC)

* Industry-proven NI LabVIEW RIO architecture and cutting-edge co-
simulation tools

* Deployment-ready for high volume commercial applications

* Multicore FPGA delivers 40x higher performance per dollar than
traditional DSPs

]

Energy Source Power Invertor Output Fitor Stage 3-Phase AC System

y NATIONAL
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Typical Application

1. NI Single-Board RIO sbRI0-9606 (FPGA, PowerPC, Network)

2. NI GPIC 9683 RIO Mezzanine Card (bottom orientation connectors)
3. Custom interface or gate drive PCB (template available)

4. |solating sensors

5. IGBT modules or Power Stack

6. DC capacitors

v NATIONAL
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Typical GPIC Stack

1. NI Single-Board RIO sbRIO-9606
2. NI GPIC 9683 RIO Mezzanine Card (bottom orientation connectors)

y NATIONAL
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NI GPIC

High Speed Digital Output
(Gate Drive)
(20-pin 100 mil header)

General Purpose and
Contactor Digital Output
(40-pin 100 mil header)

FPGA and Processor
Expansion 1/0
(50-pin 100 mil header)

General Purpose Digital
Input
(26-pin 100 mil header)

High Speed Simultaneous
Al, General Purpose
Scanned Al , General
Purpose AO

(60-pin 100 mil header)

« 12-ch HS DO (18-pins, 6 GND)

* 1 Vg i (1-pin)
* 1-pin reserved

* 24-ch GP DO (28-pins, 4 GND)
* 4-ch Contactor DO (8-pins, 4
GND)

* 4-pins reserved

* 16-ch +3.3 V FPGA 10 (24-pins,
8 GND)

+ +33V FPGApyr  (1-pin)

* +5 V' SYSpyg our (1-pin)

* 24-pins reserved

» 24-ch GP DI (26-pins, 2
VPWR_IN)

» 16-ch Differential SS Al (32
pins)

* 8-ch Scanned GP Al (9-pins, 1
COM)

« 8-ch GP AO (9-pins, 1 COM)
* 10-pins reserved

Bottom Mount Connectors

7.080

[179.83]

GP DI

ENET, RS-232, CAN, USB

[44.37]

INSTRUMENTS
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Design Flow with the NI GPIC

1. Co-Simulation, 2. Interface Board Design, 3. Commercial Deployment

Vgrid_ab PLL Frequency (Hz] ut

[ - PLL_Sine B : [’}51 [’}52 E}53

[ = B Shift [d = 2 3
| » ift (deq) | s1 5 5
C Shift (deg] -

' =3 Z"| PLLSine A Va i Vb i Ve i
A Shift [deg] = Oo—— 4 Oo— 4 O—
oE— |

PLL dt (s) uB VB WB
55.5555E-6 D_l—“:} E} E}
5d 54 55 S5 56 S6




Clarke Park  PIFlux/Torque Loop Inv, Park Space Wector Modulation

Graphical

Programming

Graphical System Design

Desktop Co-

Simulation

9955
=3

v APWM U

Lrv'?-‘ ”‘ﬁ;’r BS
5 7 -
< - —as ||

current gains |2z )
current output range |[_=o: |

process watiable

> [ Rrwmy

B A

[TieH
Low Pass Filker Cutoff
[132
setpaink
[ I1E §

PID gains (x 28)

=

Mokch Filker Frequency

LabVIEW FPGA

ni.com

Compilation

Auto

Synthesis

|:| |:| R
SR

PROGRAMMABLE LOGIC
& COMMUNICATION
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HARD CORE DSP SLICES
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i
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Deployment

EXTERNAL
COMMUNICATION

L 1=|L]
|

U0

MICROPROCESSORS

Hybrid DSP-uP-FPGA
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The Evolution of Model Based Design

Traditional Methodology

Graphical System Design

Circuit Design

5 - Fldfnt
Closed Loop Closed Loop
Simulation Simulation
el M M
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FPGA SW Cost FPGA SW Cost
I/O
Algo- /
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/O rit _
Algorithm
(o)
(70%) (90%)
Full-Custom Chip-On-Board

with 1/0 Support
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GPIC Interface PCB Template

8 GPIC Brmakout Tamplats Soard o€ - Muliaim - [GPIC Srmskot Templats Board o]

[) e [ Yiem Place MCU Gmuste Tl Toss Brports Options Hindow by
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T
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B LR R LY R

W
5

R12
R11

9B8074-NO)
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PCB Design with NI Ultiboard

- Improved productivity with rapid prototyping tools

. Integrated and synchronized schematic capture and layout environments
. Place land patterns and routes with manual and automated tools
. Import and export of standard file formats for accurate fabrication
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NI Power Electronics Control Design V Training VWorkshop

Workshop Agenda Module 2: Three Phase Grid Synchronized Inverter

1. Power Electronics

1.

