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TOPICS

— POWER ELECTRONICS “DESIGN V”

— NI'VISION FOR POWER ELECTRONICS

— GREEN ENGINEERING — Click to navigate
— FPGA-SMPS CO-SIMULATION (VARIABLE TIME-STEP)

— HIGH VOLUME COMMERCIAL DEPLOYMENT

— POWER ELECTRONICS IP

— RAPID CONTROL PROTOTYPING

— REAL-TIME HARDWARE-IN-THE-LOOP SIMULATION

— PROCESSOR-BASED HIL SIMULATION CHALLENGES

— OVERCOMING FPGA-BASED HIL SIMULATION CHALLENGES
— STATE-SPACE BASED HIL SIMULATION OF SMPS

— JMAG FEA-BASED MOTOR-INVERTER HIL SIMULATION

— FULL POWER HIL TESTING OF INVERTERS

— BUSINESS IMPACT
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NI Vision for Power Electronics
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NI Role in Power Electronics
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NI Role in Power Electronics

Inverters Motor Drives

Renewable Energy Power Electric Vehicles

Electronics
Energy Storage Control Distribution Switches

HIL Validation ‘ PMU

Power Power Metering

Functional Test | EI€CTroNICS L
Test Momtormg Power Analyzer

Performance .
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Smart Grid Power Electronics

Battery Stack,
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Systems

Power System Inverter/Converter/Drive Motor/Generator/Load

» Grid tied solar inverters (unidirectional DC>AC inverter)

» Wind turbine power converters (unidirectional AC>DC>AC converter)

» Utility scale energy storage systems (bidirectional AC-DC-AC converter)

» Electric and hybrid electric vehicles, automobiles, trains, agricultural equipment (bidirectional
DC-AC converter)

» Industrial medium voltage power supplies (unidirectional DC>DC converter)

 Medium voltage motor drives and pumps (unidirectional or bidirectional AC-DC-AC converter)
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The Power Electronics Renaissance
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The Power Electronics Renaissance
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The Power Electronics Renaissance
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The Power Electronics Renaissance
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Li-lon Pricing and Energy Density, 1991-2005
Adapted from Buchman {2005)
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The Power Electronics Renaissance

“Since the industrial revolution | do not know of a single
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PE Design Goals & Tradeoffs

» Optimize for multiple design goals simultaneously,
including:
— Energy efficiency
— Cost
— Component lifetime
— Systematic reliability
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What'’s the problem?

1. Unidirectional software development path

77

; ; Hand
& @

}'{ NATIONAL

INSTRUMENTS



-
What'’s the problem?

1. Unidirectional software development path
2. “Dirty code’

77

; ; Hand
& @

}'{ NATIONAL

INSTRUMENTS



-
What'’s the problem?

1. Unidirectional software development path
2. “Dirty code’
3. “Throw it over the wall” engineering
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What'’s the problem?

1.
2.
3.
4.

Unidirectional software development path

“Dirty code”
“Throw it over the wall” engineering

Missing real-time test tools
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NI Vision for Power Electronics
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NI Vision for Power Electronics
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NI Vision for Power Electronics
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A New Platform and Methodology for System-Level
Design of Next-Generation FPGA-based Digital SMPS

1. Co-simulation tool must capture coupled dynamics between FPGA and
power system

2. Tool must enable bi-directional development flow. Changes made to FPGA
code should automatically be reflected wherever reference in tool chain.

3. FPGA resource utilization must be comparable to hand written code

4.  Simulations for design validation must be based on the actual production
FPGA code

5. Tool must include fixed-point math blocks and power electronics IP libraries

6. Tool must target pre-validated COTS control boards suitable for high volume
commercial deployment

7. Tool should also be suitable for developing fast FPGA-based HIL simulators
for comprehensive validation of production control system
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Is energy an information technology?
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Is energy an information technology?

Is |t dlgltlzed and dlgltally controlled?
Is it networked?

Is it improving at exponential rates?
Can you model and 5|mulate it?

‘7 NATIONAL
INSTRUMENTS




Making energy an information technology
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Making energy an information technology
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Making energy an information technology

Analog Digital
Hardware Software

I EXPONENTIAL IMPROVEMENT

SENSING
PROCESSING

CONTROL :

NETWORKING | J

60% 80% 100%
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Commercial off the shelf technology (COTS)

* Leverage commercial off the shelf technology for exponentially increasing price-
performance

« Don'’t fall off the Moore’s law curve

Processor Price-Performance (Calculations Per Second Per Dollar)
25,000,000,000

170X INCREASE FROM 2000-2010

20,000,000,000

500X INCREASE FROM 2010-2020*

15,000,000,000
10,000,000,000 /
5,000,000,000

mmmmmmmmmm
NNNNNNNNNNNNNNNNNNNNN

Moore’s Law for
Processors and FPGAs
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Commercial off the shelf technology (COTS)

« Moore’s Law is a double edged sword: Keeping a full custom design “on the curve” will be
increasingly expensive. Parts will go end-of-Life (EOL) faster than ever.

* NI has a long history of keeping our customers “on the curve”, delivering exponentially increasing
price-performance, and delivering a platform with long term hardware/software compatibility

Processor Price-Performance (Calculations Per Second Per Dollar)
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20,000,000,000

15,000,000,000
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Full custom development time is not improving:

12-13 months since 2007

2011
EMBEDDED MARKET STUDY
EElTimes

ualme Desio

Embedded Market Study N

How long did the last project you completed take to finish?

M 2011 (N =1,822) Avg: 12 mos
2010 (N = 1,494) Avg: 12 mos
2009 (N = 1,514) Avg: 13 mos

2008 (N = 1,060) Avg: 13 mos

12007 (N = 974) Avg: 13 mos

Copyright © 2011 by UBM/ EE Times Group. All ights reserved.

Images courtesy UBM / EE Times Group
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Full custom development cost & risk is not improving:
2009-2011 data

— Average of 15 engineers/project:
« 7 software engineers (* 1.9 standard deviation)
* 5 hardware engineers (* 0.6 standard deviation)
« 3 firmware engineers (* 0.8 standard deviation)

— 57% of projects finished late (no change from 2009-2011):
* 43% of all projects finished on or ahead of schedule
— What will be your greatest technology challenges next year
(managers only):
1. Integrating new technology or tools

2. Managing code size/complexity
3. Building higher quality development process

y NATIONAL
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The new era of chip level design

=11 A 3

Graphical Desktop e : Place &
Test Bench Compilation Synthesis Deployment

}T NATIONAL
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The new era of chip level design

Graphical Desktop

Programming Test Bench

process variable

Low Pass Filker Cutoff ’—ﬂ—‘] &

Ln
il
{
=
=)
o
[==

PID gains (x 28)

i

Motch Filker Frequency

LabVIEW FPGA

Compilation

Synthesis

Deployment
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The new era of chip level design

Graphical Desktop

Programming Test Bench

process variable

Compilation Synthesis

Deployment

l:‘ L l:‘ [ Rl e
B — | s ThOAB G0 o
Low Pass Filker Cutaff ’—ﬂ—‘ BSh - E = § § § § ﬁ =4 ?
& ] L] e ey
PROGRAMMABLE o (P00 0 JOBLOCK
setpoint INTERCONNECT COOOO0000 3
CHOBOOHDG
1 73 CELF{F 34343 <3 o | Source: Xilin
FIID l;IEIII'IS l::': 2.-"\8:' =T 4:?:']“ to to o b b b e e
=
Motch Filker Frequency =Dl t[
[132 N
CONFIGURABLE LOGIC BLOCK (CLB)
LabVIEW FPGA Reconfigurable 1/O (RIO) Hardware
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The new era of chip level design

“You are Fab-ulous”

Graphical

Programming

process variable

Desktop

Test Bench

Compilation Synthesis

Deployment

l:‘ L l:‘ [ Rl e
B — | s ThOAB G0 o
Low Pass Filker Cutaff ’—ﬂ—‘ BSh - E = § § § § ﬁ =4 ?
& ] L] e ey
PROGRAMMABLE o (P00 0 JOBLOCK
setpoint INTERCONNECT COOOO0000 3
CHOBOOHDG
1 73 CELF{F 34343 <3 o | Source: Xilin
FIID l;IEIII'IS l::': 2.-"\8:' =T 4:?:']“ to to o b b b e e
=
Motch Filker Frequency =Dl t[
[132 N
CONFIGURABLE LOGIC BLOCK (CLB)
LabVIEW FPGA Reconfigurable 1/O (RIO) Hardware
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-
Automated Engineering

* 90% of engineering work should be automated

A

Graphical System Design

C#

C++

Abstraction

Assembly Language

Machine Code

System Complexity

y NATIONAL

INSTRUMENTS



LabVIEW FPGA vs VHDL

== First we sychronize the asynchronous digital input to our clock
- inserting two ip Ops.
synchronizationFrs :
rocess( aresetr, Clk )
egin
f arecer then
ebigitalInputms <= false;
chigitalInput <= false;
elsif rising_edge{cik) then
cpigitalInput_ms <= abigitalinpur;
;quitaunnut <= CBIgItalInput_ms:
en LN
end process SynchronizationFrs;

—- Then we keep track of what the digital input was on the previous
-- clock cycle by inserting another f1ip flop
previouspigitalInputer:

Ern{cess( areset, Clk )

e? n
T areser then
CPFE’\-'D:I?"ItQTInDUt <= false;
elsif rising_edge(cik) then
cPrevhigitalInput <= coigitalinpur;
end 1T
end process PreviousDigitalInputFF;

-- Then we have a 1ittle combinatorial logic to detect a_rising edge
cRisingEdgebetected <= cpigitalInput and not cPrevDigitallnput;

== And Finally we have a register that increments when that rising
-- edge s detected.
Counterkegister:
Erocess( areser, C1k )
eqin
if areset then
cCountreg <= (others=>"0"1;
elsif rising_edge(clk) then
if crisingedgenetected then
CCOUNTRE] <= CCOUNTReg + 15
end iT;
end if;
end process Countermegister;
CCOUNT <= CCOUNTRED;

end rel;

Counter Analog I/O Streaming

INSTRUMENTS
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LabVIEW FPGA vs VHDL

Counter Analog I/O Streaming

‘T NATIONAL
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LabVIEW FPGA vs VHD

vt DA FIFO 4l

66 Pages ~4000 lines

Counter Analog I/O Streaming

‘T NATIONAL
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Spectrum of suitable control targets for high
volume mass production

—>— '—T Controller
I , Unit Cost (S)
in A
1=
Gating I—{ >—| C Load 100 |—
Signals ﬁ O“T l
Digital SMPS Controller ADC ADC 10
- Linear/non-linear compensators
(adaptive or fixed) q—l
- diagnostics, communication -
- programmability ~ Digital 1
Feedback
\ 0.1 | N
\ 1. FPGA, CPLD, CPU (all digital) 1 10 100 1000
2. DSP, MCU (mixed-signal)

3. Smart power ASIC Power Level for SMPS (W)

V NATIONAL
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Modern FPGAs utilize hard-core DSP
processing elements integrated in fabric

Standard DSP Processor —
Sequential
(Generic DSP)

Data In

Coefficients °
@Single-MAC Unit

Data Out

1.2.GHz
2016 clock cycles

2016 clock
cycles
needed

=595 KSPS

FPGA - Fully Parallel Implementation
(Virtex-6 FPGA)
Data E

co ° C1 ° c2 ° cs3 ° " C2015 °

Data Out

2016 operations
in 1 clockcycle

600MHz__ _ 600 MSPS

¥ clock cycle

A
100 GMACs / Watt —f—

80 GMACs / Watt =—t—

60GMACs / Watt —f=—

40GMACs / Watt —f—

20 GMACs / Watt =—j=—

Spartan-6 FPGA

Single Core DSP
\
>

Modern FPGAs utilize hard-core DSP processing elements, integrated within the reconfigurable
computing fabric to yield 1° to 1'2 fixed-point multiply-accumulate (MAC) operations per second,
often at a lower cost per MAC and lower power dissipation per MAC compared to processors and
DSPs [5]. The lowest cost FPGAs on the market have now reached the ~ $5 range in high-volume,
which makes them attractive not only for proof-of-concept research prototypes but also for mass-
produced converters and motor drives in the several-hundred-watt range and above.

ni.com

y NATIONAL
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Modern FPGAs are often lower cost per MAC
compared to single-core processors and DSPs

Part Description DSP Performance MACs/$*
DSP A 32-bit, 100 MHz, fixed pt 100 MMACs 6.48e6
DSP B 300 MHz, fixed pt 600 MMACs 6.98e6

Xilinx Spartan-6 | FPGA, 250 MHz, fixed pt, | 22,600 MMACs (250 MHz) = 5.58¢8
LX45 FPGA 58 DSP48A1 multipliers 4,600 MMACs (40 MHZ) 8.85e7

* Multiply-accumulate (MAC) operations per dollar

y NATIONAL
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http://www.xilinx.com/products/silicon-devices/fpga/spartan-6/index.htm
http://www.xilinx.com/products/silicon-devices/fpga/spartan-6/index.htm
http://www.xilinx.com/products/silicon-devices/fpga/spartan-6/index.htm
http://www.xilinx.com/products/silicon-devices/fpga/spartan-6/index.htm

Sequential vs. Parallel DSP Processing

Standard DSP Processor —
Sequential FPGA - Fully Parallel Implementation

(Generic DSP) (Virtex-6 FPGA)

I N B R

Ci C2, C3

Coefficients —>

Single-MAC Unit
2016 clock

cycles
needed

2016 operations

in 1 clock cycle Data Out

Data Out

1.2 GHz 600 MHz

=595 KSPS = 600 MSPS

2016 clock cycles 1/ clock cycle

& XILINX.



