Graphical System Design Guide to Power Electronics Co-Simulation with Multisim and LabVIEW
Updated, 11/1/2011

This is a guide to power electronics demonstration samples for Multisim/LabVIEW co-simulation. These new tools are intended to enable desktop
development of power electronics control IP for LabVIEW FPGA, enabling you to develop/test/debug/validate before you compile to physical hardware.
By exploring these samples, you can learn basic features of the co-simulation environment as well as the techniques you will need to accurately simulate
LabVIEW FPGA control systems with your power electronics circuits. By exploring the samples and suggested exercises in this document with live
interactive LabVIEW front panels, you can also enhance your intuitive understanding of the switch mode power electronics circuits and control systems.

The goal of these graphical system design tools is to significantly accelerate the development of inverter control systems, by enabling you to develop
your exact deployment code on the desktop (without long FPGA compiles), and using formal software verification techniques (build each IP block to
specification and perform functional verification testing on the desktop whenever changes or updates are made).

NI hopes the new tools will serve as a catalyst and platform for innovation and creativity and would like to invite you to expand and enhance the

samples contained in this guide. We encourage you to develop, document and share through the online Power Electronics Development Center
community site the following: 1. Power electronics circuit examples, 2. Power electronics control algorithms for LabVIEW FPGA, 3. Multisim power
electronics component models, 4. Comparisons between physical test data and simulation results, and 5. Training materials or curriculum for industry
professionals or university students.

In some cases, you may be able to negotiate discounted access to the NI hardware and software tools to reward and encourage the development and
sharing of valuable material for the power electronics developer community. Please email proposals to NI Clean Energy Product Manager,
Brian.MacCleery@ni.com.

You are invited! Beta Program Opened in October 2011

National Instruments would like to invite you to become a beta tester for our new Multisim/LabVIEW co-simulation tools, planned for release in 2012.
The tools take advantage of our ability to simulate LabVIEW FPGA code on the desktop to simulate, test and tune your LabVIEW FPGA inverter control
(or smart grid power analyzer or any other circuit related algorithms) on the desktop with high fidelity SPICE models before compiling/downloading to
the NI RIO target. These desktop virtual prototyping tools enable you to debug your LabVIEW FPGA code using the full featured capabilities of LabVIEW
for Windows and test and refine your code without the risk of damaging physical hardware.

To request access to the beta program software installers along with a 3-month evaluation license to (any or all) of the recommended software tools
below, email the NI beta program coordinator, Nestor.Sanchez@ni.com. We ask all beta testers to please share your candid feedback on the tools, both
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negative and positive. Please aggressively report any bugs or issues you encounter, let us know if you find gaps or missing capabilities and share with us
your recommendations and creative ideas for improvement.
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Recommended Software Tools

e Required: NI LabVIEW 2011, Full or Professional recommended (ni.com/labview)

e Required: NI LabVIEW Control Design & Simulation Module 2011 (help files)

e Required: NI Circuit Design Suite 12.0 Beta 0 (or higher) (ni.com/multisim)

e Recommended: NI LabVIEW FPGA 2011 (ni.com/fpga)

e Recommended: NI LabVIEW Real-Time 2011 (includes NI PID Toolkit) (ni.com/realtime)

e Recommended: NI SoftMotion 2011 f1 (or higher) (ni.com/motion)

e Recommended: NI Electrical Power Suite (to request access to the pioneer program, email jack.arnold@ni.com)

o Recommended: NI CompactRIO Waveform Reference Library (download here)
e Recommended: NI Veristand 2011 (ni.com/veristand)

e Recommended: NI Unit Test Framework (learn more)
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Background

National Instruments is making major investments in power electronics with the goal of creating a complete platform for system level graphical design,
desktop co-simulation, rapid control prototyping, volume commercial deployment embedded systems, real-time HIL testing/validation, physical test
cells, remote smart grid integration and field upgradability. For a preliminary datasheet for the NI Single-Board RIO General Purpose Inverter Control
(GPIC) system (shown below), please email Clean Energy Product Manager, Brian.MacCleery@ni.com.

Key Applications
o Grid tied solar inverters
. Wind turbine power converters
. Utility scale energy storage systems
o Medium voltage motor drives and pumps
. Electric and hybrid electric vehicles, automobiles, trains and industrial/agricultural vehicles

NI Power Electronics Tool Chain

Desktop Co-Simulation
(Multisim, LabVIEW FPGA) Power Electronics Testing
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Design
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Introduction to Co-Simulation

Co-simulation applications are typically developed in the following manner. First, the power stage circuitry (the plant of the control system) is designed
in Multisim— a SPICE-based circuit design tool. Then the LabVIEW code to control the circuit is developed, placed inside of a LabVIEW Control Design and
Simulation loop and connected to the Multisim circuit for co-simulation using a Multisim Design interface block. Co-simulation is executed as a large-
signal, time-domain transient simulation in which Multisim simulates the circuitry and LabVIEW executes the control system algorithms. The two
simulators typically exchange data in a coordinated, variable time step manner, in which both solvers obtain convergence around an accurate simulation
result, even in the case where coupled dynamics exist between the Multisim and LabVIEW parts of the system. Thus, it is also possible to include
additional plant model dynamics, such as mechanical or thermal models, in the LabVIEW Control Design and Simulation loop and obtain accurate
simulation results for the overall system. In LabVIEW, these simulation subsystems are typically expressed in state-space, transfer function or differential
equation format.

Plant/Control in Multisim

4 )

|
iEEL

=

LabVIEW to Multisim to

Multisim . LabVIEW
Control/Plant in LabVIEW
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RLC Circuit

Co-Simulation Concepts:
e Adding LabVIEW Co-simulation Terminals (known as HB/SC connectors) to your Multisim schematic
e Adding a Multisim Design interface block to your LabVIEW Control & Simulation Loop
e Creating a LabVIEW graphical user interface to interact with a running co-simulation experiment

Power Electronics Concepts:
e Fundamentals of RLC circuits (learn more)
e Understanding second order system response characteristics including damping, natural frequency, rise time and percent overshoot
e Understanding the transient voltage and current characteristics of basic energy storage circuit elements, inductors and capacitors

Required Toolkits or Modules:
e NI LabVIEW 2011 (ni.com/labview)
e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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Simulation Results

e The RLC circuit demonstrates second order system behavior that can be characterized by rise time, percent overshoot and stready state error in
response to changes in the Vin voltage, acting as a damped harmonic oscillator (learn more).
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Suggested Exercises
e Recreate the example above from scratch.
e Instructions and hints:
o If you make changes to your Multisim schematic, you must save the file for the changes to be reflected in the simulation.

101

o To place a new LabVIEW Co-simulation Terminal, known as HB/SC connectors ( D—), right-click on any blank area of the
schematic and select Place on schematic>HB/SC connector.