Control
Understanding 3-Phase Power and the PLL

2. NI DeSign VToolchain 2. 3-Phase DC-to-AC Inverter Control

3. Training Kits & Reference Design 5 Comparing Simulated vs. Experimental Results
4. The NI LabVIEW RIO Approach 4. Grid Synchronized Inverter Control

5. Hands On Modules 1-3 Module 3: AC Induction Motor Control

1.

6. Case Studies & Latest Releases

2.

Understanding the 3-Phase AC Induction Motor
Sine-Triangle AC Induction Motor Control

Hands-On Exercises 3. Comparing Simulated vs. Experimental Results
. : . - - |
Module 1: Single Phase Power Conversion ’ Voltage-over Freq.uency Contro
1. Configuring your NI RIO Embedded System 5. PID Control Tutorial
2. Understand the GPIC Reference Design App. Module 4: Power Electronics Real-Time HIL Simulation
3. Half-Bridge DC-to-AC Inverter Control : :
N Pulse Width Modulation Logic 1. LabVIEW FPGA Floating Point Math Palette
5. Sine-Triangle Pulse Width Modulation 2. Transfer Function and State-Space Modeling
6 (éom?aring Simulated vs. Experimental 3. Single-Phase Inverter HIL (Transfer Function)
esults

Three-Phase Inverter HIL (State-Space)
AC Induction Motor HIL (Custom)
Automatic Multisim-to-FPGA Conversion HIL



Demo]

Create a New LabVIEW Project

and Add RT, FPGA Targets

Understand Execution Contexts and FPGA Simulation Mode

3 Untitled Project 1 * - Project Explorer = E =]
File Edit View Project Operate Teols Window Help
[oSa | xDOX||EkH| R-& o
Items | Files |
= [l Project: Untitled Project 1
E} B My Computer
- 1.5' Dependencies
t Build Specifications
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= I ——
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B LVTTLD Development Computer with Simulated I/O
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Module 1, Exercise 1]
Halt-Bridge DC-to-AC Inverter

Control
FPGA — Multisim Co-Simulation for Manual IGBT Control

LabVIEW Contral & Simulation Loop

[LabVIEW FPGA Desktop Execution Node]

1]
= |Mu|tisim Co-Simulation Interface|
F =g g
[FPGA] Half-Bridge Inverter Control.vi ﬁ

24/ uTOPA R ¥ ToP

s1A /uBOTA

Mod Index v_u
AlL2+ [ Vu_A L
AR+ /oA /. DC
AILS+ / VDC_Link_A

—_—
! S
Simulation ¢ NATIONAL
. — y
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Module 1, Exercise 2]
Pulse Width Modulation

Complementary switching logic with deadtime

{3 [FPGA] Half-Bridge Inverter Control.vi Block Diagram on GPIC Reference Design LabVIE.. | = || & |[=23]

File Edit View Project Operate Tools Window Help 3
o [ O@ |Lo|:||lE' . | 15pt Application Font |« || o ||7|E|Ev | |% Ja, | D 5
Sine-Triangle Pulse Width Modulation (PWM) =

Deadtime PWM time (s)
(=delay(s)™dT) sl ot

R W e S LB s2A / uTOPA®
Carrier Freq, . S s1A f uBOTAR

(=fc(Hz)4*dT) Triangle
[F=E Y
Mod Index
(0..2)

|

Sine Function Generator

sinegen freq. (=fo(Hz)*2*dT) _ Control Sine

ERASIC

SAWT.

u Shift (pi) Lisn

2

+_|

ni.com GPIC Reference Design LabVIEW 2013 SP1.lvproj/FPGA Target + [ 3

i ‘7 NATIONAL
’ INSTRUMENTS"




[Module 1, Exercise 3]
Sine-Triangle Pulse \Width Modulation

Reproduce a control sine wave using PWM

Sine-Triangle Pulse Width Modulation (PWM)

Deadtime
(=delay(s)"dT)

Greater Or Equal?
@ ................ .‘

I
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[Module

Comparir
-xperimental Results

Download and run control application and retrieve waveforms

ni.com

Exercise 4]
g Simulated vs.

13 [TestBench] Half-Bridge IGET Control - Selutien.vi Front Panel on GPIC Reference Design LabVIEW 2013 SPL.vproj/My Computer [ = ===
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NI Power Electronics Control Design V Training VWorkshop

Workshop Agenda
1. Power Electronics

2. NI Design V Toolchain
3. Training Kits & Reference Design
4. The NI LabVIEW RIO Approach

5.  Hands On Modules 1-3
6. Case Studies & Latest Releases

Hands-On Exercises

Module 1: Single Phase Power Conversion
Configuring your NI LabVIEW RIO Target
Half-Bridge DC-to-AC Inverter Control
Pulse Width Modulation Logic
Sine-Triangle Pulse Width Modulation
Comparing Simulated vs. Experimental
Results

Module 2: Three Phase Grid Synchronized Inverter
Control
Understanding 3-Phase Power and the Phase
Lock Loop

2.