Sequential vs. Parallel DSP Processing

Standard DSP Processor —
Sequential FPGA - Fully Parallel Implementation

(Generic DSP) (Virtex-6 FPGA)

N

Ci C2, C3

Coefficients —>

Single-MAC Unit
2016 clock

cycles
needed

2016 operations

in 1 clock cycle Data Out

Data Out

1.2 GHz 600 MHz

=595 KSPS = 600 MSPS

2016 clock cycles 1/ clock cycle

Data In

NI LabVIEW FPGA
— cn c1
 High Level Programming E—‘ED—L[}'L@‘L Data Out

4
—

7

]
—

* True Parallel Execution

& XILINX.



DSP Performance through the DSP48E1 Slice

Virtex-6, Artex-7, Kintex-7, Virtex-7

DSP48E1 Slice

s ]
48-Bit Accum
DSP48 Tile A — Pre-Add > p
o DSP48E1
E Slice
S
= DSPA48EL D —
E Slice
c — Pattern
Detector

= 2 DSP48E1 Slices / Tile

= [nput Flexibility through 5 Shared interconnect
= 638 MHz Fmax

— 20% faster than competing FPGAs
Page 77 & XILINX.



The Next Paradigm: Floating Point Processors

Integrated in FPGA Fabric
ZYNQ EXTENSIBLE PROCESSING PLATFORM

Processing System

Dynamic Memory Controller Programmable
DDR3, DDR2, LPDDR2 g
Logic:

System Gates,
DSP, RAM

™-A9 MPCore™
/32 KB I/D Caches

Multi Standards /05 (3.3V & High Speed 1.8V)

Multi Standards 1/0s (3.3V & High Speed 1.8V) Multi Gigabit Transceivers

page 78 & XILINX.




The Next Paradigm: Floating Point Processors

Integrated in FPGA Fabric
ZYNQ EXTENSIBLE PROCESSING PLATFORM

0 Product Table (Software View)

Dual ARM® Cortex™-A9 MPCore™ with CoreSight™

NEON™ and Single/Double Precision Floating Point

32 KB Instruction, 32 KB Data per processor
Processing Sysem

M 5 rt 2x QSPI-SPI, NAND, NOR

DMA Channels 8 (4 dedicated to Programmable Logic)
Peripheral 2x USB 2.0 (OTG) w/DMA, 2x Tri-mode Gigabit Ethernet w/DMA, 2x SD/SDIO w/DMA,
enpher 2x UART (2), 2x CAN2.0B, 2x 12C, 2x SPI, 4x 32b GPIO
ripherals and Static Memory Multiplexed I/ O 54

2x AXI 32b Master, 2x AXI 32b Slave,

Processing System to Programmable Logic Interface Ports 4x AXI 64b/32b Memaory
(Primary Interfaces & Interrupts Only) AX| 64b ACP

16 Interrupts

Xilinx 7 Series Programmable Logic Equivalent Artix™-7 FPGA Artix™-7 FPGA Kintex™-7 FPGA Kintex™-7 FPGA

Programmable Logic Cells (Approximate ASIC Gates™) [Pl RLLE oD ERERET] 4] 85K Logic Cells (~1.3M) 125K Logic Cells (~1.9M) 350K Logic Cells (~5.2M)
Extensible Block RAM (# 36 Kb Blocks) 240KB (60) 560KB (140) 1,060KB (265) 2 1BOKB (545)
Programmable DSP Slices (18x25 MACCs) 80 220 400 900
. Peak DSP Performance (Symmetric FIR) 58 GMACS 158 GMACS 480 GMACS 1080 GMACS
Programmable Logic
PCI Express® (Root Complex or Endpoint) — — Gen2 x4 Gen2 x8
Agile Mixed Signal (AMS)/XADC 2x 12 bit, 1| MSPS ADCs with up to 17 Differential Inputs

AES and SHA 256b for secure configuration

Multi-Standards 3.3V /O 100 200 250 350
Serial Transceivers'® — — 4 16

Notes: 1. Static memory interface combined with the usage of many peripherals could require more than 54 1/Os. A designer can use the Programmable Logic 1/Os.
2. Total Number of I/O and Transceivers depends on package used.
3. Equivalent ASIC gate count is dependent of the function implemented. The assumption is 1 Logic Cell = ~15 ASIC Gates.
4. Preliminary product information. Subject to change. Please contact your Xilink representative for the latest information.

3 i
Security

page 79 & XILINX.



High Level Goals

ni.com Join the developer community at ni.com/powerdev ’\ﬂ”?ﬂl%ﬁﬁlhrs‘



http://www.ni.com/powerdev

High Level Goals

Reduce your engineering cost, risk and
development time

Focus on your core competency and value
(not DSP board design)

Incorporate the latest technologies while
reusing software investments

Ship fully tested, supported commercial
embedded systems

Empower your control experts to do
embedded development

11111

Profitability

Product differentiation

On-time delivery

Product quality

Development efficiency

ni.com Join the developer community at ni.com/powerdev ﬁﬁ?ﬂ%ﬁg‘kw
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Measure it. (Understand the problem.)

T

Present

Analyze

Green Engineering
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Measure it. (Understand the problem.)

Prototype

Fix it. (Create the solution.)

INSTRUMENTS
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Measure it. (Understand the problem.)

Prototype

Fix it. (Create the solution.)
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The Largest Market Motivator

Nominal Dollars per Barrel

qp -
Rising Demand; Low Spare Capacity ; Weak
Dollear; Geopolitical Concerns \
80 1 Nigerian Cut-Offs
Hurricanes Dennis, Katrina
antl Rita in Gull of Mexico
70
w -
Hurricane han
in Gulf of Mexico
50 -
PAVSA Worker's Strike Pl
in Venezueda and Iraq War Worres Immntory
Iran.braq War Iraq kvades Kuwalt Build
40 -
\ \ OPEC Cits Quotas;
Riging Desnand
30 -
franian Revolution
20 - \ »
A ah Ol
o
Embargo 911 Attacks
10 4
Saudi Arabia Abamlons Swing
" Promeces Role Astan Economic Crisis
1970 1972 1974 1976 1978 1960 1962 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

we Official Price of Saudi Light

Source: “FreedomCAR and DOE Roadmap for Automotive Power Electronics,” Laura

Marlino, Oak Ridge National Laboratory (ORNL), March 2011

— Refiner Acquisition Cost of Imported Crude Oil (IRAC)

Sowurce: EIA
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http://www.apec-conf.org/images/PDF/2011/Special_Presentations/sp2.1.1.pdf

Renewable Energy is Abundant

Human Demand: ~16 TW
Resource | Available(TwW) | Ratio |

Solar 86,000 5,375
Airborne Wind 3,000 187
Terrestrial Wind 870 54
Hydro 300 19
Ocean Thermal 100

Wave 8.7 4
Geothermal 3

Tidal 3.7 0.23

NATIONAL
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Cost per GW

Conventional
Cost per GW

Production Volume



Renewable
Cost per GW

Cost per GW

Conventional
Cost per GW

Critical Cost
Crossover

Production Volume



Solar Module Cost as a Factor of Production, 1986-2006

PV Annual Production (MW)

1 e 100 1,000 10,000

0.1 -

0.01 -

PV Cost per MW (2007 $)

RZ=0.9952

0.001 -
-m-Cost per Watt/Production Megawatts —~Curve Fit

Source: Earth Policy Institute; Worldwatch; Maycock



Solar Module Cost as a Factor of Production, 1986-2006

PV Annual Production (MW)

1 10 : 100 1,000 10,000

0.1 -

0.01 -

PV Cost per MW (2007 $)

R?=0.9952

0.001 -
-m-Cost per Watt/Production Megawatts —~Curve Fit

Source: Earth Policy Institute; Worldwatch; Maycock

Cost per Watt = 14.26*(ANNUAL_PRODUCTION_GW*1000)" (-1.205)*ANNUAL_PRODUCTION_GW*1000
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Energy is the World’s Biggest

Environmental Problem,
Te€hnological Challenge
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World at' Night (El?gtfifiqation Level)
1.6B people with no electricity

World Population Density



World at Night (Electrifiqation Level)
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Energy abundance causes economic growth

GDP, ST

ni.com

7.0

6.0
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4.0

3.0
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0.0

-1.0

Electricity /
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mmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmm
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Axis Title

—GDP Per Year Addition —Electricity Per Year Addition

Sources: World Bank, U.S. Energy Information Administration
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Energy abundance causes economic growth
Economic growth requires energy abundance

1 140.0
Electricity /
//\X / 120.0
\/ %
P -
v GDP F
a Q
(o] =
o kv
<
S~ w
''''''''''''''''''''''''''''''''''''''''''
2 %3 28 3 8 83 8 % 8 8 8 8 & 38 S 8 8 8 8 8 8
—GDP Per Year Addition —Electricity Per Year Addition

ni.com

Sources: World Bank, U.S. Energy Information Administration }ﬂ”?{h%ﬁgliq“




Energy abundance causes economic growth
Economic growth requires energy abundance

7.0

160.0

1.60e3
GDP = 521 - - ,
4.17e3 + delav(], 3.27) - 124delay(1, 3.27) 100
Electricity
., | Resquared 0.900375 N\ .
Correlation Coeff 0.957846 / X /
4.0 100.0
- \/
e / / GDP
o 30 80.0
o
2.0 \\/M / v — / 60.0
10 \/\/ \ /"‘\ / 400
0.0 T T T 20.0
-1.0 0.0
Axis Title
—GDP Per Year Addition —Electricity Per Year Addition

ni.com

Sources: World Bank, U.S. Energy Information Administration

Electricity, GW
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Renewable Returns

$

1 /
Cost ~ Critical Cost em\o(\a\ / Diminishing
per :  Crossover GC?:)\:\ oo E\I\L g Returns

GW

| Accelerating
Returns

>
Production Volume GW
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http://renewablereturns.wordpress.com/2010/10/02/the-law-of-renewable-returns/
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Flyback Converter 88/ 4
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H Bridge Single Phase Inverter: Co-Simulation vs. Physical Measurements
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Three Phase Inverter: Co-Simulation vs. Physical Measurements
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Brushed DC Motor: Simulation vs. Physical Measurements
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Brushed DC Motor: Simulation vs. Physical Measurements