Place component... Ctrl+W

Place on schematic ¢ Flace component... Ctrl+W

Pl hi »
e ace graphic 4£ Junction Ctrl+)

Pl t

acE commen Wire Ctrl+ Shift+ W

# Cut Ctrl+X | T Bus Ctrl+U
52 Cop Ctrl+C
& Copy o ¥ On-page connector  Ctrl+Alt+0
2 Paste Ctrl+V

* Global connector Ctrl+Alt+G

Past ial »
aste specia J HB/5C connector Ctrl+I I

A Delete Delete | O— Bus HB/SC connector
Select all Ctrl+A | % Off-page connector
Tot! ToggleING matker %— Bus off-page connector

% Clear ERC markers... Pe Hierarchical Block from fil&tr+H

Mew hierarchical block...

Eeplace by subCtra:Bhift+B
Merge selected buses... Mew subcircuit... Ctrl+B

Replace by subcircuiiCtrl+5Shift+E

Save selection as snippet...

Font... Multi-page...

Bus vector connect...

Properties Ctrl+ M
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o Next, in the LabVIEW Co-simulation Terminals pane to the left, select the mode for the HB/SC connector (Input or Output).
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o Double click the HB/SC connector to change the name and wire it to the appropriate node in the circuit.

| 101 |
fO— |

e e—
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HE/SC connector
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Mame:

My_signal
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o InLabVIEW, open a new VI and go to the block diagram. Navigate to Control Design & Simulation>Simulation>Control & Simulation

Loop.
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o

Navigate to Control Design & Simulation>Simulation>External Model Interface>Multisim and a Multisim Design node into the
Control Design & Simulation loop. Then select the name of the MultiSim Design (filename ending in .ms12) and click OK.

Simulation (=]
| 1 I C{ Search l % Customize™ i
1 =
-
Control & Si... Read/Write ...
, b C
i
Signal Gener... Signal Arith... Graph Utilities
g » ;
Continuous ... Nonlinear Sy... Discrete Line...
K I§[.‘,ET G
5
T
Utilities Trim & Linea.. Lookup Tables
g E ' "
=2 A2
Optimal Desi..  Estimation  Implicit Syst... | External Mod...

Multisim Design

{3 Select a Multisim Design

Multisim design

OK ] [ Cancel ] [ Help ]

o The Multisim Design interface block now appears in your LabVIEW Control & Simulation Loop. You may need to drag down on the
bottom of the block to expose named terminals as shown below. Each HB/SC connector in your Multisim schematic.

Multisim Design
- Ry o)
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TRIAC Light Dimmer

Co-Simulation Concepts
e Using a voltage controlled resistor component in Multisim that can be controlled by LabVIEW
e Using Current Probes in Multisim
o Double-click the probe to configure scaling properties
e Using a fixed time-step solver in LabVIEW
o Double-click the LabVIEW Control & Simulation Loop to change the simulation settings
o How does changing the Step Size (s) value on the LabVIEW front panel affect the simulation results chart?
e Configuring the Icon Style of the Multisim Design block in LabVIEW

Power Electronics Concepts
e Fundamentals of TRIAC light dimmer circuits, a voltage driven switch in which the gate voltage is controlled by a variable resistor (learn more)

Required Toolkits and Modules
e NI LabVIEW 2011 Full or Professional (ni.com/labview)
e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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Release Notes

e “Interactive mode simulations” are not supported in this release, therefore the XMM2 Multimeter cannot be used during co-simulation with
LabVIEW. This feature is not yet committed for future releases since the roadmap is still in definition phase. Please let us know if it’s important
for your applications you are able to use Multisim instruments like DMMs, oscilloscopes and spectrum analyzers during co-simulation.

o You can typically find these instruments on the toolbar to the right of your Multisim schematic.

Multimeter-XMM2 [
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Simulation Results
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Suggested Co-Simulation Exercises

e Try changing the fixed step solver Step Size (s). How does this affect the speed of the simulation? Try changing to a variable time step solver
like Runge-Kutta 45 (variable). Can you explain the difference between a fixed timestep and variable timestep solver? For more information,
explore the LabVIEW help topic, ODE Solvers in LabVIEW.

= D |

2 LabVIEW Help

B

Hide Locate Back QOptions
Conterts | Index | Search | Favortes| ODE Solvers in LabVIEW
=] Eﬂ] Signal Processing and Ar| » Use the ODE Solver VI to specify the ODE solver to use to evaluate an ordinary differential
= l]2| Concepts equation. You can use the ODE Salver WI only in the LabVIEW Full and Professional Development
Syeth .
@ Introduction to Di ystems
@ Signal Generatior @ Note For the LabVIEW Control Design and Simulation Module, use the Configure
@ Digital Fitering Simulation Parameters dialog box to specify the ODE solver for a simulation.

@ Frequency Analy:

@ Smoothing Wind: LabWIEW includes the following ODE solvers:

@ Distortion Measui - 1!'1_'.unged-l{utl::-.| 1 (Euler)—A fixed step-zize, single-step explicit Runge-Kutta ODE solver of
@ DC/RMS Measu irst order.
[] @ Limit Testing * Runge-Kutta 2—A fixed step-size, single-step explicit Runge-Kutta ODE solver of secend
A order.
Curve Fitting . . . .. .
g Probability and S + Runge-Kutta 3—A fixed step-size, single-step explicit Runge-Kutta ODE =olver of third arder.
@ Linesr Algebra * Runge-Kutta 4—A fixed step-size, single-step explicit Runge-Kutta ODE =solver of fourth
order.
Cptimization . . . . .
g F‘Dpthﬂomials * Runge-Kutta 23—A variable step-size, single-step explicit Runge-Kutta ODE solver of third
order.
% PD'”?'EY'PDW Ar_ + Runge-Kutta 45—A variable step-size, single-step explicit Runge-Kutta ODE =olver of fifth
= QEI Solving Ordinary order, which uses the Dormand-Prince coefficients. E
5 . . ) . ) .
OD.E Solver * BDF—A variable step-size, variable order (orders 1 through 5) implementation of the multi-
Variable Step step backwards difference formula (BDF), also known as Gear's Method. This method is
Single-Step € adequate for moderately stiff problems.
Stiff Problems * Adams-Moulton—A variable step-size, multi-step variable order (orders 1 through 12)
ODE Solvers implementation of the Adams-Moulton predictor-corrector pair in predict-evaluate-correct-
) . luate (PECE) mode.
Solving Differ eva
@ Solving Partial Di » Rosenbrock—A variable step-size, single-step explicit solver. This method is adequate for
) = some stiff problems.
Accessing Scanned /0 ) . .
@% dF c:t'g R + External Solver (Control Design and Simulation Module)—A fixed or variable step-size
and Function REterence solver you create using the External Solver Interface (ESI). You can use an external solver
@: Property and Method Referer for a simulation only if the shared library corresponding to the external solver is in the
@ Taking Measurements labview'\vi.likb\Simulation’ Continuouslinear’Implementationt Sharedh Solwversh Plugi
@ Cortrolling Instruments direc:tory_. Use the Information function to 5|:re_cify the name of t.he E)d:_ernal solver that
@ Corttrol Design and Simulatior appears in the ODE Solver pull-down menu in the Configure Simulation Parameters.
i % Extending NI VeriStand with | E Note The Control Design and Simulation Module also includes the Discrete States
@ FPGA Module N Only algarithm. This algorithm is not an ODE =olver, because you use this algorithm far

simulations that contain no continuous functions and therefore no differential equations.