3.

4.

3-Phase DC-to-AC Inverter Control
Comparing Simulated vs. Experimental Results
Grid Synchronized Inverter Control

Module 3: AC Induction Motor Control

1.

2.

3.

4.

5.

Understanding the 3-Phase AC Induction Motor
Sine-Triangle AC Induction Motor Control
Comparing Simulated vs. Experimental Results
Voltage-over-Frequency Control

PID Control Tutorial

Module 4: Power Electronics Real-Time HIL Simulation

1.

2.

3.

LabVIEW FPGA Floating Point Math Palette
Transfer Function and State-Space Modeling
Single-Phase Inverter HIL (Transfer Function)
Three-Phase Inverter HIL (State-Space)

AC Induction Motor HIL (Custom)

Automatic Multisim-to-FPGA Conversion HIL
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Module 2, Exercise 1]

Jnderstanding the Phase-Lock Loop
(PLL)

Experiment with the PLL using co-simulation
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[Module 1, Exercise 2]
3-Phase Inverter Control and
Experimental Comparison

Understand the 3-phase inverter circuit and grid synchronized control
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NI Power Electronics Control Design V Training VWorkshop

Workshop Agenda Module 2: Three Phase Grid Synchronized Inverter

1. Power Electronics

1.

Control
Understanding 3-Phase Power and the PLL

2. NI DeSign VToolchain 2. 3-Phase DC-to-AC Inverter Control

3. Training Kits & Reference Design 5 Comparing Simulated vs. Experimental Results
4. The NI LabVIEW RIO Approach 4. Grid Synchronized Inverter Control

5. Hands On Modules 1-3 Module 3: AC Induction Motor Control

1.

6. Case Studies & Latest Releases

2.

Understanding the 3-Phase AC Induction Motor
Sine-Triangle AC Induction Motor Control

Hands-On Exercises 3. Comparing Simulated vs. Experimental Results
. : . - - |
Module 1: Single Phase Power Conversion ’ Voltage-over Freq.uency Contro
1. Configuring your NI RIO Embedded System 5. PID Control Tutorial
2. Understand the GPIC Reference Design App. Module 4: Power Electronics Real-Time HIL Simulation
3. Half-Bridge DC-to-AC Inverter Control : :
N Pulse Width Modulation Logic 1. LabVIEW FPGA Floating Point Math Palette
5. Sine-Triangle Pulse Width Modulation 2. Transfer Function and State-Space Modeling
6 (éom?aring Simulated vs. Experimental 3. Single-Phase Inverter HIL (Transfer Function)
esults

Three-Phase Inverter HIL (State-Space)
AC Induction Motor HIL (Custom)
Automatic Multisim-to-FPGA Conversion HIL



Module 3, Exercise 1]
Understanding the 3-Phase AC
nduction Motor

Review motor equations and theory of operation
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[Mod

U

Sine-
Contro

Open loop 3-phase motor operation

-

e 3, Exercise 2]
angle AC Induction Motor
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[Module 3, Exercise 3]
Comparing Simulated vs. Measured

Results

Open loop 3-phase motor operation

{3 GPIC Reference Design LabVIEW 2013 SPL.lvproj - Project Explorer == s

File Edit View Project Operate Tools Window Help

EE IR EC IR Y XA 2]

Items | B |

=3 |T_:g. Project: GPIC Reference Design LabVIEW 2013 SP1.lvproj
B § My Computer

£+ [ Hands On Training

- [ IP Cores - Hands On Training

- [ 0.GPIC Reference Design

- [ 1.Half-Bridge Inverter Control

- [ 2. Three Phase Inverter Control

£ [ 3. AC Induction Motor Control

-

2=

“ & 3-PhaseInduction Mator Sirn - MoterSolver.msl3

@ [ 4. PID Control Tutorial

@ Muodule 0, Exercise 0 - Explore GPIC Reference Design GUI Application.pdf

@ Power Electronics Control Design V Training Manual.pdf

@ MyRIO Power Electronics Teaching Board Concept.pdf

'@ E_Power_Swiss_1_Year_to_Volume_Production for 500 kWA Solar Inverters. pdf

- L; Shared Variables - Host.vlib

B[ Utilities

|;g [Desktop] Graphical User Interface - GPIC 3-Phase Inverter Control.vi

2] _‘;_.-,_" Dependencies

i+ e Build Specifications

[+ B GPIC Inverter Research Board (10.2.225.39)

Note:

» Simulated and Measured current and voltage
waveforms are not expected to match, since the
initial angle of the physical motor is random.