MOSFET drivers
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Brushed DC Motor: Simulation vs. Physical Measurements
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Brushed DC Motor: Simulation vs. Physical Measurements

MOSFET drivers

&

E 600.0 Simulated

& 400.04 Experimental
200.0 Set Speed

DD

00000 02500 05000 07500 10000 12500 15000 17500 20000 22500 2.5000
Time (s)

10.0-
0.07 Simulated N
6.0 Experimental @

Current (A)
B
o

IR2101PBF

00000 02500 05000 07500 10000 12500 15000 17500 20000 22500 25000
Time (s) W1

2200.0 — 12V

__2000.07 Simulated N
o
5,1800.07 Experimental [/

00000 02500 05000 07500 10000 12500 15000 17500 20000 22500  2.5000
Time (s)

ni.com Join the developer community at ni.com/powerdev ﬂﬁ?ﬂ%ﬁg‘hw


http://www.ni.com/powerdev

NI sbRIO-9606

NI GPIC
Mezzanine Card

DCs I PN Ao [ T
4{} ) i i
= £ : ~
oc | : é
POWER () ~: ; ANN—-LB(AC) |
BUS 7 S
bl _K'} _u:a;
DC- Ve (AC)
0 AMNHC
L
Energy Source Power Inverter Output Filter Stage 3-Phase AC System

NATIONAL INSTRUMENTS

HIGH VOLUME COMMERCIAL DEPLOYMENT (NI GPIC)

V NATIONAL

INSTRUMENTS




2 Fio ! b =
'; ;‘;"L ; ' B T un*unn s B -
AR |~ 2 il -
i, x|l 0y i S r 4
2 22 ’ . i = [ @3 e an Y A
T r— . e ommTe © |- “, %
: A '. R ey : SR o un [t
S-S N s B g 5 & SR s N e AL e LA
T T
POWER(') =i : . AA—-Ye(AC) |
BUS 7
DC-
5 MNere )

Energy Source Power Inverter Output Filter Stage 3-Phase AC System

NATIONAL INSTRUMENTS
HIGH VOLUME COMMERCIAL DEPLOYMENT (NI GPIC)

y NATIONAL

INSTRUMENTS



NI Single-Board RIO General Purpose Inverter Controller (GPIC)
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ALL SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE

NI General Purpose Inverter Control (GPIC) System

‘7 NATIONAL
' INSTRUMENTS

-]
NI Single-Board RIO General Purpose Inverter Controller IN DEVELOPMENT

* Deployment-ready commercial embedded system for high-volume
grid-tied inverter, DC/DC converter and motor/generator drives

* High level graphical system design tools and reconfigurable FPGA
enable rapid development of highly differentiated control algorithms

* Complete, industry proven LabVIEW tool chain with I/O drivers, IP
libraries and tightly integrated simulation tools

* FPGA-based control logic for ultra fast pin-to-pin response time,
lifetime upgradeability and IP protection

* Xilinx Spartan-6 LX45 FPGA with 58 DSP cores yielding 4,600 MMAC
computing performance and hardware parallel execution

» 400 MHz PowerPC processor with VxWorks RTOS for hard real-time
floating point processing, networking, and event capture datalogging

* Smart grid utility network protocol support (DNP3, IEC 60870, IEC
61850, Modbus, CAN, ...) and onboard real-time 3-phase power and
IEC 61000-4-7:2002 harmonic spectra analysis

* 10/100BASE-TX Ethernet port with FTP, HTTP, HTTPS and SSL support
and SNTP or IEEE1588 time synchronization

* DMA data scope capabilities for high speed waveform capture and
automatically triggered event recording

* Optionsfor depopulation, LEM-style 20-100 mA current sense Al, 16-
bit calibrated Al, real-time clock battery, conformal coating,
top/bottom/side connectors

* |/0 signal compatibility with most standard IGBT intelligent power
modules— FUJI, Infineon, Hitachi, Mitsubishi, Powerex, SEMIKRON
(SKiiP 3 and 4), Toshiba, ...

Download the preliminary datasheet

LabVIEW Development Software
» LabVIEW Real-Time (VxWorks) 2011 SP01 or higher
* LabVIEW FPGA 2011 SPO1 or higher

Recommended Software

* NI MultiSim Co-Simulation Interface for LabVIEW FPGA (design guide)
* NI Power Electronics IP Library (included with NI SoftMotion 2011 1)
* NI Electrical Power Measurement Suite

» NI Veristand (for automated real-time virtual/physical testing)

* NI Simulation Interface Toolkit (interface to 3™ party simulator)

Typical Configuration

NI sbRIO-2606

NI GPIC

. \
Mezzanine Card - /
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Lt i | L, Yy B
ek B E L
. SRR
POWER =i fasan! Py AL
BUS : : :
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Energy So s [ st Fllber Stage 1-Phass AL System
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- _0_0_0_0000_0_000000_]
Worst Case Specifications PRELIMINARY—SUBJECT TO CHANGE

400 MHz Real-Time Processor
+ 256 MB RAM + 512 MB Non-volatile Storage

Xilinx Reconfigurable FPGA
* Spartan-6 LX 45 e 22.6 GMACs DSP performance
s 43,661 logic cells + 58 DSP48A1 slices (multipliers)
e 2,088 Kb FPGA RAM
Communication Ports
e 10/100BASE-T Ethernet * 115,200 bps max RS-232 Serial
* 1 Mbps max CAN + USB 2.0 Host
Physical Characteristics
e 4.7"%7.08"x1.75" (prelim.) * -40to 70°C operating temp. range
e 11.9x17.9x4.4cm (prelim.) e -40to 50°C in still-air enclosure

High Speed Digital Output (to Gate Driver or IPM)

e 12 channels e 100 kHz max PWM freqg. (5V)
¢ Source/sink (push-pull) & 20kHz max PWM freqg. (24V)
e 5-24VDC, external power * 10 ns rise/fall time (no load)
* 10 mA/ch continuous & 500 ns min pulse width

« 100 Q output impedance * Non-isolated

+ <100 ns propagation delay * Powerup state: OFF
* 25ns ON/OFF resolution

General Purpose and Contactor Digital Qutput
& 28 channels, total + Non-isolated

e Sinking driver

* 24VDC max

e 20mA/ch continuous

s 1A total (GP channels)

* <1 ms propagation delay

* Powerup state: OFF

Contactor Relay DO:

s 4 ofthe 28 channels

* 3 A/ch inrush, 200 mA continuous
& |ndividual return pin per channel

FPGA Expansion 1/0O

& 16 channels (min)
* 3.3V DIO, non-buffered

General Purpose Digital Input
e 28 channels

+ Unprotected, very high speed
+ Non-isolated

* 7 ps min pulse-width

& Sourcing digital input & 200 us propagation delay

e 5-24VDC, external power * Non-isolated

* Two banks, 14-ch per bank « +30V protection

+ 1-5k0 pull-up resistor + |Impedance matched for SKiiP 3,4
- High Speed Simultaneous Analog Input

e 16 pseudo diff. channels e 2100 kO input impedance

& Simultaneous sampling & 100 kHz -3 dB bandwidth

* 100 kSPS/ch, single rate « +100 mV common mode range

& 12-bit, +10 V range & 2512 shunt resistor pads for LEM

e 0.24% typ. acc.: 25°C+10°C e 60VDC CAT I bank isolation

+ (0.81% acc. over temp. s +30V protection

General Purpose Analog Input

* Zsingle-ended channels * 100 kQ input impedance

& 12-bit, 0-5 V range + 100 kHz -3 dB bandwidth

* Multiplexed sampling « 60V CAT | isolation

& 1kSPS scan rate, all chan. « +30V protection

e 1% accuracy over temp.
General Purpose Analog Output

* 8single-ended channels e 1% accuracy over temp.
& 12-bit, 0-5V range e 4mA/ch output current
* Simultaneous update = 60VDC CAT lisolation
* 1kSPS update rate * Poweron state: 0V

Download the preliminary datasheet

INSTRUMENTS
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NI Power Electronics IP Library

¢ Completely editable reference design examples for space vector
field oriented control and trapezoidal commutation

¢ Included with NI LabVIEW NI SoftMotion Module 2011 f1 or higher

¢ Full desktop validation of FPGA control algorithms using NI
Multisim co-simulation tocls (video)
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ni.com

Download the preliminary datasheet

Mechanical Design
* Standard 0.1" header connectors with high retention force (non-
latching)
* Mating board options:
- Ribbon cable to gate drive board
- Connector interface and signal conditioning PCB with
custom cable harness
- Fiber optic interface or GPS time synch PCB
- Directly mate to gate drive board

, 7.080

[179.83] ‘

4700
[119.38]
= 1747 =
GPIC MezzanineCard  sbRIO-9606 [44.37]
Expansion /O
GP DO SSAl
Contactor DO GPAIL AO

GPDI  ENET RS232. CAN, USB

‘T NATIONAL
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/O Connectors

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 /O
{50-pin 100 mil header)

General Purpose Digital
Input
{26-pin 100" mil header)

High Speed Simultaneous
Analog Input, General
Purpose Scanned Al,
General Purpose AQ
{60-pin 100 mil header)

12-ch HS DO (18-pins, 6 GND)
1 prn_m (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 VFPGA 10 (24-pins, & GND)
+3.3V FP GAFwn;_m (1-pin)

+5V SYSFWR_ o (1-pin)

24-pins reserved

24.ch GP DI (26-pins, 2V, )

16-ch Differential 33 Al (32 pins)
8-ch Scanned GP Al (8-pins,1 COM)
B-ch GP AQ (9-pins, 1 COM)

10-pins reserved

Download the preliminary datasheet

Typical Stack

1. NI Single-Board RIO Control & Monitoring System (sbRIO-9606)

2. NI GPIC RIO Mezzanine Card (bottom orientation connectors)

3. User defined cable interface, gate drive or signal conditioning PCB
(not provided by NI)

Any Connector
TypeFPinout

TolGET IPM

INSTRUMENTS

ni.com/powerdev
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Typical Stack

1. NI Single-Board RIO sbRIO-9606
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Typical Stack

1. NI Single-Board RIO sbRIO-9606

2. NI GPIC RIO Mezzanine Card (bottom orientation connectors)

1
,|Illl
LRl R e B
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Typical Stack

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

3. Custom interface or gate drive PCB (not provided by NI)

sy v p 22
LS %h e

To IGBT IPM Any Connector
Type/Pinout

S NATIONAL
R ol VINSTRUMENTS‘




Mechanical Design

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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Mechanical Design

o Sturdy 100-mil header connectors with
high retention force (non-latching)

* Support for bottom, top and right-angle
connector orientations
» Mating board options:
— Ribbon cable to gate drive board

— Connector interface PCB with custom
cable harness

— Signal conditioning PCB with custom
cable harness

— Fiber optic interface PCB
— Directly mate to gate drive board

Top Mount Connectors

7.080

4.700
[119.38]

[179.83]

1747 4
GPIC Mezzanine Card sbRI0-9606 [44.37]
P
] | =9 --
e—
HS DO Expansion I/
6P DO i ssa

Contactor DO GP Al, AO

GP DI

ENET, RS-232, CAN, USB

INSTRUMENTS
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Mechanical Design

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

Right-Angle Connectors

7.080
[179.83]

|‘“1 147 ']

[44.37]

GP DO
Contactor DO
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. _______________________________________________
NI Single-Board RIO 960x

LabVIEW Tool Chain Reconfigurable FPGA
Silicon level reconfigurability, lifetime upgradability,
* Rapid commercialization of true parallel execution in dedicated hardware
differentiated, high performance |
products RIO Mezzanine Connector (RMC)
* Complete, industry Proven High density, high bandwidth connector gives
graphical system design tools direct access to FPGA and processor I/0

* Available IP block libraries and
reference design examples

* Fully integrated support for
processor, FPGA , 1/0 and
networking in single language