[ FPGA Inter ' " h . et
& @ snacs This algarithm has a fixed step size and is single step.

@ MathScript RT Module
@ NIRIO

@ NI SoftMotion Module [= Submit feedback on this topic
4 | i 3

1 | m 3
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e Explore the LabVIEW Control & Simulation Loop settings. To do this, navigate to the LabVIEW block diagram. Then, double-click the Input Node
terminal in the upper left corner of the simulation loop to configure the simulation parameters. Notice that the solver is set to Runge-Kutta 1
(Euler).

o Thisis a discrete time (fixed time step) rather than continuous time (variable time step) solver. In this case, the fixed time solver in
LabVIEW is set to a step size of 1e-5 s (100 kHz).

o Afixed time step solver always uses the same time interval for each iteration of the simulation and does not perform error checking to
verify that the simulation results satisfy accuracy constraints.

{3 Configure Simulation Parameters &J

Simulation Parameters | Timing Parameters |

Simulation Time

Initial Time (s) Final Time
1] — Inf —

M Solver Method
ODE Solver

Runge-Kutta 1 (Euler) [+ [T Nan/Inf Check

Continuous Time Step and Tolerance
Step Size (s)
1E-5 =

Discrete Time Step

[¥] Auto Discrete Time

[ OK ] I Cancel I I Help I

o Guidelines for choosing a solver:

=  Multisim always uses a variable time step solver. Variable time step solvers automatically adjust their step size to satisfy your
accuracy and min/max time step constraints.

e To access the solver settings Multisim, navigate to Simulate>Interactive Simulation Settings. You can find more
information about how to change these settings in the Buck Converter (Closed Loop PID Control) section.
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Using a variable time step solver is generally recommended for co-simulation. In particular, it is recommended if any of the
following describe your LabVIEW application:

e Contains continuous time simulation elements, such as transfer function or state-space blocks.

e You have multiple LabVIEW FPGA subVIs that needs to be simulated at different discrete time rates. (To do this, right-
click the subVI and go to subVI node setup. This is explained in more depth in the Buck Converter (Closed Loop PID
Control) section.)

Using a fixed step solver is sometimes okay for co-simulation. Fixed time step solvers typically execute faster than variable time
step solvers. However, there is no (automatic) guarantee of accuracy. Using a discrete time solver may be okay if all of the
following describe your LabVIEW application:

e All of your LabVIEW FPGA code executes at a single discrete time rate (or integer multiples a single rate).

e Contains continuous time simulation elements, such as transfer function or state-space blocks, but you have verified
that the discrete step size is sufficiently small to produce accurate results.

If you are using a discrete time solver other than Runge-Kutta 1 (Euler), you must set your LabVIEW FPGA subVI to discrete time
mode if it contains state information (such as a feedback node or any type of memory element). That’s because these solvers
execute the LabVIEW simulation diagram more than once per iteration.

Care must be taken to ensure that the step size is sufficiently small to obtain accurate results if you are using a discrete time
solver and your LabVIEW application contains dynamic, continuous time simulation blocks such as transfer functions, state-space
models or differential equations with integrators.

e Typically this is done by first executing the simulation in variable time step mode to obtain a benchmark. Then the
simulation is executed using a fixed time step solver, and the results are compared to the benchmark simulation. If the
fixed step size is too large, the discrete time results will not match the continuous time results.

o Note: You can use the Collector function on the LabVIEW Simulation palette to save simulation results for
comparison.
When using a variable step solver, you can use the Zero Crossing function in LabVIEW to give the solver a higher degree of
accuracy in the timing of events such as the switching ON/OFF of a transistor gate drive signal. This is explained in the Brushless
DC Motor with Hall Sensors section.
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Suggested Power Electronics Exercises

e In LabVIEW, calculate and chart the voltage across the firing capacitor (V_cap=V_gate-V_supply). Also calculate the energy stored in the
capacitor (W=0.5*C*V_cap”2). How does changing the resistance affect the speed with which the capacitor charges? What happens when
the voltage at the gate of the TRIAC exceeds its trigger gate voltage (2.5 V)?

e Add LabVIEW code to calculate the AC RMS value of the load power (P_load=V_load*I_load) and supply power
(P_supply=V_supply*|_supply). Next, calculate the energy efficiency of the dimmer circuit (E=P_load/P_supply).

o Hint:
= Use the AC & DC Estimator PtByPt.vi function to calculate the power spectrum. To find it, right-click on an empty area of the
LabVIEW block diagram and navigate to Signal Processing>Point by Point>Spectral Analysis PtByPt.

Context Help @

-~

NI_PtbyPt.hvlib:AC & DC Estimator PtByPt.vi (4832)

initialize [2] -
signal [0] Tq::+ [3] AC estimate (Wrms)
sample length [1] — ac oo [4] DiC estimate (V)
[5] error

Computes an estimation of the AC and DC levels of the input
signal,

Detailed help 1l
FE|?] ¢

o Add LabVIEW code to calculate and graph the auto power spectrum of the load power. Can you reduce the magnitude of the
harmonic energy in the frequency spectrum?

o Hints:
= Use the Auto Power Spectrum PtByPt.vi function to calculate the power spectrum.

National Instruments Page | 21



National Instruments

Context Help

initialize [4]
signal [0]

sample length [1]
dt [2]

demain signal.