‘7 NATIONAL
’ INSTRUMENTS"



[IModule 3, Exercise 4

AC Induction Motor Voltage-over-
Frequency Control

Closed loop 3-phase motor operation

3 [Desktop] Graphical User Interface - GPIC 3-Phase Inverter Control.vi
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) Control Tutorial

Understanding cascaded PID control, time constants, and
frequency response
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Cyber Physical System (CPS)

Floating
Point

Disturbance

Sensor
Feedback

NI LabVIEW RIO Hardware/Software Analog World
(Cyber) (Physical)



Cascaded Control Loops

 The inner most loop typically executes the

fastest

 The Output of the outer controller is the
setpoint to the inner controller

Set Point
1

EE—_

Reference
Yariable
(Control

variable 2)

Zontrol
variable 1
l Set Point
Frimary 2
Controller _
(Manipulated
Yariable 1)

Secondary
Controller

™

Manipulated
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Frequency Response

* The gain and phase response of a system is frequency
dependent

Crossover frequency
+dB (500 Hz)

Gain \ / 0 dB represents a gain of 1:
0 o 4= The amplitude of response
equals the amplitude of the

:\/\ stimulus

-dB | (a.k.a. unity-gain frequency,
| phase margin frequency)
0 |
Phase ;\ Phase < -1802 indicates positive feedback

/ Gain must be < 1 for stability in this region

-180° - (Gain margin is measured at the -180°

crossing frequency)
-360°

Frequency, Hz



Frequency Dependence of Amplitude and Phase

{3 Motor Stimulus Response (RT).vi on RT CompactRIO Target = J|O
File Edit Yew Project OQperate Tools ‘Window  Help Campact
|2 @m
File Mame &
T\ Skirmulus Response. e = i
Response Type After running the stimulus response best, upload the Matar Crive (4]
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If using Internet Explarer for FTP, be sure ko set yaur Temparary Inkernet Files
sektings ko "Check for newer versions of stored pages" on "Every visit to the page.”
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Frequency Response

* Gain Crossover Frequency

— The frequency at which the amplitude response of the
system has a gain of 1 (0 dB)

Crossover frequency

+dB (400 Hz)
Gain \
0 .
\/\ Frequency (Hz)

-dB ‘




Resonant Frequency

* Resonant ringing occurs at natural frequency

or unity gain frequency

+dB

Gain

-dB

Input Time (s)

Resonant Freq.

/ 500 Hz decaying sine wave
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Second Order Systems (Mass-Spring-Damper)
(Systems That Are Not Perfectly Stiff)

Parts (3) \

12

Bushing

Metal Shaft
(Ks= 2.5 N*m/rad)

. Motor
Belt

Coupling

Metal Shaft with Torsional Compliance



Second Order Systems (Mass-Spring-Damper)
(Systems That Are Not Perfectly Stiff)

5.(2) = —% 16, (6) — 6, ()]

g {I-'::I = e Ks [E {I.'::' 8, {I.'::']

Iﬂ'
.-Fm+_f1 _.Fm + /5 _.Fm .-Fl {ﬂ

Bm(t)
Tity™

Mechanical Model



Brushed DC Motor Model
(Mechanical and Electrical)

Shaft

Angle c/c : R L
DO5 + v, =iR —
OVas - o Qe

Sum of Forces =0 Kirchoff’s Voltage Law

di do

0=K,- d°0 _gdo =RI+L—+K, —
dt® dt dt dt

Rearrange to put highest order derivative terms on the left side of equation:

d’¢0 K,. Bde# di__R._K.dd v,
a2 J J dt dt L L d L

Mechanical Model Electrical Model



State-Space Model
(Multiple-Inputs, Multiple-Outputs)

D
x(0)
(1) = ADx®) + BOu(®)  wol 7 o I - AxOrg (Ly(r)
yv(t) = C(£)x(t) + D(t)ult) ‘ A
x; B i X 6y Uy g v, B2
Xz 6, i, B, B Uz 0 Yz _ 6
X3~ By X3 X g Uz 0 Vi By
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Xa Em = 0 = T Em 7+ |
Um+] Jmt ] Jm s Jm T h
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Open Loop Frequency Response

Second Order Systems (Mass-Spring-Damper)

&4 [Testbench] Frequency Response - PID Float Multichannel.vi

File Edit View Project Operate Tools Window Help
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Using Frequency Response for Stability Analysis

* Gain Margin and Phase Margin
— Must be positive for a stable system

— The larger they are, the more stable the system
will be

* To guarantee stability under all conditions:

— Must make sure gain is less than 1 at all
frequencies at which the phase is greater that -
180 degrees



What can you learn from the frequency response?

* Loop Rate Requirements
— How fast the control system need to be

e Rule of thumb

e The control loop should be at least ten times faster than the
gain crossover frequency of the system (minimum 2X faster)

Crossover frequency = 400 Hz
+dB

Suggested Loop rate = 4000 Hz
Gain \
: M i

-dB \ —> CAUTION: Increasing the control algorithm gain increases the crossover frequency




How does the control algorithm effect the

Stability

response?