* Integrate existing C, VHDL,

Real-Time Processor
400 MHz PowerPC for floating-point control,
analysis, logging and network communication

simulation or text-based math < 38 >
N
code e e ©
Autophasin . " Spartan & feard
g Networking Peripherals aus
0@ Ethernet, RS-232, CAN, USB e
Encode octon CT B Modbus, DNP3, HTTPS and SSL support ’ I —
B 1Inr Mod2/DI3 ;2;;:13”‘1 °
IR e Small Size, Low Power
index angle out 103 X 96 cm (4 X 38 in)
9-30 VDC power J

: : NATIONAL
ni.com/singleboard ,“TINSTRUMENTS‘
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Typical Software Hierarchy Elements

Remote Client Dashboard

Real-Time Processor

Field Programmable Gate Arra

GPIC Mezzanine Card

FPGA-FPGA, Temperature,
Encoder, GPS,  Monitoring,
FiberI/F Debugging

ni.com

3-ph. IV,
Resolver

TCP, HTTPS

PCI, DMA

|GBT Error,
Contactor Aux,

AC, DC,
Precharge
Contactors

RS-232 DNP3 CAN

Pilot Relays,

Fauls, Faic] Gate Drivers,

¢ NATIONAL
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Typical Software Hierarchy Elements

Remote Client Dashboard
HMI Utilit Vehicle

Real-Time Processor TCP, HTTPS RS-232 DNP3 CAN

Field Programmable Gate Arra PCI, DMA

GPIC Mezzanine Card
Expansion § Scanned | Simultaneous, General Contactor General High

/0 Al,AO | Differential Al | Purpose DI | Relay DO J| Purpose DO [ Speed DO

FPGA-FPGA, Temperature,  3-ph.I/V, IGBT Error, AC, DC, Pilot Relays,

Encoder, GPS,  Monitoring, Resolver  ContactorAux, Precharge  Faults, Fans,
Fiber/F  Debugging P/QCMD  E-Stop, Sensors Contactors  Resets, LEDs

. NATIONAL
ni.com VINSTRUMENTS'

Gate Drivers,
Fiber TX




Typical Software Hierarchy Elements

Remote Client Dashboard

HMI Utility

Vehicle

TCP, HTTPS RS-232 DNP3 CAN

Real-Time Processor

PCI, DMA

Field Programmable Gate Arra

. Sensor Clarke Space .
DMA Data | Protection . PID Control ’ P Pulse Width
Decoding, Park Vector .
Scope Interlocks e Loops : Modulation
Filtering Transforms || Modulation

GPIC Mezzanine Card
Expansion §| Scanned | Simultaneous, General Contactor General High

/0 Al,AO | Differential Al | Purpose DI | Relay DO J| Purpose DO [ Speed DO

FPGA-FPGA, Temperature,  3-ph.I/V, IGBT Error, AC, DC, Pilot Relays,

Encoder, GPS,  Monitoring, Resolver  ContactorAux, Precharge  Faults, Fans,
Fiber I/F Debugging  PIQCMD  E-Stop, Sensors  Contactors ~ Resets, LEDs

Gate Drivers,
Fiber TX

‘T NATIONAL
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Typical Software Hierarchy Elements

Remote Client Dashboard

HMI Utlllty Vehicle

Real-Time Processor TCP, HTTPS RS-232 DNP3

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

Field Programmable Gate Arra PCI, DMA
Sensor

Clarke, Space

DMA Data || Protection
Scope Interlocks

PID Control
Loops

Pulse Width

hak pesiol Modulation

Transforms | Modulation

Decoding,
Filtering

GPIC Mezzanine Card
Expansion §| Scanned | Simultaneous, General Contactor General High

/0 Al,AO | Differential Al | Purpose DI || Relay DO }| Purpose DO [ Speed DO

FPGA-FPGA, Temperature,  3-ph.I/V, IGBT Error, AC, DC, Pilot Relays,

Encoder, GPS,  Monitoring, Resolver  ContactorAux, Precharge  Faults, Fans,
Fiber I/F Debugging  P/QCMD  E-Stop, Sensors  Contactors  Resets, LEDs

Gate Drivers,
Fiber TX

‘T NATIONAL
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Typical Software Hierarchy Elements

Remote Client Dashboard

Live Trend, | Log File | Settings || Firmware HMI Utility ~ Vehicle
Waveform || Meter || Viewer || Config. Update Dane ADA R

TCP, HTTPS RS-232 DNP3

Real-Time Processor

Supervisory Power Event Dashboard Health SCADA
Logic Analysis Record Comm. Monitor Comm Comm.
Field Programmable Gate Arra PCI, DMA
DMA Data Il Protection [l 6™ W piD Control [ ©127%€: Space Mo ce Width
Scope Interlocks Decoding, Loops Rk pesiol Modulation
P Filtering P Transforms | ' Modulation
GPIC Mezzanine Card

Expansion §| Scanned | Simultaneous, General Contactor General High
/0 Al,AO | Differential Al | Purpose DI || Relay DO }| Purpose DO [ Speed DO
FPGA-FPGA, Temperature,  3-ph.I/V, IGBT Error, AC, DC, Pilot Relays, Gate DrteT

Encoder, GPS,  Monitoring, Resolver  ContactorAux, Precharge  Faults, Fans, Fiber TX
Fiber I/F Debugging  P/QCMD  E-Stop, Sensors  Contactors  Resets, LEDs
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LabVIEW FPGA Power Electronics IP

Output

FPGA-to-FPGA

Communication, CORDIC Trig Trzl-oetéggr
Synchronization Functions Space Vector jectory
Splining
PWM
JMAG RT State B
-Bridge :
Simulator Space Digital Logicg Multichannel
: PID
Signal Logic
Fixed Point -
Protection Loop
t
Math Generators Interlocks Structures

Signal Processin Hall
9 g 1,3-Phase I/F DMA Data Control
FFT, Resampling, PLL Streaming
Zero Crossing
o Encoder _
Digital _ Voltage, I/F Matrix*Vector
Filters DC, RMS, Period Current Multiply
Measurements Triggers
_ Look Up Park, Clarke
IEC Power Quality, Table Transforms
Phasor Measurements
Input

ni.com/ipnet ’\'TI”?HI?JTHAEINTS‘


http://www.ni.com/ipnet/

NI Power Electronics IP Library*

* New officially supported IP blocks for power electronics control, including Trapezoidal and Space
Vector commutation for three phase inverters and PMSM/BLDC motor/generators!

* Motion

L NI SoftMotion
L Maotor Contral IP Primitives

BEAY
5k

Servo
4

[CEN NS

T

Motion I/O

£

"

Spline
BE
P
Position PI

et
I

3-Phase Serv...

ot
S
Stepper

£ ¥

Filters

BE
o
Motor PID
BE
o s
Velocity PI

|t
-

Rate Limiter

o'
s

Feedback
“ »
B¢l

Generic Cont...

Pulse Width ...

Current PI

Curranl Selpoint
—_— P
Tirem PID Molor Gonfral and

or Castadad Pl Laop)

ur?;xﬁ
a

Clarke
9

o

Inverse Park

fons
o

Incremental

Typical Field Oriented Control Architecture for PMSM Motor/Generator

[Torque Control

Pl Motar Flux B nverse Park

| Transform
>

Fulse

Y

L

Space Vactor

. ‘U vollage as |
width i
Modulation e
Pulsa FATP %
Wiclth > iV Voltage as |

Modula » | Output |
ation Madulaticn '\pWM ,
Autophasing Pulse W voltage as
Algorithm Width LY O?I?Dut '
Modulation o 3

Hall Angle .
Tansorm [+ Galeuator [$— Cauater [$ MeIABC
Y
Clarke < U Gumant
Transform W Currant
*/da B2
= @
Park Flux Terque PI
Fafuitets o
o =
o o ]
3-Phase SVM  3-Phase 2T BS A
Monlinear Sy.. Linear Systems PID
g 2Ry i
o [ e

Flux &ngle C... Hall Angle C...

Matrix*Vector

3-Phase PLL

* Included with NI SoftMotion Module 2011 f1 or higher
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NI Power Electronics IP Library

r@tabmeelp A BRI e = = = > — =
& = B

Hide Locate  Back Fonward  Options

Contents | index | Search | Favorges | Space Vector Modulation
@ NI SoftMotion Vis and Functions Owning Palette: Serve Control
B ':Ell NI SoftMotion FPGA Vis Requires: NI SoftMotion Module Premium.

Motor Control VI ) ) ) )
= Q:l or oLV Calculates the Space Vector Modulation portion of the field-oriented contral (FOC)

(2] Mator Control Vis Examples commutation algerithm. This implementation of space vector medulation contains

M B EEII Servao Cortral Vis the Inverse Clarke transform, simplifying calculations for this step in the FOC

Spline Interpolation algorithm. Details Examples

[7] PID Motor Control

[7] PI Posttion Loop max voltage

Pl Velocity Loop voltage alpha ] u vo:tage

v voltage

(2] Pl Currert Loop voltage beta & _l—w Voltagge
i (7] Pulse Width Modulation

Rate Limiter
i = ) 3-Phase Serva Control Vis . _ ] .

[2] Clarke Transform max voltage—Specifies the maximum cutput voltage in duty cycle %,
@ Parke Trarsh to send to the Pulse Width Modulation VI.
ark Transform

I @ Pl Flue/Torque Loop wvoltage alpha—Specifies the alpha voltage calculated by the Inverse
| @ Inverse Park Transform Park Transform for the Space Vector Modulation function.
N @ Space Vector Modulation wvoltage beta—Specifies the beta voltage calculated by the Inverse
\ E Curent Limit Algorithm Park Transform for the Space Vector Modulation function.
i @ Stepper Control Vs u voltage—Returns the motor phase U voltage.
g = EQI Il%ecl:l:adc :fl':al Encoder Decoder v voltage—Returns the motor phase W voltage.

| Fluee Angle Calculator w voltage—Returns the motor phase W voltage.
[7] Hall Angle Caloulator
[ @ Mation 1/0 Vis Details
\ @ Fitters Vis ) . .
@ Gieneric Control Vis Use the_Space Vector Madulation funct|crr_1 to |mp|_emer1t the Space Vector

1 T Maodulation portion of the FOC commutation algorithm. This implementation

@ Synchranization Vis contains the Inverse Clarke transform, simplifying calculations for this step in the

% Advanced FOC algorithm.
I @ NI SoftMotion Properties and Methods The following figure shows the NI SoftMotion FOC commutation algorithm block

| diagram, and the location of the Space Vector Modulation function within it. Click
a function name for more information about it. -

< 1 | v

INSTRUMENTS
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NI Power Electronics IP Library

PWM Generation
.@...| Ticks / Period [ZER- . .
- U | em — » Complete reference design examples for Field

Eror oo e r ) — e Oriented (Space Vector) and Trapezoidal
gnals are center aligned. At the center @ Modl/Phase W
point, which is common to all three phases, signal E
o Commutation

the current loop to take a sample.

The Trigger lead can be used to specify how much
earlier than the center point the the trigger should Trigger lead E—_

* Plug and play support for the NI 9502
fire. .
The output range of_th_e PWM is used to respect 1 BLDC/PMSM drlve mOdU|e and AKM erShleSS
hardware-imposed limits on the duty cycle. upper fimit pE——— Servo motors.

0.09798583984375 §0.05999755853375

FOC and Halls

The FOC algarithm

OO00000000000000000000000000000000000000000000000000000000000000000000000000000000010TE

Field Oriented Control

1. Wait for the midpoint of the PWM to sample current.
2. Inputs from the 8502 should all be read in the same

node to avoid any timing problems.
AEnable Driveb}af s

3. Calculate the current through phase V.
Current Limit Algorithm

4. Using Clarke and Park algerithms convert the three Current Setpoint |[EZEH '

AC phase currents in the static frame of reference to =3

two DC vectors, a parallel and perpendicular, in a i i > Tloop period@

frame of reference that rotates with the rotor. Constantle Sampled Direct
5. Control the two DC currents. Loop Inv.Park Space Vector Modulation
6. Using Inverse Parke and a modified Clarke and ModL/Phase U Current 5

Space Vector Modulation algorithm, convert the

[

5] /1l ]
controlled voltages to PWMs on the three phases. 5 Mod1/Phase W Current »

]

[

Modl1/Halll S
Mod1/Hall2 Bl
Modl/Hall3 sl

The NI9502 can output a maximum 4% duty cycle.