I_|:_r.¥ [&]2] «

Auto Power Spectrum PtByPt.vi (4825)

TR [5] Power Spectrum (V"2 rms)
J_J gmal L [6] df
[7] error

Computes the single-sided, scaled, auto power spectrum of a time-

Detailed help

Try adding an inductor choke and interference capacitor to the circuit.
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Simple Chaotic Circuit

Co-Simulation Concepts
e Using a parameterized function generator voltage source in Multisim that is controlled by LabVIEW.
o On page connectors are used to set the values of the function generator variables, while HB/SC connectors are used to interface to
LabVIEW.
e Using a voltage controlled inductor component in Multisim that is controlled by LabVIEW.
e Using a transfer function component in Multisim to implement a derivative with high frequency cutoff frequency. Setting an appropriate value
for the cutoff filter helps the Multisim solver converge.
o The High Frequency Cutoff frequency, f, in Hz can be converted to rad/s for use in the transfer function as follows:
= o [rad/s]= 1/(2xf)

o Then the transfer function is:
s

ws+1

Power Electronics Concepts
e Fundamentals of chaos in switching power circuits, which in this case occurs when there is non-linear interaction between inductor energy
storage components and passive switching devices such as diodes (learn more).

o Chaos is aperiodic behavior in deterministic nonlinear dynamical systems that is highly sensitive to initial conditions.

o Let this example serve as an important caution for designers of switch-mode power supplies; it is important to appreciate that is not
difficult to produce chaotic circuit operation when non-linear transistors such as p-n junction devices and energy storage elements such
as inductors and capacitors are involved.

= |n this case, the mechanism resulting in chaos has to do with the non-ideal nature of the p-n junction of the diode. The non-ideal
diode continues to conduct for a short period of time after the forward current through the diode reaches zero. This phenomena
is known as the reverse recovery time. Furthermore, the diode exhibits a non-linear capacitance with respect to voltage.

=  This circuit follows a period doubling path to chaos in which the system switches to a new behavior with twice the period of the
original system during bifurcation (learn more).

Required Toolkits and Modules
e NI LabVIEW 2011 Full or Professional (ni.com/labview)
e NI LabVIEW Control Design & Simulation Module 2011 (help files)
e NI Circuit Design Suite 12.0 Beta 0 (or higher) (ni.com/multisim)
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Known Issues
e Currently, resistors must be added between the on-page connectors that interface to the ABM Voltage Source parameters and the HB/SC
connectors that interface to LabVIEW. In the beta release, a netlist error would otherwise occur. This issue will be resolved.

Simulation Results

e At asinusoidal voltage amplitude of 0.1V, the circuit is periodic but non-linear.

- H
13 Simple Chastic Circuit Controller v7. [ o 3
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e At a 0.2 Vsinusoidal voltage amplitude, a Period-5 window appears.
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e A 0.5Vsinusoidal voltage amplitude produces an attractor.
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Suggested Exercise

e Try incrementing the sinusoidal voltage source Amplitude from 0.3 Vto 1 V. How do the patterns in the phase diagram change depending on
Amplitude? How does changing the frequency of the sinusoidal voltage source affect the results? How does changing the inductance affect
the results?

e In Multisim, double-click on the ABM Voltage Source component and explore its configuration. This voltage source can be used as an

arbitrary waveform generator based on a programmable mathematical function. The variables in the mathematical function can be
controlled by LabVIEW.

i = '
e

.

| Label I Display | Value |Fault | Pins | Variant | ser ﬁelds|

Voltage value:
V{A) =sin(2%pi®v () *TIME + vw(p)) -

[ Ok ][ Cancel ][ Help !:E
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e In Multisim, double-click on the 1N4004G diode component and select Edit Model.

e

| Model
| MODEL D1M4004RL/OM__ DIODE__ 1d Tools - | Views *
Mame Description Value Linits Ise default ~
RS Parasitic resistance 0.0392384 43 [l
N Emission Coeffident 2 O =
T Transit Time 1e-09 sec O
Clo Fero-bias junction capadtance le-11 O
v1 [ Junction potential --:-
M Junction grading coefficent O
EG Activation energy 0.6 eV O
XTI Saturation-current temperature expon...  0.05 (Il
KF Flicker noise coefficent ] O
AF Flicker noise exponent 1 (Il =
| Change component |
| Change all components |
[ Reset to default | Cancel | [ Help

National Instruments
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Bonus Exercise

e Explore the circuit designed by Dr. Leon Chua in 1983, known as Chua's circuit. It is a simple nonlinear circuit capable of producing strange
attractors. In this case, LMC6482 op-amps used to create a non-linear resistance (learn more).
o Try fixing the resistance, R, at 1.8 kOhms and varying the capacitance, C1. Can you produce Period 1, 2, 3 and 4 windows? Can you
produce strange attractors?

Community Challenge

e The author would like to encourage you to enhance these samples by adding a variety of analytical techniques built in LabVIEW for analyzing
chaotic circuits such as phase portraits, Poincare diagrams and bifurcation diagrams (learn_more).
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Simulation Results

e Period-4 window with C1 =10 nF, R=1.786 kOhm.
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e Rossler-type attractor with C1 = 10 nF, R = 1.74 kOhm.
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e Double scroll attractor with C1 = 10 nF, R = 1.5 kOhm.
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Flyback Converter

Co-Simulation Concepts
e Configuring the parameters of Multisim circuit components
o Double-click the 1P1S transformer component to configure the transformer
e Using Current Probes in Multisim
o Double-click the probe to configure scaling properties
e Using a voltage controlled pulse width modulation (PWM) generation block in Multisim

Power Electronics Concepts
e Fundamentals of flyback converter switched-mode power supply circuits, a buck-boost converter with galvanic isolation between the input and
output (learn more)
e How energy is stored in the tranformer and then discharged into the load
o Can you explain the relationship between the primary and secondary current signals?
e How the transformer ratio effects the input to output voltage ratio
o Can you explain the relationship between the transformer ratio, PWM duty cycle command and the output voltage magnitude?

Required Toolkits and Modules
e NI LabVIEW 2011 Full or Professional (ni.com/labview)
e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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Simulation Results

e The PWM duty cycle command is changed from 0.1 to 0.5 to 0.9:
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Initial transient response:

e Theinitial duty cycle is set to 10 percent. The PWM frequency is 2 kHz.

e Note the initial charging of the primary inductor, and energy transfer relationship between the primary and secondary transformer windings. In
this case, the switch is open 90 percent of the time. What happens when it the switch closes, connecting the lower terminal of the primary
inductor to ground?

o Asyou can see, the pulse occurs every 0.0005 seconds, causing current to charge the primary transformer winding (green trace) and
then transfer to the secondary winding (blue trace) when the switch is opened.

i3 Flyback Converter Controller v 1vi |ﬂ|ﬁj
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Steady state response at 10 percent duty cycle:

e What's the peak-to-peak amplitude of the Output Voltage (V) ripple? How would you modify the circuit design to reduce this ripple?
o Canyou add a LabVIEW subVI to measure the RMS ripple on the output voltage?
= Hint: Think AC amplitude.
e What's the ratio between the peak-to-peak amplitudes of the primary and secondary currents?

o How would changing the transformer ratio affect the relative amplitudes of the primary and secondary transformer currents?