— Adding a control compensator will effect the stability and response

e The controller changes the gain and frequency response of the system

Control

Algorithm

Actuator

-180°

-360°

N
~ dB

~ System + Actuator + Conf{
~ )//

~ 0

Wer Bandwidth)

Y

System Alone

¢




Demo: Understanding Control System Frequency Response

&4 [Testbench] Frequency Response - PID Float Multichannel.vi

File Edit View Project Operate Tools Window Help
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Frequency Response Analysis

Second Order Plant + Multichannel Float PID IP Core (Series Connection): Frequency Response (Open Loop)
Observations:

1.

Note the smooth FRF out to Nyquist (10 kHz). System is stable with respect to gain margin. Note the phase never crosses -
180 degrees. The gain is extremely small at high frequency (-58.7 db)

Gain crossover frequency of 4282 Hz suggests a minimum control loop rate of 42,820 Hz. (By adding this high gain control
compensator, the bandwidth of the system has increased significantly, necessitating a fast control system for stable control.)

To be stable, the phase of the system must be greater than -180 degrees at this P.M. frequency. In this case, the phase
margin is 166 degrees.

i3 [Testhench] Frequency Response - PID Float Multichannel.vi EI@

File Edit View Project Operate Tools Window Help

"» @ n I@ FRF

Configuration Magnitude
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4282.091498 B
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Why floating point?

* Problem: Discrete time simulations become numerically unstable as two
or more poles approach the edge of the unit circle and overlap.

Elliptic Pole-Zero Plot
128
100 + I —
/
b % e
075 - NN\
050 + o “\\
J x
025 + \
N }f ',
E oo !
028 +
X v /
050 + %
.\‘ '/;/
078 + & 2/
1.00 4 \qh/
25,125 100 0.75 050 025 000 025 050 075 100 128

Re(2)

Figure 11. Increasing the sampling rate pushes the poles closer to the stability boundary.
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Why floating point?

Problem: Linear discrete time solvers go numerically unstable if a pole
reaches the edge of the unit circle or two poles overlap.
RLC Circuit Example (2" order):
!Sample Rate (S/s)

100
Elliptic Pole-Zero Plot v
o Paole-Zera Map Graph
1.1- PolesD |s 7~
100 + e t— =
< x\\‘ Zeros 0 |- &
078 + NN\ 0.8
050 + b “\\ 0.6-
x \ _ Poles
o R -\ o x _
% f " % nz- fo.2z-0.37 1
E 0.00 + P E
\ | g o- o 0.22 +0.37 i
025 + £
6\ x 2 / E '|:|.2_
050 + Q\ // 04— x
075 4 \ x}r/,f’ -0.6 -
-1.00 + *-—"*—"’/ -0.8-
425 + + + + + d .
«125 100 0.75 050 025 000 025 050 075 100 125 1.1-
! I 1 | | | 1
Re(2) -1.1 -0.5 0 0.5 1.1
Figure 11. Increasing the sampling rate pushes the poles closer to the stability boundary. Real fAxis
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Why floating point?

Problem: Linear discrete time solvers go numerically unstable if a pole
reaches the edge of the unit circle or two poles overlap.
RLC Circuit Example (2" order):
Sample Rate (S/s)

" 1000
Elliptic Pole-Zero Plot ¥
o Paole-Zera Map Graph
1.1- PolesD |r 7~
100 + e t— =
< x\\‘ Zeros 0 |- &
078 + NN\ 0.5 -
050 + P “\\ 0.6-
x \ _ Poles
== 025 + J \ \ - 0.4 ﬁ
% f " % nz- 5 0,94 -0,18 |
E 0.00 + P E
\ J 5 o- a 0.94 +0.15]
028 + £
6\ x=7 // D .0.z2- X
050 + \ =
X 0.4~
075 4 \ 5% )r/ 0.8 -
1.00 + *—M"—"’/ -0.8-
425 + + + + + d .
«125 100 0.75 050 025 000 025 050 075 100 125 1.1~
AT I I I 1
Re(2) -1.1 -0.5 0 0.5 1.1
Figure 11. Increasing the sampling rate pushes the poles closer to the stability boundary. Real Axis
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Why floating point?

Problem: Linear discrete time solvers go numerically unstable if a pole
reaches the edge of the unit circle or two poles overlap.

RLC Circuit Example (2"9 order):
Sample Rate (5/s)

" 40000
Elliptic Pole-Zero Plot v
Pale-Zera Map Graph
128 -
1.1- Polesd |s /™~
1.00 + e S .
-l TN Zeros 0 |4 W
075 + 4 o P R 0.8-
050 + o “\\ 0.6- |
028 J x \ \ 04— Poles
P T y A I N :
% oo i 'I E nz- 1.00-0.00i0
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425 4 3 " " " d -
«125 100 0.75 050 025 000 025 050 075 100 125 1.1-
! 1 | | 1 1
Re(2) -1.1 -0.5 0 0.5 1.1
Figure 11. Increasing the sampling rate pushes the poles closer to the stability boundary. Real Axis
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Why floating point?