Current . .
Sample . .

===

Sync

Hall 2
2 Hall Sensors

: 7 NATIONAL
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http://sine.ni.com/nips/cds/view/p/lang/en/nid/210005
http://sine.ni.com/nips/cds/view/p/lang/en/nid/210005
http://sine.ni.com/nips/cds/view/p/lang/en/nid/209132
http://sine.ni.com/nips/cds/view/p/lang/en/nid/209132

New! LabVIEW Electrical Power Measurement Suite

Three Phase RMS (V and I)
THD

Harmonic (up to 64)
Interharmonics (0.5 to 63.51)
Voltage Unbalance
Frequency Oscillation

Flicker

DC Portion

Power per Phase

Three Phase or Total

Power Factor

Active Power Total

Active Power Harmonic
Apparent Power Total
Apparent Power Harmonic
Reactive Power

Reactive Power Harmonic
Energy Active Total

Energy Apparent Total and +/-
Energy Reactive Total and L/C

Voltage Sag (dip)

Voltage Swell

Impulsive Transient (V + |)
Oscillatory Transient (V + )
Overvoltage and undervoltage
Overcurrent

Phasor Imbalance

Three Phase Voltage Harmonic
Four Current Harmonic
Harmonic per sec and per cycle
Synchrophasor IEEE-C37.118

INSTRUMENTS
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Advanced Smart Distribution Switch

switching features

monitoring
file transfer

upgrades

Distribution Switch

*Rated Through 38kV
Vacuum Interruption Technology
*Integrated CTs & Voltage Sensors
Optional future upgrades
*ANSI/ IEEE C37.60
«3-phase protection

« Embedded electrical power measurements and
«  Wireless communication for configuration and

« Remote updates, configuration and firmware

 Advanced analytics for distribution automation P NATIONAL

’ INSTRUMENTS'

Development and introduction of advanced -

Analytics (NI Smart Grid Analyzer)

833 Samples/Cycle, 24-bit Resolution
*Advanced Embedded Analytics
Data Storage, 1000+ event captures
*Remote upgrade

*Multi Protocol Communications

y NATIONAL
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P | e EE=

File Edit WYiew Simulation Format Tools Help

OzESE b= et Normal v &

H H Frea freg
o  AAA—-/AAC) | wm - "
H H 8
Discete
pc | ||/ e— 1 1 | I £ NI|F [  ipreser
POWER (D == M AN (AC) |
BUS \a
DC. _| _‘il} _":'} laaaa T Vc (AC)
- C
o T VWO Ready 100% odel
AL - =
Energy Source Power Inverter Output Filter Stage 3-Phase AC System

NATIONAL INSTRUMENTS
RAPID CONTROL PROTOTYPING
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Rapid Control Prototyping (RCP)

« Recommended Software
— NI LabVIEW Real-Time
— NI LabVIEW FPGA
— NI MultiSim 12 or higher
— NI Control Design & Simulation Module

— NI Power Electronics IP Library
(included with NI SoftMotion 2011 1)

— NI Electrical Power Measurement Suite

— NI Veristand (for control prototyping and
real-time HIL simulation)

— NI Simulation Interface Toolkit
— NI Teststand (for automated testing)
— NI Unit Test Framework

Power Electronics Design Guide Code

7 NATIONAL

ni.com Download the design guide at ni.com/powerdev )\msmummrs‘


http://www.ni.com/powerdev

High-Performance Multicore CompactRIO

Dual-Core 1.33GHz ZGEEI\EI)RB
Processor  gpartan-6 CPU Expansion
USB & Serial 32GB cFast X150 FPGA Module
Connectivity Storage ‘1‘
VGA Gigabit ™ g Sl:t f
Graphics Ethernet o150
MXI-Express for C C Series
Series Expansion 10 Specifations for GRIO-9082

V NATIONAL
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Ultra Rugged

NI RIO Hardware Platform

Performance

High Performance

Processor Performance

FPGA Performance

Analog 1/0 Speed
Operating System

Ruggedness

Size

Target Application
Examples

*Single-Board RIO versions are available that operate from -40 to 85° C and start at 10.3x9.7x2.4 cm?

Up to 400MHz

Up to 43,661 logic cells,
up to 58 DSP cores

Upto 1 MS/s
Real-Time OS

-20 to 55° C*,
cooled

passively

Starts at 17.8x9.3x8.7 cm.3*

 Smart grid analyzer
+ Environmental Monitoring
* Mobile robotics
» Medical diagnostics & device
control
* Special Purpose Machines
(SPM)
 Chemical Process Control
* Motion control

Up to 800 MHz

Up to 110,592 logic cells,
up to 64 DSP cores

Upto 1 MS/s
Real-Time OS

-40t0 70° C,
passively cooled

Starts at 18x9.3x8.7cm.3

* In-vehicle logging
* Machine Condition
Monitoring
* Industrial Machine Control
* Qil & Gas Monitoring
* Power Monitoring
» Structural Monitoring
* Automated Welding Control

Up to 1.33 GHz Dual-Core

Up to 147,443 logic cells,
up to 180 DSP cores

Up to 1 MS/s
Window/Real-Time OS

0to 55°C,
cooled

passively

Starts at 40.4x13.4x8.7 cm.3

» Machine Vision
* Power Distribution/Control
» ECU Prototyping
* Analytical Instruments
* Turbine Control
* Industrial Robotics
« Rapid Control Prototyping
* Big physics & research

Up to 2.26 GHz Quad-Core

Up to 94,208 logic cells,
up to 640 DSP cores

Up to 250 MS/s
Windows/Real-Time OS
0to 55° C,

actively
cooled

Starts at 25.7x21.4x18.4 cm.3

Hardware-in-the-Loop (HIL) Test
» Medical Imaging
» High-end Simulation
+ Protocol Aware Test
*  Wireless Test
» Software Defined Radio
+ Signal Intelligence



o
lsbci [BackEMF wabic [ ,

P - L | Y :
----- Digital Input = { Analog Output | Resolver |

Controller under test

NATIONAL INSTRUMENTS
POWER ELECTRONICS REAL-TIME HIL SIMULATION
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BACKGROUND

NATIONAL INSTRUMENTS
REAL-TIME HIL SIMULATION OF POWER ELECTRONICS

‘T NATIONAL
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Hardware-In-the-Loop (HIL) Simulation of Power Electronics

/

Setpoint @ Error

.

Controller

~

Control
Output >

J

/

Plant

~

Feedback

>

Keys to success for power electronics simulations:

* High fidelity models
— Non-linear
— Time varying

* Sub 1us timing

* High speed |/O (1-10x the loop rate)

y NATIONAL
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Hardware-In-the-Loop (HIL) Simulation of Power Electronics

/

Setpoint @ Error

.

Controller

~

Control
Output >

J

Feedback

>

Keys to success for power electronics simulations:

* High fidelity models
— Non-linear
— Time varying

* Sub 1us timing

* High speed |/O (1-10x the loop rate)

y NATIONAL
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What is a power electronics HIL test system?

Battery Stack,
Solar Array

DC Management
\/i(ﬂ System

Converter/Rectifier L Inverter/Drive

Y

Transformer

DC

an)

GRID —— %% j{‘ DCJ: /4( y

L Control j

System

Power System Inverter/Converter/Drive Motor/Generator

y NATIONAL
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What is a power electronics HIL test system?

' Real-Time Power Simulation ~— | Battery Stack,
(Cracked ECU or Full Power Simulator) Solar Array

DC Management
\/i(ﬁ System

| |
i I I
: | |
: Transformer | Converter/Rectifier Inverter/Drive |
| | AC DC |
i | i : —® i\i [
: I DC AC I
' | |
__________________________________ BEEEEEEEE e e L
| |
I Control I
| System |
Power System Inverter/Converter/Drive Motor/Generator

y NATIONAL
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What is a power electronics HIL test system?

' Real-Time Power Simulation
| (Cracked ECU or Full Power Simulator)

Transformer

Battery Stack,
Solar Array

__________________________________

. Physical Control Board

Power System

AC

Inverter/Drive

L%_(/‘ Management I
N DC System I

|
Converter/Rec/tifi‘er L |

DC

Control
System

———Il-lu————
sl
5
H

Inverter/Converter/Drive Motor/Generator

____________________________________________________________________________________________________________________

y NATIONAL
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Why is HIL necessary?

« Comprehensive validation of system reliability

— HIL enables comprehensive test coverage

— Find the “needle in haystack” problems
 Formal evaluation of design tradeoffs

— Evaluate design tradeoffs to reduce cost while increase energy efficiency

— Evaluate control system performance across a wide range of test profile scenarios
* Risk free performance of “impossible” tests

— Evaluate scenarios that would be physically destructive or impossible to due
bandwidth limitations of physical test systems

y NATIONAL

INSTRUMENTS



NI Real-Time Testing Platform

Sy, "‘5\
»° =aO
1. Mg E :
| it |

n

]k ﬂ
=t

T
.

Real-Time
Processor

Analog/
Digital 1/0

Vo . vy yo

NI PXI Platform

Al

Systems Alliance

Fault
Insertion

Bus

Instrument
Grade and RF I/O




FPGA-Based I/O Interfaces

PID Control
La-
LVOT Siemdation Loop] "
g —————— sansaked Coomgon (1004 1-
e £ -
= YO et ] Bl
‘g " - *
l:"f —— .'} e Cutput
o
1
Paosition Error Read
r= Commanded velocty - -
= = 1 Position Error Status
- Commanded Acceleration e
oy b ™m
g &
- & 0]

MotorSimuIation\ : A_ / High-Speed Control

[ v x=-323.0ms,0=-55.32ms,x0=267.7ms v
10 i 5 10 Tme 0 2505 S0us 75Us 100us 1250s
8 8 tr —L T L T — iy —
. | | . Samples g 10 20 30 40 50 50
i | | 2 = SELECT
2 2 . CLOCK
0 0
i | | 2 =t COMMAND
; | ] - DATA
8 : ] J — ACK
10 L
450 400 350 -300 250 -200 -150  -100 e B
Fiat Coupe 2.0. 20v, 5 cylinders = \
Faulty crankshaft. J J
o

Inverter Simulation m .
Custom Protocols
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HIL Test System Elements

Test Automation ‘ Analysis & Reporting Requirement Management

Data Logging User Interface Model Management

Simulator Interface

Host Interface

Parameter Interface Sequencer/Profiler
Plant Model(s)

Simulated Fault Insertion

RT 10 Interfaces
Driver Interfaces

DMM/ FPGA IO AlO/DIO
Scope Vision RF / GPIB

| Fault Insertion

Simulator

Cal / Diag
Interfaces

. ¢ NATIONAL
ni.com INSTRUMENTS



NI VeriStand

Stimulus Generation ¢ Run-time Editable User Interface

Data Logging User Management

Single-Point 1/0O Multi-Chassis Synchronization

Alarming Closed-Loop Control

Calculated Channels Deterministic Model Execution

The revolutionary platform for supporting Model Based Design
by easily deploying models throughout your development process.

7 NATIONAL

Learn more at ni.com/veristand )\.Nsmummrg


http://www.ni.com/veristand/

Case Study: Full Power Electric Motor Emulation
with s SET and JMAG

TRADITIONAL APPROACH (DYNOMOMETER):

Inverter

Power Stage Electric Motor
ECU BY WS

o LA TAES TS

................