13 Flyback Converter Controller v01.vi

File Edit View Project

BE0n

| Qutput Voltage (V)

Operate Tools Window Help

o 5E6

i I 1 1 1 1 1 I I 1 |
0 01 02 03 04 05 06 07 08 09 1 Ju

091- 110- 08- 7-  1- |
4245
_ 100- ;
091 . 08~ 0.25
091~ g M_Es—ﬂg? 0.00
Tos-% 2 -

%1 09-%1 n-% 007 3 06- i
E 7 E g-Lo0s-54 5 050
] ] 3 S Eos-
5 08- 2 50_3‘0.4—m3_0

2 = 5 B 3T0 g4-
5 E w-E . 5 =
©o0s9-= % 7T B 2-F 03

0- 0
0.89- 1-
088-  0-  0- D- O I TR A T RN TRTIRRRTR IR~
0049 00491 00402 00403 00494 00405 00406 00407 00498 00499 0.05 ) \
Time .‘H.R[m
PWM Command (0..1) Halt?

Step Size (s) - ) '

' . |

| TF Primary Voltage (V) - | TF Primary Current (4) /| TF Secondary Current (4) | PWM Command (0..1) m

—

L1}

National Instruments

Page | 39



What's the relationship between the PWM Command (0..1) and the Output Voltage (V)?
o Canyou add a buffered XY graph to plot the relationship?
= Hints:

e Think DC amplitude.

e Onthe Control Design & Simulation palette you will find a subVI named Buffer XY Graph:

Buffer XY Graph
[SIM BufferXYGraph.vi] (4800)

Plots x, y value pairs on an XY
graph.

Detailed help

National Instruments
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Boost Converter

Co-Simulation Concepts
e Using a variable time step solver in LabVIEW
o Double-click the LabVIEW Control & Simulation Loop to change the simulation settings
o How does changing the Minimum Step Size (s) value on the LabVIEW front panel affect the simulation results chart?
e Using vendor specific detailed part models in your Multisim circuit
o Blue circuit symbols indicate detailed (rather than idealized) vendor defined part models
o Examine the International Rectifier N-Channel Power MOSFET, Q1, and ON Semiconductor rectifier diode, D1, in the circuit
= Download the datasheets for these components and examine their properties. Are they an appropriate choice for this circuit?

Power Electronics Concepts

e Fundamentals of boost converter switched-mode power supply circuits, a step-up DC to DC converter (learn more)

e How source voltage energy is stored in the inductor and then discharged into the load
o Can you explain the relationship between the switch voltage (V_switch) and the inductor current (I_L) signals?
o Canyou use LabVIEW to calculate and chart the power flowing into the inductor (P=1*V)?

e Understanding how output voltage ripple is effected by the output capacitor value
o To control the capacitance from LabVIEW, replace the load resistor with a voltage controlled variable capacitor (Basso/VARICAP).
o Canyou measure the AC RMS value of the output voltage ripple using a LabVIEW analysis VI?

e Continuous versus discontinuous conduction modes of operation
o To control the load resistance from LabVIEW, replace it with a voltage controlled variable resistor (Basso/VARIRES).
o Canyou determine the conditions in which the circuit transitions from continuous to discontinuous conduction modes?

Required Toolkits and Modules
e NI LabVIEW 2011 (ni.com/labview)
e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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Online design tool calculations (http://www.ladyada.net/library/diyboostcalc.html):

The calculator

Frequency

5000

This is the boost

converter frequency. For

microcontrollers its

often the CPU clock /

256

Min Vin

‘|iv."

The lowest expected
input voltage

Max Vin

‘|iv."

The highest expected
input voltage

Min Vout

‘|iu."

The lowest desired
output voltage

Max Vout

100
‘|iv."

The highest desired
output voltage

Lout

0.20

Cutput current draw

Min. Duty . e 0
Cycle Dmin =1 - (VimaxVomin) 0 4
Max.duty | e =1 - (Vimin/Vomax) 91 %
cycle
Min. Inductor | L>=D * Vin * (1-D) / (freq * 2 * 368.54¢
size Tout ) uH
Peak inductor - e s 4 4444+
current Ipk = (Vinmax * D)/{(f * L) A
Minimum . . 400
capacitor Cap = Iout / (Vripple * freq) oF
Mml.mun_] Vbreakdown »= Voutmax & Idiode 100 v
Schoitky o—Tnk
diode P 444 A

Vripple

0.1
v

Mazximum allowable
voltage ripple

National Instruments

Don't forget that Duty cycle is the amount of time the switch is off / output
is low. Be sure to measure the output voltages before connecting up
anything important!
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Simulation Results

PWM Command is changed from 0.1 to 0.5 t0 0.9

-10- -A4- T Ty L DU | 1 L R e U o e e

1] 0.05 01 015 0.2 0.25 03 0.35 0.4

Simulation Time

0.45

0.5

Controller v06.vi/

1

i |

PWM Command (0..1}
Minimum Step Size (s) r =

S1E-5 ) S -

I I I I I I 1 1 I 1 1
‘ 0 01 02 03 04 05 06 07 08 09 1 JL

Halt?

i3 Boost Converter Controller v06.4i - =REE X
Eile Edit View Project Operate Tools Window Help .,JH
W g
» &|[@[n ?
110-  16-  0.5- 101.85 Output Voltage (V)
100~ q4- . -0.00 Inductor Current (A) -
20 12- 020 Capacitor Current (A)
- g ™ Switch Voltage (V) |
L= . 839 PWM Command (0.1) [
S 60-2 8-F 0.90
B 50-5 6-E 03- Error
= g PE
-__2 0- 3 4_8 025 status  code
30- = F| zer
2-8
20- 0.2- source
0_
10- External Model in o
p- 2- 015- Boost Converter E

National Instruments
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Initial transients:

e PWM Commandis0.1:
1. Charging of the inductor and capacitor
2. Boosting the energy of the inductor
3. Transfer of energy from the inductor
4

After inductor current decays to zero and the diode opens, the switch voltage Is equal to the supply voltage, Vin
= s the circuit operating in continuous or discontinuous conduction mode? How does changing the load resistance

affect the response?