* Fixed point algorithms connected in cascaded or

feedback paths may be individually stable but become
numerically unstable when connected

—Violates CS principal of modular design

The simplest common interconnections of transfer functions are shown below (series connection, feedback loop, state-space connection, etc.). More complex control
algorithms and simulations are constructed using a variety of interconnections (more information).

X = Y

D
O— P X(0)
) X(t t
X [ I p LY [ u)| = xr)%__éx()c vt
P, |
A

‘T NATIONAL
, INSTRUMENTS
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) Control Tutorial

Module 3, Exercise 5]

Understanding cascaded PID control, time constants and frequency

response

43 Cascaded PID Control - Time & Frequency Response.vi (=)

File Edit View Project Operate Tools Window Help

=

#=@[n]
13 Cascaded PID Control - Time & Frequency Responsewi EI@
File Edit View Project Operate Tools Window Help
w e
»[=][@[n

Friction / Inertia

Frequency (Hz)

[GPIC Reference Design LabVIEW 2013 SPLIvproy/My Computer] «

Running Inductance Resistance / Inductance Motor Torque Constant / Motor Torque Constant /
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NI Power Electronics Control Design V Training VWorkshop

Workshop Agenda Module 2: Three Phase Grid Synchronized Inverter

1. Power Electronics

1.

Control
Understanding 3-Phase Power and the PLL

2. NI DeSign VToolchain 2. 3-Phase DC-to-AC Inverter Control

3. Training Kits & Reference Design 5 Comparing Simulated vs. Experimental Results
4. The NI LabVIEW RIO Approach 4. Grid Synchronized Inverter Control

5. Hands On Modules 1-3 Module 3: AC Induction Motor Control

1.

6. Case Studies & Latest Releases

2.

Understanding the 3-Phase AC Induction Motor
Sine-Triangle AC Induction Motor Control

Hands-On Exercises 3. Comparing Simulated vs. Experimental Results
. : . - - |
Module 1: Single Phase Power Conversion ’ Voltage-over Freq.uency Contro
1. Configuring your NI RIO Embedded System 5. PID Control Tutorial
2. Understand the GPIC Reference Design App. Module 4: Power Electronics Real-Time HIL Simulation
3. Half-Bridge DC-to-AC Inverter Control : :
N Pulse Width Modulation Logic 1. LabVIEW FPGA Floating Point Math Palette
5. Sine-Triangle Pulse Width Modulation 2. Transfer Function and State-Space Modeling
6 (éom?aring Simulated vs. Experimental 3. Single-Phase Inverter HIL (Transfer Function)
esults

Three-Phase Inverter HIL (State-Space)
AC Induction Motor HIL (Custom)
Automatic Multisim-to-FPGA Conversion HIL
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Two years after project start

In the meantime hundreds of inverters are running

In PV power plants.
Thanks to code reusabllity for cheaper controllers, the

costs could be reduced.

Running power plants

I Gl

A La Shan
Xie Tie Shan

Yu Men

Chinese Medicine
Greenhouse

Dun Huang

Le Ping

Han Chuan

LP@

30 MW
20 MW

19 MW

5 MW

helbling

Inner Mongolia

Qinghav/Tibet
(plateau)

Jiangxi

Hubel

3600 m over sea,
High altitude

Desert
Lage scale roof top
Dessert

Lage scale roof top

Lage scale roof top

NiDays



D n a Ovver Battery Controller ‘ Standard { Completed Manufacturing Field
Specifications Requirements ‘ Components { Design and Test Deployments

- Reduced development time 72 Weeks

from 72 to 24 weeks

) In the past, the Dynapower development cycle was a traditional embedded design process
Allowed power engineers to involving a full custom DSP board, text-based programming and simulation models.

program without a software

engineer in the middle
Standard

Components

Tool chain gives 90 percent

confidence factor in first Battery ‘ Controller LabVIEW Completed | Manufactun'ngi Field
. Specifications ‘ Requirements | Design Tools ‘ Design | and Test ‘ Deployments

24 Weeks

The new Dynapower development cycle is based on the NI GPIC hardware and NI LabVIEW
RIO graphical system design process, yielding a 3X reduction in development time.
'“:E'JTTT"U AC Breaker with Having provided over 50% of the domestic grid-
unt Irp
;t‘egrate.ﬁ DC Disconnect tied power electronics for battery energy systems
Integrated DC Fre-Charge the Dynapower Energy Management team brings
Integrated DC Input Fuses . .
DynaCloud™ - cloud-based remote an unchallenged level of expertise and unrivaled
monitoring and diagnostics knowledge base to our customers.
A\rallable Options Dvni D . am has designed and

T e ynapower’s engineering team has designed an
(BLEEY i delivered energy storage systems globally including
AC Pre-Charge r|r~un p«rmrt: Asia, North America, Oceania and Australia of