Al
fl
5
3
b
‘ﬂ
i

N
4
Power Level Testing >
N
4

Signal Level Testing (Cracked ECU)

y NATIONAL
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SET Electric Motor Emulator (EME)

{Load & Drive Cycle Simulation]

ﬁ —\ N O — N () —
Load Load Original S Inverter
©
Controller Motor Motor =
o
=
&

Inverter

Power Stage “ =

V NATIONAL
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http://www.dynesystems.com/eddycurrent.htm

SET Electric Motor Emulator (EME)

-

~
Inverter

e

Sensor e E
P

Interface &
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SET Electric Motor Emulator (EME)

~

~
J
N

Inverter

Interface
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SET Electric Motor Emulator (EME)

e N

Motor Model

Phase
Emulation

~

o
)
Y

Inverter

Sensor
Emulation

Interface

INSTRUMENTS
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SET Electric Motor Emulator (EME)

e N

Motor Model

Phase
Emulation

~

o
)
Y

Sensor Inverter

Emulation

Interface

b s
Sensor e
Interface | #4
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Simulation time-step (us)

NATIONAL INSTRUMENTS
PROCESSOR BASED SIMULATION
CHALLENGES
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e
Processor vs. FPGA based PE Simulation

Floating point models > greatly simplified porting
to real time

Large simulation time steps (typical At=50 ps)

Switching events occur in between simulation
time steps

Limited model accuracy due to simplifications

Reasonably good scalability and flexibility to
adapt to larger/different system models

Non-linear system response often must be
linearized

Fixed point models > word length choices must
be validated for the floating point model

Small simulation time steps (typical At=0.5 ps)

Switching events are orders of magnitudes slower
than simulation speed

Limited model accuracy due to effort in porting to
discrete-time, fixed point format

Changing the simulation model may require
significant rework/re-architecture

Non-linear system response typically can be
accurately captured

y NATIONAL
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Processor-based power simulation issues

* Very fast pin-to-pin times are required
— Bus latency causes prohibitive delays even if the processing core is very fast. At typically hits the limit at 10
us to 80 ps.
* The simulation timestep (At) is asynchronous with respect to the control system under test
— If multiple switching events occur within one timestep, inaccurate results occur.
— For negligible error, the simulation timestep should be 100 times faster than the PWM switching frequency.
— (Special solvers that use timestamp information can help.)

* The computational horsepower of the simulator is limited

— Advanced component models are inherently demanding, therefore models often need to be simplified for
real-time simulation

* The simulator can only produce a controlled frequency response up to 7z of the simulation
timestep (Nyquist limit)

— i.e. The frequency bandwidth of a 50 us simulation is 10 kHz

V NATIONAL

INSTRUMENTS



When simulating switch-mode power systems,
speed matters!

_________________ g .
| Motor drive simulator | Expected result
| | Simulation loop rate at 200 kHz -
I | Ia (PWM=10kHz) Simulation loop rate at S0 kHz NG
: | QPO SN of [
I | I
i 8 T T
| - E : b : /m I
| I O O S
| L
| {ghF rqRk 1R | 2
| i i L bl ’ 2
ks TV - R l B
e B I U 1 >
- ! Vil 8 ~—
SN s 8
Controller under test
! 0 [ ] [ l; ! 4

- i

Switching
commands



Switch mode power meets fixed step solver

Center Aligned D =42% D = 68%
PWM : :

Fs=10kHz (100 us) +i—>

>

: Ton=29.07us* :Ton=16.22 us

Ts=1MHz(lus) : & : : @ @ = @ & @& @@ @;o@;o:o:;o;o:fofoposobofono

Result
Worst Case Duty Cycle Sampling Error = 2%
Assuming 480 V, 3 phase power = 480 Vrms*sqrt(2)*2% = 13.6 Volts



For negligible error, the simulation timestep should be 100
times faster than the PWM switching frequency

Relative error (%)

60

o)
O

N
o
T

-
O

0.8

........................................................

.....................................................

— 2 kHz switching frequency
--= 8 kHz switching frequency

20 30 40 50 60 70 80 90 100
Simulation time-step (s)

Image courtesy Prof. Reza Iravani, University of Toronto



Non-linear physics

Switched Reluctance Motor Finite Element Analysis
(SRM) (FEA)

100 ~

50 +

Torque (N-m)
o
!

........

...........

Current (A) Rotor posmon (deg.)

INSTRUMENTS
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When simulating electromagnetic systems, model
accuracy matters!

PMSM Sinusoidal Flux Model*

(DQ Reference Frame)

Vavd =P *mm *Lg*lg
Vsvg =P *arm *fLd *id * i)

3
Te=>«Px(qx(d«Ld+}) —Idx(Iq+ Lq))

Te - Low Fid

Low Fidelity a5-
Model Assumptions: . _é:

. . 1.5-
* Uniform air-gap v 15-
* No slot harmonics T 4.
* No stator saturation E 75—
» Sinusoidally distributed 05-F
windings 0.25-//d
« No zero phase sequence -

(system is balanced) 0.75-

ity I Te - High Fidelis

0.01

0.02 0403
Simulation Time

Te - FEA Result

0.04

0.05 006

JMAG FEA Model

1innne
LERN N

High Fidelity
Model Assumptions:

» Complex geometry

* Magnetic materials

* Permanent magnets

* Nonlinear inductance

« Saturation effects

» Coil winding

» Copper and iron losses
« Efficiency (post
processing)



Summary

* Processor based power electronics simulations have
the following challenges:
— Limited accuracy due to model simplifications

— Limited accuracy due to large simulation time steps relative
to the PWM switching frequency

—No control of frequency response above Nyquist limit; ~10
kHz typ.

V NATIONAL
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. sub_PMSM calculate d q axis equations {SCTL).¥i:2 {clone) Block Diagram on Wind turbine simulator.l¥proj;

File Edit ¥ew Project ©Operate Tools Window Help

=101

D@ @

| [
Equatic

kicks
B [DEFaulEA| I
-

speed
FAF
Ldip.u)
Lg {pu.)
. Rs (p.u.)
PMSM inf
@In - larbda (pou.)
B {p.u.)
Ld-Lg
=@ whd/Ld
i | wh*dtiLg

Idg {t+1)

‘Wind turbine simulator vproj/FPGEA Target ll
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OVERCOMING FPGA SIMULATION CHALLENGES
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FPGA-based power simulation challenges > solutions

* Simulation of discontinuous switch mode power systems with active and passive
switching components

» Use piecewise state-space models with coefficients stored in FPGA RAM
* Very high speed discrete real-time simulations
» Use first order state-space format for numerical stability
* Fixed point math
» Use parallel connections when possible- avoid higher order blocks connected in series
» Create a test bench simulation to validate fixed point math before compiling to FPGA
* Nonlinear models
» Use non-linear differential equations or look-up tables based on FEA
o Stiff system (combined high and low bandwidth components)
» Use parallel loops, filter the lower speed signals when passing to the faster loops

V NATIONAL
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Simulation of discontinuous switch mode power systems

* The model changes depending on whether each switch is open or
closed- therefore, the simulation equations are discontinuous in time.

Buck converter example, with single-quadrant switches Increase R some more, such that I < Ai, Discontinuous conduction mode
0, L continuous conduction mode (CCM) L
' — T € s W
J_—|+;|— fyft) l - i Jﬁ*i_ ::;!_r J_

» - S [ SE—— - "'—F.-—f -
v, (_) D, ¢ RS ! - 5 %0 D, f R ¥

ipt _ gt} T -

Minimum diede current is (7 — Aig) 1 o g '

|#+—D,T, —j+—D T, —{+D T,

Minimum diode current is (7- Aiy) ] 553 T ' onducting ,
' . - ices & by X 2,
Dc component I = /R comticmg | N N Dc complunentl I=VR deces: | | | I
) . Current ripple is tft
Current ripple is it V.- 1) —
- P _ e :
A, = {V’,I_m pr,=": ?fr‘ - 4, =—5— PL="73f
- - Note that I depends on load, but A
MNote that I depends on load, but Ar, does not. P . [\\\
does not. The load current continues to be g B 7 f
1,

positive and non-2ero.

Figure 6. In this buck converter, the discontinuous conduction mode (DCM) occurs when the current ripple causes the diode to reverse polarity

INSTRUMENTS
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Piecewise state-space models

* The result is a piecewise model to represent the switch states in
continuous conduction and discontinuous conduction modes of operation.

" POWERSTAGE )

L
. u  gag
L] \
+ 5,=1 .
T - + C g'ﬁj

B Vo —y—
a
f

N
-

e._.:,.__M ol A r. ¥
e A AT G O

P,v;“'" CONTROLLER

\

ONTime (S, =1,i=2)

- |-l 0 0 0 0 0k -

ir) L iLl

ve 0o - 0 0 o of"C

i E1 CR+1p 4

= -l e -1 0 ] 0 0.,
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Simulation of switch mode power systems

 Solutions:

— Use piecewise state-space models with matrix coefficients stored in
FPGA RAM.

— Use logic executing in LabVIEW FPGA to determine which piecewise
model is active.

* Notes:

— Time varying, non-linear and look up table based matrix coefficients
can also be calculated in separate FPGA loops and updated via FPGA
RAM.
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Very high speed discrete real-time simulations

* 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
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1.00 + B -
./
g x\\
075 + NN
050 + > “\\
i N
025 + \ \
N 1‘ |
F ol |
0.00 !
- ]| 'f
028 +
x x] /
050 + & //
075 + \ x)’/,/
1.00 + h---'/
128 —i i i i ]
125 -1.00 0.75 0.50 025 000 025 050 0.75 1.00 125

Re(2)

Figure 11. Increasing the sampling rate pushes the poles closer to the stability boundary.
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Very high speed discrete real-time simulations

* Problem: Discrete time simulations become numerically unstable as two
or more poles approach the edge of the unit circle and overlap.
RLC Circuit Example (2" order):
!Sample Rate (S/s)
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Elliptic Pole-Zero Plot v
o Paole-Zera Map Graph
1.1- PolesD |s 7~
1.00 + s . -
-l NG Zeros 0 |- &
/ oy
075 + NN\ 0.8-
0850 + P \\\ 0.6- |
x \ | Poles
— 025 0/ \ \ i 0.4 x ;
N { ! H _ ID.ZZ -0.37 0
E l { o 0.2
| ’,: g o0- o 0.22 +0.37 i
025 + £
o\ ¥ T 02—
050 + \ =
8 / 4= X
078 + Nk = 06~
N =
100 St -0.8-
425 + + + + $ d .
125 -1.00 0.75 050 025 000 025 050 0.75 1.00 125 q.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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Very high speed discrete real-time simulations

Im(2)

Figure

* Problem: Discrete time simulations become numerically unstable as two

or more poles approach the edge of the unit circle and overlap.
RLC Circuit Example (2" order):
Sample Rate (S/s)
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Very high speed discrete real-time simulations

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

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

" 40000
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Figure 11. Increasing the sampling rate pushes the poles closer to the stability boundary. Real Axis
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Very high speed discrete real-time simulations

* Solutions:
— Use first order formulations like state space format.

S . - - -
L _ [.:—1;3 BGCF [.’I:G 4 [BGDF u

_.’I:':F-_ [] .:—'11:' | .’I:F_ BF |

(1

-yr;_ _ Ca DGGF- 33(;_ | DGDF-
YF 0 Cr | Dr |

TF

— Avoid high order transfer functions. Convert to a reduced order
equivalent and change series connections to parallel.

X P, Y
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Fixed-point math advice

* Problem: Conversion from floating point to a mathematically
accurate fixed-point version cannot be fully automated at this
time.

— Specifics:

* Quantization error- numeric performance is typically measured in
terms of the Signal-to-Quantization Noise Ratio (SQNR)

* Dynamic range of signals (ability to represent large signals with fine
resolution)- overflow occurs if calculated signal exceeds range

* Accumulation of error in accumulators (like the integrators of the
simulation solver)

» Accumulation of error when blocks are connected in series

y NATIONAL
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Fixed-point math advice

— Start development in windows with a simple test bench application to check basic word
lengths, functionality.

— Then create a simulation benchmark to compare the variable-step floating point simulation
block to the fixed-point equivalent. The floating point model is the gold standard against which
you evaluate the performance of your fixed-point FPGA model.