National Instruments
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=
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Configuring simulation settings in LabVIEW:

e Onthe LabVIEW block diagram, double-click the upper left corner of Control & Simulation Loop to configure the simulation

parameters
- ™y
13 Configure Simulation Parameters ﬁ
Simulation Parameters Timing Parameters

Simulation Time

Initial Time (<) Final Time |

0 o Inf o
a Solver Method

ODE Solver

Runge-Kutta 23 (variable) El [ Man/Inf Check |
| Continuous Time Step and Tolerance

Initial Step Size (s)

1E-6 e
"

Minirnum Step Size (5] Maximum Step Size (s)

1E-6 o 1 e

Relative Tolerance Absclute Tolerance
| 0.001 % 1E-7 E

Discrete Time Step

Discrete Step Size (s)

0.0001 Auto Discrete Time
r [ OK ] [ Cancel ] [ Help
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Configuring the simulation settings in Multisim:

e In Multisim, navigate to Simulate>Interactive Simulation Settings.
e Navigate to Analysis Options>Use custom settings>Customize...
e Configure the Custom Analysis Options
o Switch-mode power supply simulations often use looser absolute, voltage and relative error tolerance settings to aid

convergence
- B’
Custom Analysis Options g
Global |DC | Transient | Device I Advanced
OM
|.ﬁ.bsu|ute error tolerance [ABSTOL] | 1e-008 |Ampere5
|'u'n|13ge error tolerance [WNTOL] |U.UUl |'I.|'ults
|Charge error tolerance [CHGETOL] ﬁl le-014 |Coulombs
|F‘.Elaﬁue error tolerance [RELTOL] |U.Dl
|Minimum conductance [GMIN] ﬁl le-012 |I'~"Ihu
|Minimum acceptable ratio of pivot [PIVREL] ﬁ |':'-':":'1
|Minimum acceptable pivot [PIVTOL] ﬁ | 1e-013
|Dperatir1g temperature [TEMF] ﬁ | 27 | o
|5hur1t resistance from analog nodes to ground [RSHUMNT] | 1le+012 | 0
|Transier1t analysis supply ramping time [RAMPTIME] E |':' |Se::or1ds
|Frach'una| step allowed by code model inputs between iterations [CONVSTER] ﬁ |':'- 5
|.l5.bsu|ute step allowed by code model inputs between iterations [CONVABSSTER] ﬁ |U- 1
|Enab|e convergence assistance for code models [CONVLIMIT]
|Print simulation statistics [ACCT] ﬁ
[ Restore to recommended settings
[ K ] [ Cancel ] [ Help
L |
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o The gear integration method is also recommended for switch-mode power simulations

f '
Custom Analysis Options - g

Global | DC Transient |De~.ri::e I Advanced

OM
|Upper transient iteration limit [TTL4] | 100 | Iterations
|Maximum integration order [MAXCQRD] ﬁ | 2
|Trunmﬁur1 error overestimation factor [TRTOL] |7Ir

|Integraﬁun method [METHOD] |Gear -

|[ Restore to recommended settings

d!l [ Ok ][ Cancel ][ Help .]:E

o Note: In Multisim you can save and load simulation setting configuration files via the Simulate menu
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Bonus Exercise

e To understanding the impact of different diode models in Multisim, try replacing the diode with one not rated to handle the current, such as
D1N5822_ ONSEMI. What is the circuit behavior if the diode is in breakdown?
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Buck Converter (Closed Loop PID Control)

Co-Simulation Concepts
e Adding LabVIEW FPGA subVIs to your LabVIEW Control Design & Simulation loop
o The discrete time settings on the LabVIEW subVIs enable simulations to replicate the precise timing behavior of execution in a field
programmable gate array (FPGA) or real-time processor.
e Using Memory Blocks in LabVIEW to create feedback paths for closed loop control
o Configure the discrete time settings to simulate analog to digital converter (ADC) sampling behavior.

Power Electronics Concepts

e Fundamentals of buck converter circuits, a step-down DC to DC converter switched-mode power supply (learn more)

e How source voltage energy is stored in the inductor and then discharged into the load
o Can you explain the relationship between the gate command (PWM_Gate) and the inductor current (L_current) signals?
o Canyou calculate and chart the energy stored in the inductor in LabVIEW (E=0.5L*|_L"2)?

e Understanding how output voltage ripple is effected by the output capacitor
o To control the capacitance from LabVIEW, try replacing the load resistor with a voltage controlled variable capacitor (Basso/VARICAP).
o Canyou measure the AC coupled RMS value of the output voltage ripple using a LabVIEW analysis VI?

e Continuous versus discontinuous conduction modes of operation
o To control the load resistance from LabVIEW, replace it with a voltage controlled variable resistor (Basso/VARIRES).
o Canyou determine the conditions in which the circuit transitions from continuous to discontinuous conduction modes?

Required Toolkits or Modules
e NI LabVIEW 2011 (ni.com/labview)
e NI LabVIEW FPGA Module 2011 (ni.com/fpga)
e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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AC/DC Calc Period (s)
[mEH T

[

I0 Runge-Kutta 23 (variable) 'I_’ AC estimate (Vrms)

- PID Centroller (LV SIM) T D] ¥ *OEL]
Multisim Design DC estimate (V)
= BDBL |

Voltage Set Point (V)
Discrete Step Size (s) D81 D—A{_ =
- Fy

PID Controller Type
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Simulation Results

e C(Closed loop control response when changing the Voltage Set Point (V) from 10 to 20to 5 V:

i3 Buck Converter Controller - Closed Loop w05.m -—

B

File Edit

|ﬂ}i§! @a 1

View Project Operate Tools Window Help

30- a0- 1- 354

1.) To change the desired output voltage of the Buck converter adjust the value of the "Voltage Set Point (V)" control. Valid values are 0 - 28 Volts.
2.) To start simulation press the "Run” button on the toolbar.
MNOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds (depending on the user machine) for simulation to start.

EXPECTED BEHAVIOR: The output voltage of the Buck converter will track the value specified in the "Voltage Set Point (V)" control.

3.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort” button on the toolbar.

“ LTIV YV I VI YT

15 go- ne- »
BT - o8-
225-
60-4 07- 257
20- S
=
=175-T 0B 06-Z 55
w -t E =
g 15-% 40—50.5—.;
'.20'125_6 30_U 0.4—% 15-
= o
0= 39-2 03- 10-
7.5-
10- 02-
5- -
F5_ b- Dl- ‘

Voltage Set Peint (V) Halt?

PID Controller Type

AC/DC Calc Period (s)
i |
o 0.002

Discrete Step Size (s)
4
o 0.0001

0-  -10- 0- e
0 0.002 0004 0006 0008 001

0012 0014 0016 0018
Simulation Time

PID gains (LV FPGA)
proportional gain (Kc)

Vo
0.02 0022 0024 0026 0028 003

AC estimate (Vrms)

&’ 0.032
integral gain (Kc*Ts/Ti) .
*".Ili DC estimate (V)
= 5.001
derivative gain (Kc*Td/Ts)
#°

I

| Voltage Set Point (V) m
| Output Voltage (V) -
| Inductor Current (4) m
/| PWM Command (0.1) LN

| Gate Signal (V) m

Error

m

status  code

vl

Source

External Model in
Buck Converter
Controller - Closed

mie

1

H@ el |
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Initial transient response:

e Voltage Set Point (V) =10V
o What is the percent overshoot, steady state error and AC output voltage ripple for the closed loop system?
= Can you improve the tuning of the PID control loop?

ool [ |
[
T

{ﬂ Buck Converter Controller - Closed Loop v03.vi

Eile Edit

Sle] ]

1) To change the desired output voltage of the Buck converter adjust the value of the "Voltage Set Point (V)" control. Valid values are 0 - 28 Volts.
2.) To start simulation press the "Run” button on the toolbar.
MNOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds (depending on the user machine) for simulation to start.