MPS-100 fo be used as systems sized from 25 kW to 36,000 kW.
DC voltage source




T Eco 15 MW Modular Multilevel Inverter
@ Westinghouse




CyberPhysical System:
Modular Blocks Combine to Make Larger Control System

System
> MHVF Board SSCB.
+\oltage and Current Sense Reference, Slice Control Board
+__' Parameters <Fan Control
- « Temperature Sense
a t Fiber “»+Translate reference to cube PWM
20 Mbps +“#Monitor and report Slice environment
MSCB Fiber “*Manage local Slice control
Mains Controller
<+Vector calculation

<»Parameter list

Mains “+Voltage and current — T Fiber l
Cabinet sensor processing Consolidated i
Q / Power Slice
«+Send refer.enoe Status, Voltage, PWM,
vector to slices Power Current Cube Paramet§rs e
Feedback ’

Liquid Cooled

Status Controller Ar ool

48010 15KV

PC

E Modbus TCP i Cube

Controller

—_— Controller
Ethern‘w i ! Cube

Modular Xfmr Blocks:

Voltage Classes
@ | 1KV, 5KV, 75KV, 15kv
Two Distributed Control Blocks Types: REGEN and

E 1.With Distributed Control NON-REGEN
S 2 Without Distributed Control
W
0
=
o

PLC HMI (=

Mains >

Slice >

Key Enabler: FPGA-to-FPGA isochronous communication & time synchronization

) ® Westinghouse




15 MW 15 MW Duke Energy eGRID Simulator

Facility Single Line Diagram
WTDTF Utility Bus (23.9 kV)
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- g i i
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43 [FPGA] Spartan-6 FPGA Transfer Function Simulator v0L.vi Block Diagram on Spartan-6 FPGA Transfer Function Simulator.lvproj/FPGA Target
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3 [Desktop] Graphical User Interface - GPIC Induction Motor Volt Hertz Controlvi

Demo

File Edit View Project Operate Tools Window Help
™
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NEW ULTRA-FAST, FPGA-BASED, FLOATING-POINT

TOOLS FOR REAL-TIME POWER SYSTEM
SIMULATION AND ADVANCED CONTROL
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http://www.ni.com/powerdev

Key Enablers

3. A new palette of floating point IP cores for LabVIEW FPGA available with
resource optimized (control oriented) and speed optimized (simulation
oriented) cores.

GTLO CTLY CTLY CTLS oo B Sb}-ﬂ
& D i
LN
] ] a0 ] CTLO q ‘/QD
: = : = : = : = i g Ir' e
LH
I:DD [ o ’ oo
’ i) [ ] ’ i} CTLS ’ i) ’ an

Figure 3. LabVIEW FPGA graphical floating point palette
cores include arithmetic and transcendental math
functions in resource optimized (ending in 00) and speed
optimized (ending in SCTL) versions
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Multichannel Transfer Function Solver (6.6 MHz/ch

13 [RT] Spartan-6 FPGA Transfer Function Host v01.vi on Spartan-6 FPGA Transfer Function Simulator.lvproj/RT CompactRIO Target E@
File Edit VYiew Project Operste Tools Window Help
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Multichannel State-Space Solver (3 MHz/ch)

{3 [FPGA] Floating-Point State-Space Solver v27.vi:410001 (clone) Block Diagram on FPGA State-Space HIL Solver... | = || & |34

B=EE

File Edit View Project Operate Tools

Window Help
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Figure 2. Using open,

high level graphical programming
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tools, advanced algorithms can be automatically compiled
to heterogeneous FPGA hardware like this floating point IP
core for a 9x9 state space solver which executes at 1.9 MHz




Key Enablers

4. Technology to automatically convert electric circuit, power electronics and
power system models to graphical floating point solvers for ultra-high
speed heterogeneous FPGA hardware.

Transmission Line, 30 km Internal C - Prog
d';L 5 s 4 w1 3 Elements Hardware Element IntemafE ?ommunr’catfon
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Figure 4. Automatic Multisim to LabVIEW FPGA conversion
enables this power system model to be simulated at 2 MHz
speeds using heterogeneous FPGA hardware
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Key Enablers

5. Technology to automatically convert finite element analysis (FEA) results to
high fidelity, ultra-high speed real-time electric motor and inverter drive
simulations.

o)
P

Internal C;

Elements Ha/dw,are Element
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Figure 5. National Instruments has partnered with JSOL Corporation
to enable the ability to export JMAG and JMAG-RT FEA models for
PMSM and SRM machines to special high-fidelity, high speed solvers
for heterogeneous FPGA hardware
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GRAPHICAL CO-SIMULATIONWITH NI LABVIEW FPGA & MULTISIM
(AUTO-VARIABLE TIMESTEP CO-SIMULATION)