— Avoid building individual simulation blocks containing their own solvers. You can run into a
problem where you have validated each block individually, but then you run into numerical
issues when they are strung together in series. As a rule, try to use a single solver rather than
multiple distributed solver.

— The state-space architecture is preferred because it uses a single solver and parallel first
order difference equations. State space:

* Reduces series connected accumulation of errors.

* Minimizes number of solver integrator/accumulators “distributed” throughout the
simulation.
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Fixed-point math advice

— If you must have multiple solvers, try to run them all at the same rate and at a fast
rate. The connections between solvers are discrete delays (zero order holds) that
can be problematic unless your timestep is small for both solvers. If your solvers are
running at different rates, you need to account for the different AT values in the
solver, which adds complexity.

* The main problems that occurs when using multiple solvers comes from coupled
dynamics that span between the solvers:

« Take a simple brushed DC motor as an example: You may want to put the
mechanical/transmission equations (torque/load equations) in one solver that runs at a
relatively slow rate, say in an RT processor, and the electrical equations
(voltage/current/back EMF) in another solver that runs at a fast rate, say in an FPGA. The
problem is that the equations are coupled (Torque = current*motor torque constant). A
large AT for the communication path between the solvers will cause completely
inaccurate results- especially during the times when the current (and therefore the torque
and motor speed) changes quickly at the startup inrush conditions and spinning direction
reversals.
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Modeling the power system connected to the device

— You can model the aggregate behavior of the DC bus or AC transmission line
network connected to your inverter by using a power simulation tool to obtain the
frequency response of the overall grid network, then model that in the FPGA by
creating a state-space model that has the equivalent frequency response (Bode
amplitude and phase). This enables you to efficiently model the aggregate response
of the network efficiently, while boiling it down to frequency response. Then you
focusing your detailed modeling effort on the power blocks
(inverters/converters/motors/generators) that you are designing/testing.

INSTRUMENTS
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Converting arbitrary models from floating to fixed point

1. Floating point continuous time > Floating point discrete time
—  Simulation for verification

2. Floating point discrete time to > Fixed point discrete time
—  Simulation for verification

3. Compile to FPGA

Inverse Park Transform Example:

sin 32.5
E—1—% 1 e
(@ | -
€os__ m ‘-E-l
= ﬂ}—lﬁu— 2
| E;_ = 2]
‘;I'>—LEJ7 ﬁ
[ @]
5.66E-1
32,5
[ = T
g
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Start with a simple windows “test bench” to check

your math

» Example: Space Vector PMSM Motor Control
— The word length for Id is 24,9. |s that the optimal choice?

a
Mulkiplier ) =1 med
(e d la(n 1d
= o 1) e
= & Butterworth Flker clarke transform vz, vi =
A Mod1[/AI0%, Park transfom w3, wi
L d1/a118 [ — : :
= - . b L =
o Modl [alzy) - L v
Fa larke
fangle ¥
L |
e v
High Throughput Mulkiply Ic
a U

Context Help

#
Data type of wire ;I
output {word [16-bit integer (-32768 bo 3276701

YHOL Signal Mame: s_output_3788

vl 4
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Start with a simple windows “test bench” to check

your math

» Example: Space Vector PMSM Motor Control
— The word length for Id is 24,9. |s that the optimal choice?
— Let’s copy that section to Windows and find out...

a
Multiplie )
-7 La (A
h Fil yh
B, MadifaIn® Butterwortn Fer clarke transform w2 .vi
] E: 'y 3
Ao Mod1fATL ] I>’
B M-:u:nj:mz'; i I b < ¢ I —
F4 larke
= Hangle ¥
— B
. _ e
High Throughput Multiply Ic
e
Context Help |
Data type of wire ;I

output {word [16-bit integer (-32768 bo 3276701

YHOL Signal Mame: s_output_3788

vl 4
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i3 Project Explorer - vector control of bldc m... E

File Edit Yiew Project Operate Tools Window Help
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i3 Project Explorer - vector control of bldc m... E@

File Edit Yiew Project Operate Tools Window Help
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i3 Project Explorer - vector control of bldc m... E@

File Edit Yiew Project Operate Tools Window Help
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i3 Project Explorer - vector control of bldc m... E

File Edit Yiew Project Operate Tools Window Help

' S| % | e o | ER~ & 0|

Ikem
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i3 Project Explorer - vector control of bldc m... E

File Edit Yiew Project Operate Tools Window Help
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d File Edit ‘ew Project OQperate Tools  Window  Help

PID gains for Id
EEL

4t [== [==-14

g i)

Id contral

vector control of bldc makar, lvprojfiMy Computer «

L
E{>|@| ©@|bu|lﬁ"|uif | 13pt Application Fant |TI|:;|7”'._|']:7'|‘§'JT”EI | Q, | =

m

L

‘T NATIONAL
’ INSTRUMENTS




i L] L] ’ L]
3 Project Explorer - vector control of bldc m... El@ DeSktOp teStbenCh IS WOI"kIng Let S try tak|ng Id
File Edit Yiew Project Operate Tools Window Help to It’S max and m|n Va|ueS
[ e IELY=000
Tremy™ - ’
13 Untitled 1 Block Diagram on vector control of blde motor. lvproj/My Computer * o || = | 2|
= IIE File Edit ‘“iew Project Operate Tools  Window  Help m
>[@] @[n][2][25] 3 Untitled 1 == Q 2=
File Edit “ew Project Operate Tools  Window Help .,.H v
: » || [ @[n] —
Id ~
[F&F K
PIC Input
FYP T (T I . —
£
Id conkral IIE J-'j':' sl
]
WI|:I contral PID oukput
Jo 0

PID gains For Id L

\prl:upcurl:icunal qain (k) y
[ o

\integral qgain (Kc*Ts/Ti)

o

-\.'.- I:l
derivative gain (Ke*Td|Ts) stap

o STER I

weckor control of bldc makar, leprogi iy 3
wector control of blde motor . lvprojffy Computer | « I F
]

v NATIONAL
’ INSTRUMENTS



i3 Project Explorer - vector control of blde m... E@

File Edit Yiew Project Operate Tools Window Help

With Id at max (256), the PID input is also at it's
max. That's a perfect match of dynamic range...
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[ T = With Id at min(-256), the PID input is also at it’s
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Let’s try adding integral gain. Now the PID output

i3 Project Explorer - vector control of blde m... E@ . . ‘e .
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Setting Id to it's min also produces expected

i3 Project Explorer - vector control of blde m... E@ .
e o A _ results. All good. Our PID should function well.
File Edit Yiew Project Operate Tools Window Help
ey I
S| IECYE That was easy!
Tkemd” N
{3 Untitled 1 Block Diagram on vector control of blde motor.vproj/My Computer * o || = | 2|
q praj vy P JL=]l_==
S0 [Ele Edt view Project Operate [ 1
d File Edit Wiew _r_-:u]ec Operate 7 Untitled 1 E'@ L-Ej,
_ I
@l@i Il""@@ File Edit Yiew Project Operate Tools Window Help -.-H q | :
||# @l lll e
i s
Id
[F=FY 1d PID Input
[F95 Y 2 | SO T ;—]-256 I_SE?EE
1d control [(128 1355.9921675
\Iu:l conkral PID oukpuk
;}}'.;. 52767 |
PID gains For Id L S
\pru:upu:urtiu:unal qgain (Kc) 1
10
m inkegral gain (Kc*Ts(Ti)
} 5
mderivative gain (Kc*Td(Ts) stap
;*D STOP
weckor control of bldc makar, leprogi iy | »
veckar contral of Blde makor vprajfMy Computer| « [ m = P
]

INSTRUMENTS

y NATIONAL



-
Create a benchmark simulation to compare floating,

continuous time models to your fixed point version

« Desktop testbench application used to validate fixed point LabVIEW FPGA code by comparing
results to a floating point simulation

i3 PMSM Drive - Fixed-point Model Validation.vi Block Diagram =)<
File Edit View Project Operate Tools Window Help @
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13 PMSM Drive - Fixed-point Model Validation.vi Block Diagram
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13 PMSM Drive - Fixed-point Model Validation.vi

13 PMSM Drive - Fixed-point Model Validation.vi Front Panel
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Hard DSP processing cores integrated into FPGA fabric!

Model Bus/ Form |[FPGA FPGA FPGA FPGA Memory |Onboard
Factor Slices DsP (Block RAM)  [Memory
Slices (DRARM}
‘NI PXle-T965R PXl Wirtex-5 14720 640 8,784 kbits 512 MB
Express |Sx95T

DSP Performance: 352,000 MMACS!

po—
PAI o ©

(352 billion multiply accumulate operations per second) #23
Figure 2. NI FlexRIO FPGA modules offer peer-to-peer data streaming technology.
Spartan-3| Spartan-3 | Virtex-1l | Virtex-11 | Virtex-5 | Virtex-5 | Virtex-5 | Virtex-5 | Virtex-5 | Virtex-5
1000 2000 1000 3000 LX30 LX50 LX85 X110 | SX50T | SX95T
PXle- PXle-
FlexRIO | FlexRIO
Gates 1 million | 2 million |1 million| 3 million | --—-- | - | —— | - | - | -
LUTs/FFs | 15,360 | 40,960 | 10,240 | 28,672 | 19,200 | 28,800 | 51,840 | 69,210
Multipliers
(DSP48E 24 40 40 96 32 48 48 64 288 640
on V5/V6)
Block RAM
(kb) 432 720 720 1,728 1,152 1,728 3,456 4,608 | 4,752 | 8,784
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Eile Edit View Project Operate Tools Window Help |@
(2=
-

S
Enter Values and Verify Fixed Point Matrix Scaling | Calculate Qutput Filter Delay Offset

1. Enter simulation values and verify scaling. Ve nk
2. Click "Run Sim" and compare float to fixed point results. | Vde_link State-Space Model
3. Calculate output filter delay offset (next tab).
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STATE SPACE BASED FPGA SIMULATION
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https://decibel.ni.com/content/groups/power-electronics-development-center/blog/2011/11/23/complete-reference-design-3-phase-inverter-rapid-control-prototyping-and-hardware-in-the-loop-simulation-using-labview-fpga

-
State-Space Based Simulation in FPGA: Pros & Cons

* Pros

— System arranged into first order differential equations
* Avoids instability caused by multiple poles at boundary of unit circle

*Cons

—|f components are added or removed, the state-space
equations must be re-derived

* Symbolic math tools can help automate the process (i.e. Maple,
Mathematica)
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A New Era: Inverter Real-Time Virtual Prototype

L] st L:EIL S3 [:T} S5 H}L L-C Output filter Load
| N N N
Vil2 — L, Lioad  Rioaq
Vias _ | Ly haV i s Ligg  Rigag ™
n 11 B o0 o0 ANN—®
= — sl 7 l L I |
= Vee | L 3" LBCTCTCr| | Lioad  Rioad -
+ C o + . o0 MA—
Va2 Ts4 36 S e e

System Parameters
IGBTs: SEMIKRON SKM 50 GB 123D, 600V, 80 A
DC - link voltage: Vdc = 400 V
Fundamental Freq = 60 Hz
PWM (carrier) Freq = 3 KHz
Output Filter: Lf = 800 uH Cf =500 uF
Load: Lload =2 mH Rload =5 Q

Simulation loop rate of 3.57 MHz (0.28 us)
> 3000X Acceleration vs. Processor

Measurement for Various Modern Switching Devices. INSTRUMENTS

Reference: MCBRYDE, JAMES. Inverter Efficiency Simulation and VNATIONAL


http://repository.lib.ncsu.edu/ir/bitstream/1840.16/6662/1/etd.pdf

Development of State-Space Model

Lf a I‘load Rluad
O oo A
+ _ + li N fLa
liA ab
Viag Vias G
; b T e
+ e + i — g
Lp L
V iBC VLBC - Cf - VLCA
3 Lf _ i a| + Lll}ﬁd Rload
e T e
— c — i
o Lc
i 1
03X3 %(‘1 I‘ =
Vv, s
1
where, X =| I, A=|——15; 03,3
I Ly
L 19x1 1
I jjx% ijj
load

Reference: MCBRYDE, JAMES. Inverter Efficiency Simulation and

Measurement for Various Modern Switching Devices.