View Project Operate Tools Window Help

EXPECTED BEHAVIOR: The output voltage of the Buck converter will track the value specified in the "Voltage Set Point (\)" control.

3.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort” button on the toolbar.

Voltage Set Point (V)

Halt?
’:',' 10 .

-

PID Controller Type

C__ LVFPGA

PID gains (LV FPGA)

_proportional gain (Kc) AC estimate (Vrms)

i’ .I 5
v, 0,018
integral gain (Kc*Ts/Ti) DC estirmate (V)
Discrete Step Size (s) AC/DC Calc Period (s) 21 E
L L o
:j 0.0001 :j 0.002 derivative gain (Kc*Td/Ts)
#°

30-  %0-  1- 35- 7| Voltage Set Point (v) [ LRV
2715- a0- 00- 4| Output Voltage (V) -
25- 70- 08- /| Inductor Current (4) m
225~ 60-35 07 7| PWM Command (0.1) LN
-507-
20- =3 s /| Gate Signal (V) m
=175-& 0-B06-=
LY 4 =2 E
g 15-§ a0-fo5-2 Error
2 125-3 30_8 M_*E status  code 3
= 0
10- o 2367
0-Z 03- R
15- sOuUrce
10-  0.2-
5- | i\ \ External Model in -
= = — 4 Buck Converter E
25- i} 01 uc
- Controller - Closed -
0-  -10- 0- = TOO0TTO0 0 o000T0 0T 873 00000 0001 000 0 000 8 070 0 500 0 000 ]
0 0.00025 00125 00175 0.002 0.00225 0.0025
Simulation Time 'H '@ﬂ |
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Set point change response:

e Voltage Set Point (V) changed from 10 V to 20 V
o What's the primary frequency of oscillations of the output voltage waveform?

= How could you modify the circuit design to change the oscillation frequency and reduce the output voltage ripple?

s - ——
:[§ Buck Converter Contreller - Closed Loop w05

[T ) |

File Edit View Project

BEDOO

Operate Tools Window Help

1) To change the desired output voltage of the Buck converter adjust the value of the "Voltage Set Point (V)" control. Valid values are 0 - 28 Volts.
2.) To start simulation press the "Run” button on the toolbar.
NOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds (depending on the user machine) for simulation to start.

EXPECTED BEHAVIOR: The output voltage of the Buck converter will track the value specified in the "Voltage Set Point (V)" control.

3.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort” button on the toolbar.

0.01025

1
0.0098 001

00105 001075

Halt?

Voltage Set Point (V)

a PID Controller Type
rg 20

¢ LVFPGA

£10.0001 o1 0,002

0011 0.01125

Simulaticn Time
PID gains (LY FPGA)
proportienal gain (Kc)

derivative gain (Kc*Td/Ts)
o
o

e e TR
00115 001175 0.012

001225

AC estimate (Vrms)

7 0.018
_integral gain (Kc*Ts/Ti) DC estimate (V)
Discrete Step Size (s) AC/DC Calc Period (s) =

1
0.0125

30- 60- 1- 35- I 7] Voltage Set Point (vV)  [¥g
8- 35 go- / | + Qutput Veltage (V) -
26- 207 08— l /| Inductor Current (A) m
45- [l
#- o F0r- N 7] PWM Command (0.1) [
- S I /| Gate Signal
s % g®-3 06-% F anst ) =
W 0-% 3p- B % 20— |
g o] - E 05—.;‘ [ 11 Error
£18- £ 25- |
:S 3 '3 04—% 154 status code =
16- D776 y
2367
14- 15_% 03- q1p-
- { source
0- . | , .
1= .. & i il I / ; ,"f / / External Model in -~ =
| 10- - 01- e i / Buck Converter E
..l. l Controller - Closed -
g- 5- p0- o-lEnE I - - . A i i

1l
0.0128

+Higw| |
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Steady-state response:

e Voltage Set Point (V) is5V
e 50 microseconds of time shown below. As you can see, the PWM frequency is 10 kHz.
e Can you explain the relationship between Gate Signal (V) and the Inductor Current (A)?
o Is the circuit operating in continuous or discontinuous conduction mode? How does changing the load resistance affect the response?

Fa B T— -
{3 Buck Converter Controller - Closed Loop v05.vi |£|E|—E_hj

Eile Edit Yiew Project Operate Tools Window Help
>[@ @[] ;

1) To change the desired output voltage of the Buck converter adjust the value of the "Voltage Set Point (V)" control. Valid values are 0 - 28 Volts.
2.) To start simulation press the "Run” button on the toolbar.
MNOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds (depending on the user machine) for simulation to start.

EXPECTED BEHAVIOR: The output voltage of the Buck converter will track the value specified in the "Voltage Set Point (V)" control.

3.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort” button on the toolbar.

518=  6- 0136- 35 7| Voltage Set Point (v) NG
cqg- 997 0135- J| Output Voltage (V) |
E 5= p1 /| Inductor Current (4) m _
: 45-
512- ot 0133 7] PWM Command (0.1) S
0132- -
51-_ 35 % s /| Gate Signal (V] m
= = 0131-5 39-
wu — 3- =
e ,s £ 013-9 Error
‘.:o- 5'06_3 ’ LDJ U.IE-% 15+ I | i I status  code =
-3 B . .
5.04- -
15-F 0138 & 2367
502- 1- 0127- source
5- o5- 01326- External Maodel in £
| Buck Converter 5
_ - 0125-
458 - Controller - Closed -
496- -05- 0124- B R R R (R R R
003 003005 00301 003015 00302 003025 00303 003035 00304 003045 00305
Simulation Time _'H_‘[m |
Voltage Set Point (V) Halt? PID gains (LV FPGA)

PID Controller Type

- 5 @ f_ .|_1,r — ..proportlorlal gain (Kc) AC estimate (Vrms)

4
7 0018

f_.mtegral gain (Kc*Ts/Ti) DC estimate (V)
_Discrete Step Size (s) _AC;‘DC Calc Penod (s) 1
’:,' 0,0001 J, 0,002 derivative gain (Kc*Td/Ts)

A
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To change the settings for the PWM generation component ( ), double click it in Multisim.

e Inthis case, we are generating a 10 kHz PWM signal with 35 V amplitude and 1 nsec rise/fall time:
- '
PWM | 25

| Label | Display | Value |Fault | Pins | Variant | Iser ﬁelds|

Reference signal frequency: kHz =

Reference signal minimum voltage: lni " =
Reference signal maximum voltage:  [1 ¥ =
Output voltage amplitude: |357 y =
Output riseffall time: |17 nsec =

[ K ][ Cancel ][ Help LE
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To change the LabVIEW FPGA execution time settings,right-click on the subVI in LabVIEW and navigate to SubVI Node Setup... as shown below:

PID C ntroller (LY SIM)

Voltage Set Point (V) - = .. .
DB r—»—j{ = b Multisim Design
= ==

.......... . Saturation

L E;,

Descripticon and Tig.. K

Breakpoint » 0

Continuous Linear Systems Palette  p
Create 3

L
T EEREREANRECE L PDLRPRNNAAAAAANNNNNNNLN—N—N———=—————. HEP'ECE b —

SubVI Mode Setup...