- NATIONAL INSTRUMENTS

m [TestBench] Half-Bridge IGET Control - Solution.vi Block Diagram on GPIC Reference Design LabVIEW 2013 SP1.vproj/My Computer
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AUTO-VARIABLE TIMESTEP FPGA CO-SIMULATION

NI LabVIEW FPGA
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software in simulation and deployment contexts.
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technology enables accurate simulation of
closed loop interaction between the FPGA

and switched-mode power system
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Graphical Co-Simulation
(Multisim, LabVIEW FPGA) Deployed System Management
~ & Remote Monitoring

. Test
Design Cells
\\ / i
I%ﬁetpmnlt : . ) s FUII Power
HIL Simulati
Prototype Hil e |on

Rapid Control Prototyping
(CompactRIO, Veristand)

-] Testing 1‘-]
\ / mm =
7 .

Real-Time HIL Simulation
(StarSim, FPGA Motor Sim, FPGA TF/SS Solvers)

Deploy

Commercial Deployment
Power Measurement Suite (General Purpose Inverter Controller)
(IEC EN 61000, 50160, ...)

Utility Networking
(IEC-61850, DNP3, ...)




Next Steps

Training & Development Assistance
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Hardware & Software Pricing

- GPIC Evaluation Kit ($1495)

- GPIC OEM Kits
- OEM Quantity 1
- OEM Quantity 20

- Software ($10k-$21k)
- NI Developer Suite
- NI LabVIEW Real-Time
- NI LabVIEW FPGA
- NI Circuit Design Suite
- NI Control Design & Simulation
- NI Power Electronics IP Library (Softmotion)
- NI Electrical Power Measurement Suite
- Mating Connector Board
- Free templates available on ni.com/powerdev
- Free hardware design review with NI R&D
- Manufacture directly or through PCB house

: 11
ni.com
5
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Training & Development Assistance

- Training Options
Self-Paced Online Training (SPOT) — Free
Power Electronics Design Guide - Free

Regional courses — $3100 per week
o 1 year training membership $6,210 per person

Custom on-site courses - $12,500 per week (multiple people)

- Support
Phone & e-mail support - Free
Dedicated discussion forum for GPIC questions — Free
Periodic conference calls to review progress / open issues - Free

- Development Assistance Options
Hardware design review for mating board — Free
Work space in Austin next to NI Systems Engineers — Free up to two weeks

Remote or on-site development assistance
o Systems Engineer: $6000-$9200 per week
o Travel: $500 airfare + $250/day per diem ($1750 per week)

- Alliance Partner Network
Provide a turnkey solution
Options for taking ownership of code

ni.com
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Training & Jump-Start Assistance Plan

Self-Paced Online Training (SPOT)
LabVIEW Core 1 (3 days), Core 2 (2 days), Multisim (2 days)
Time Commitment: 1-2 weeks
Cost: Free

Customized on-site course
LabVIEW Real-Time (2 days), LabVIEW FPGA (3 days), Power Electronics Design Guide
Time Commitment: 1 week
Cost: $12,500 (max)

Development Assistance

On-site development assistance
o Time Commitment: One week with Senior Systems Engineer
- Cost: $9200 + $1750 (travel) =$10,950

Remote development assistance
o Time Commitment: One week with Senior Systems Engineer
- Cost: $9200

Work space in Austin next to NI Systems Engineers
o Time Commitment: 1-2 weeks
o Cost: Free

Summary
Time Commitment
o 2 weeks for SPOT training
o 1 week of custom on-site training
o 2 weeks of development assistance

Cost: $32,650 yNATIONAI.

171 INSTRUMENTS'
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NI LabVIEW for CompactRIO Developer's Guide

NI LabVIEW for CompactRIO
Developer’'s Guide

Recommended LabVIEW Architectures and Development Practices

for Control and Monitoring Applications

http://www.ni.com/compactriodevaquide/

NI LabVIEW High-Performance FPGA Developer's Guide

¢ NATIONAL

ni.com/powerdev 191 )¥ INSTRUMENTS'


http://www.ni.com/compactriodevguide/
http://www.ni.com/tutorial/14600/en/
http://www.ni.com/tutorial/14600/en/
http://www.ni.com/tutorial/14600/en/

LabVIEW High-Performance FPGA Developer’s Guide

- LabVIEW single-cycle Timed Loop programming
- Throughput, latency, and resource optimization techniques

- HDL and third-party |IP integration
f
[

- Data transfer mechanisms
I,‘
| High-Performance NI-RIO

Developer's Guide

Recommended p,
rrrrrrrrrrrrrrrrrrrrr
9 LabVIEW FpGa A
Pplications

ywmoom.

ni.com/hprioguide

12
0
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http://ni.com/hprioguide /t _blank
http://ni.com/hprioguide /t _blank

43 Inverter HIL Simulation x86 v04.vi on Inverter HIL, RCP and Deployment.lvproj/cRIO-3082-InverteRCP.
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