X(7) = AX(¢) + Bu(?),

Apply Kirchoff’s current and voltage laws

Final equation set scaled for more
accurate FXP handling

1

- 13><3

3C,
OSXS

_ Rioad I
L load

3x3

19x9

| =il
V=vV,

9x3
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http://repository.lib.ncsu.edu/ir/bitstream/1840.16/6662/1/etd.pdf
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Resource Usage and Timing of Current

Implementation (7965R)

» Total Slices: 37.9% (5585 out of 14720)

» Slice Registers: 25.6% (15070 out of 58880)
* Slice LUTs: 27.3% (16057 out of 58880)

» DSP48s: 6.2% (40 out of 640)

Inverter Calculation time: 28 ticks of 100 MHz clock (280 ns)
(178 times faster than 20 kHz PWM switching frequency)
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Comparison of Multisim vs. LabVIEW FPGA Results

Basic Single Level Inverter with 3 Phase Load v02 ga8l 4]

: 7 NATIONAL
ni.com ’\INSTRUMENTS‘




Comparison of Multisim vs. LabVIEW FPGA Results

Unfiltered Inverter Output

" 400-
0-
-
0-
400 & 7 5 g 10
0-
-400- : . . : : . ! : . . : . . : : . : : .
‘ 0005 001 0015 002 0025 003 0035 004 0045 Tolgfe 0055 006 0065 007 0075 008 0085 009 0095 g ol
Filtered Load & Grid Voltage
(4203- |l Vab_losd [~ |
Vbc_load [
200- Vea_load [
0- [ Vab_grid |
7 Vbe_grid
-200- 7 Vea_grid
-407.5- Vab_load_FXPT [
T Vbe_load_FXPT [/
[ Vca_load_FXPT

Load Currents

4= Ia_load
Ib_load
T [¥] X

Ic_load

0- Ia_load_FXPT

- Tb_load_FXPT [\, 29 4|
Ic_load_FXPT
_452 -

I 1 I 1 I 1 I 1 I 1 I 1 1 1 I 1 I 1 I 1
0 0005 001 0015 002 0025 003 0035 004 0045 005 0055 006 0085 007 0075 0.08 0085 003 0095 01
Time

m I

INSTRUMENTS

i VNATIONAL




3 Inverter HIL Simulation 186 v04.vi on Inverter HIL, RCP and Deployment.lvproj/cRIO-0082-InverterRCP
Project Qperate Tools Window

FPGA-based Real-Time
Hardware-In-the-Loop (HIL) Simulation

MOTOR /
GENERATOR

Energy Source 3-Phase AC System
RMS 5P oo =
] Vb load Brusse [7] 007 T Ta_load Power Spectrum (PSD)
Y @Rvs [ 100
0 o D Vealead : Ly e ol
g [jh'mw E g 7 Vab_load [/ 001+ /\
b_input
[ 1 input 3 2 @ Pabload [/ g 00 |- =l
12 load
b Josd £ |
[ 1cJoad ! 072 o 100

RMS Ripple (V)
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Frequency (Hz)



https://decibel.ni.com/content/groups/power-electronics-development-center/blog/2011/11/23/complete-reference-design-3-phase-inverter-rapid-control-prototyping-and-hardware-in-the-loop-simulation-using-labview-fpga
https://decibel.ni.com/content/groups/power-electronics-development-center/blog/2011/11/23/complete-reference-design-3-phase-inverter-rapid-control-prototyping-and-hardware-in-the-loop-simulation-using-labview-fpga
https://decibel.ni.com/content/groups/power-electronics-development-center/blog/2011/11/23/complete-reference-design-3-phase-inverter-rapid-control-prototyping-and-hardware-in-the-loop-simulation-using-labview-fpga
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JMAG FEA-BASED MOTOR-INVERTER HIL
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http://www.ni.com/powerdev

When simulating electromagnetic systems, model
accuracy matters!

PMSM Sinusoidal Flux Model*

(DQ Reference Frame)

Vavd =P *mm *Lg*lg
Vsvg =P *arm *fLd *id * i)

3
Te=>«Px(qx(d«Ld+}) —Idx(Iq+ Lq))

Te - Low Fid

Low Fidelity a5-
Model Assumptions: . _é:

. . 1.5-
* Uniform air-gap v 15-
* No slot harmonics T 4.
* No stator saturation E 75—
» Sinusoidally distributed 05-F
windings 0.25-//d
« No zero phase sequence -

(system is balanced) 0.75-

ity I Te - High Fidelis

0.01

0.02 0403
Simulation Time

Te - FEA Result

0.04

0.05 006

JMAG FEA Model

1innne
LERN N

High Fidelity
Model Assumptions:

» Complex geometry

* Magnetic materials

* Permanent magnets

* Nonlinear inductance

« Saturation effects

» Coil winding

» Copper and iron losses
« Efficiency (post
processing)
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Switching Transformer



FPGA ]

- m D‘ig“ﬂl r;'lpl._lt

Analog Output | Resolver

Controller under test

25kHz PWM ‘ Loop rate of simulator > 250k
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FPGA-Based Power Electronics HIL

JMAG LSET

Simulation Tachmalogy for Electromechanical Design

ME

MAC SYSTEMS

7NATIONAL
INSTRUMENTS
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Ons for LabVIEW and

JMAG RT Add

iIStand

NI Ver

/4

s’
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JMAG High Fidelity Simulation

2. WL > JMAG-RT model @
JMAG FEA ‘RTT file; look—up table

‘Binary

Converter
A€ | «Reads RTT file
-Genergtes LUTS

Y| =
i,
il

Mechanical speed

Speed Set Point fad/s)
[mE——



Creating High Fidelity Models

NI VeriStand 1
Real-Time Test

Software

13
0 &

Windows PC LabVIEW Real-Time LabVIEW FPGA

V NATIONAL
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Model Execution Simulation Real-Time
Target Fidelity Simulation Speed
FEA with Windows High Non-RT: Minutes
JMAG to hours
DQ Model Real-Time Low 20-30 us
with
Constant NI FPGA Medium 1-2 us
Parameters
DQ Model Windows Medium 20-30 us
with JMAG- |Real-Time
RT NI FPGA Medium 2-3 us
JMAG Spatial [Windows Medium 20-30 us
Harmonic Real-Time
Model NI FPGA High ~1 us
Hardware

y NATIONAL

INSTRUMENTS



JMAG-RT Versus FPGA
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JMAG-RT Versus FPGA
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Inverter

f}
N

NATIONAL INSTRUMENTS

FULL POWER HIL TESTING OF INVERTERS
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Electric Motor Emulation

Power Stage

Mechanical Level Testing

JMAG Signal Level Testing (Cracked ECU)

4
Power Level Testing 4
4

y NATIONAL
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Electric Motor Emulation

Power Stage

N
Mechanical Level Testing /

LSET

JMAG Signal Level Testing (Cracked ECU) )

imalation Technalogy for Electramechanical Design
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EME

{_oad & Drive Cycle Simulatior}

T —\ N O — N () 7 )
Load Load Original S Inverter
©
Controller Motor Motor =
o
=
&

Inverter

Power Stage “
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http://www.dynesystems.com/eddycurrent.htm

EME
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EME
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Inverter

Interface ' £
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EME
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Motor Model

Phase
Emulation

(" ) / \
Inverter

Sensor
Emulation

Interface
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Emulation

Sensor
Emulation

Motor Model
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Manager’s Top Business Challenges®

Profitability %
On-time development process __
New tools and tech. integration __
Quality management __
Talent management __
Other __

Don't know but will find out before NIWeek

0% 9% 10% 15% 20% 25% 30% 35%

ni.com

* From a recent survey of engineering managers and executives at 35 VNATIONAL
) INSTRUMENTS

key NI accounts who have chosen to adopt the NI-RIO platform.



Business Impact

Reduce your engineering cost, risk and
development time

Focus on your core competency and value
(not DSP board design)

Incorporate the latest technologies while
reusing software investments

Ship fully tested, supported commercial
embedded systems

Empower your control experts to do
embedded development

11111

Profitability

Product differentiation

On-time delivery

Product quality

Development efficiency

INSTRUMENTS

7 NATIONAL
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Strengths of NI RIO inverter control platform

Development tools

— Complete, system level, high productivity, industry proven tool
chain

— Integration with 3" party simulation tools and NI real-time power
electronics HIL simulator technology
Control quality
— High performance control loops with true parallel processing in
dedicated FPGA circuitry
Microgrid Inverter Control _ .
— Advanced processing, filtering of sensor 1/O signals | s | el
Measurement capabilities e (ml [|5755 | w
— DMA data scope capability for high speed waveform capture
— Real-time power analysis and transient event recording
Flexibility
— Expandable for synchronized control of large, multilevel
inverters
— Software-defined device- install once, upgrade remotely

INSTRUMENTS

y NATIONAL



Key Features

 LabVIEW development tool chain

Deployment-ready commercial embedded system for high-
volume grid-tied inverter and motor/generator drive applications

High level graphical system design platform enables rapid
development of differentiated, high performance products
Complete, industry proven LabVIEW tool chain and drivers for
real-time OS, reconfigurable FPGA, and inverter control I/O
board

Available IP block libraries, reference design examples and
integration with common simulation environments

* FPGA-based control system

FPGA-based system for silicon level reconfigurability, lifetime
field upgradability, IP protection and true parallel execution in
dedicated hardware with 25 nanosecond timing resolution

Xilinx Spartan-6 LX45 FPGA with 22.6 GMACs DSP
performance for advanced control, custom PWM, protection
interlocks, inter-board communication protocols, GPS
timestamping, ...

* NI Power Electronics Library included with NI

Autophasing
reset|[ TE
hall angle@ G
Mhall angle exact b peieem.————
diredion@ Count
Encoder AB,Z }EVelocity
LU Mod?/DB "t Encod Flux Angle Cal = CD“'I‘mENd
BJ-U-U- MOdZ-"’DNE HCO er §LIXL"Ig e j C angle
B nnr Modz2/o5 8| ] 0:'.;“'; L?E) observed
- - angle
E:ﬂindex angle out
g

LabVIEW FPGA graphical development*

INSTRUMENTS

SoftMotion Module 2011 1 or higher
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Key Features

» Measurement and signal processing capabilities

— DMA data scope capabilities for high speed waveform capture
and transient event recording of physical I/O and internal
register signals

— Real-time power analysis and transient event recording

— 400 MHz PowerPC processor with VxWorks OS for hard real-
time multi-threaded floating point signal processing, networking, Microgrid Inverter Control
data |Ogg|ng, . [ .Moﬂitndng Settings | [ Tnverter settings | [

* Flexibility
— Expandable for synchronized control of large, multilevel
inverters
— Software-defined device—- install once, upgrade remotely

— Smart grid utility communication protocol support (DNP3, IEC S S
60870, IEC 61850, Modbus, ...), remote client dashboards, ~ ) Gl B S
SCADA systems and remote firmware upgrade tools

— Options for depopulation, current Al, 16-bit calibrated Al, real-
time clock battery, conformal coating, top/bottom/right-angle
connectors

00 003
Time (5]

Average PLL Frequency
p 60 8 M0 0

LabVIEW Real-Time graphical user interface

INSTRUMENTS
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PIFlux/Torque Loop Inv. Park Space‘u’ectar Modulation

Clarke Park
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43 Inverter HIL Simulation x86 v04.vi on Inverter HIL, RCP and Deployment.lvproj/cRIO-3082-InverteRCP.
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integral gain (Ke*Ts/Ti)
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derivative gain (Kc*Td/Ts)

FPGA-based Real-Time
Hardware-In-the-Loop (HIL) Simulation
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Power Inverter Output Filter Stage 3-Phase AC System
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