Enable Database Access
Call Setup...

Find All Instances
Open Front Panel
Show VI Hierarchy

4 View AsIcon

Properties

If you set the Discrete timing Period (sec) to -1, the subVI will execute at the Discrete Step Size (s) rate set in the simulation parameters or terminal.

e Alternately, you can set the Discrete timing Period (sec) to a specific value, such as 25e-9 sec to simulate code executed within a single cycle
timed loop (SCTL) in LabVIEW FPGA with the FPGA base clock set to 40 MHz.
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{8 5ubVI Node Setup |

Dﬂpen Front Panel when loaded
["IShow Front Panel when called

("I Close afterwards if criginally closed
DSuspend when called

Simulation subVT

execution type Discrete timing
~ Continuous
Include minar Period (sec)
time steps 1 =
@) Discrete
Skew (sec)

*) Initialization only 0 -~

*) Final step only

(0].4 H Cancel H Help

L

Known Issues

Currently, some LabVIEW FPGA blocks must be converted to subVIs before executing inside the LabVIEW Control Design & Simulation loop.
To do this, right click the block and select Convert to SubVI.

Suggested Exercises

e The LabVIEW FPGA based PID control block is set to execute at 100 kHz (dT = 1e-5 s). How does changing the control loop rate of the PID
(FPGA).vi affect the control system response?

o Hint: Right-click on a subVI to set the discrete timing information. This enables you to specify the execution timing behavior for your
LabVIEW FPGA subViIs.

e Explore the LabVIEW FPGA palette and try adding another IP block to your simulation.

o Hint: To add a LabVIEW FPGA subVI to your desktop Control Design and Simulation loop, you’ll need to create a LabVIEW Project
containing an FPGA target. To do this, close all open LabVIEW VIs and from the LabVIEW splash screen, click More...

National Instruments Page | 58



File Qperate Tools

Help

B2 LabVIEW

New
*&l, Blank VI
&) Empty Project
%)) Real-Time Project

Open
[l Test Project - Softmotion IP.lvproj
[ Inverter HIL, RCP and Deployment.lvproj

=) ...all Sensor 6-Phase Commutation vi1.vi
[#) ...mer Controller - with analysis v03.vi
=, ...mer Controller - with analysis v03.vi
[m C:\..\RLC Circuit Controller vOL.vi

£ Browse...

Targets

[FPGA Project =

National Instruments

Latest from ni.com

LabVIEW News (15)
LabVIEW in Action (12)
Example Programs (6)
Training Resources (6)
Online Support
Discussion Forums
Code Sharing
KnowledgeBase
Request Support
Help
Getting Started with LabVIEW
List of All New Features
Q Find Examples...
&8 Find Instrument Drivers...
(<) Find LabVIEW Add-ons...

o Next, select LabVIEW FPGA Project.

Description

B VI

-, Blank V1

E Polymorphic VI

[ From Template

EHCH Project

@, Empty Project

EH) Project from Wizard

@ Robotics Project

Real-Time Project
i) Instrument Driver Project
3 Other Files

LabVIEW FPGA Project starts a wizard if oneis
available for your target.

4

[Tl Add to project
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o Select CompactRIO Reconfigurable Embedded System and then click Next.

19 Create New LabVIEW FPGA ijec__@_u

Select project type

CompactRIO Reconfigurable Embedded System
CompactRIO StarFabric PCI Interface

Ethernet RIO Expansion System

FlexRIO on My Computer

FlexRIO on Real-Time Desktop

FlexRIOQ on Real-Time PXI

MiIe-RIO Chassis on My Computer

A CompactRIO reconfigurable embedded system
consists of a CompactRIC FPGA chassis with a
connected or integrated CompactRIO controller.
Examples include a cRIO-910x chassis with a connected
cRIO-9014 controller, and a cRIO-907x integrated
controller and chassis,

(0]

| <Back || Ned> | | Finsh |[ Cancel |[ Help |

19 Create New LabVIEW FPGA ije_blﬂu
|

National Instruments

Systemn Setup

(0 Discover existing system
Select this option if your CompactRIO controller is powered on and connected to the
network. The wizard will assist you in discovering system components.

¢, Discovering a CompactRIO systern stops any 5can Interface mode applications
=2 running on the system.

Device is connected to a remote subnet

IP address

0.0.0.0

(@ Create new system
Select this option if hardware is not available or not connected. The wizard will allow you to

specify system components by type,

<Back || Net> | = Finsh || Cancel |[ Help

If your CompactRIO system is not current connected to the network, select Create New System, then click Next.
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o Select the name of a CompactRIO system, such as cRIO-9082 and click Next. The NI cRIO-9082 is a high performance Multicore
processor based CompactRIO system and is ideal for the rapid control prototyping of power electronics systems.

T3 Create New LabVIEW FPGA pmﬁ_@lﬂu

Select a controller by type

Remote controllers
- [ cRIC-9022
- [[it} cRIO-8023
-4} cRIO-9024
-3t cRIC-9025
-3t cRIC-9072
-4 cRIC-8073
-4 cRIO-9074
-3 cRIO-9075
-4 cRIO-9076
- [[i¥l cRIO-9081
] cRIO-9082
[ cRIO-FRCT

=

1.32 GHz i7 processor, 32 GB Storage, Integrated LX150
Spartan 6 FPGA

[ <Back |[ MNet> | | Finish |[ Cancel || Help |

o Add modules to the chassis if desired, or skip this step and click Next. Finally, click Finish to create your LabVIEW Project.
CETELeC e ———

Project Preview

=HI# RT CompactRIO Target (0.0.0.0)
E\\. Chassis (cRIC-9082)

. {5} FPGA Target (RIDO, cRIO-9082)
; I;I‘:I;I Dependencies

"%, Build Specifications

Launch FPGA Wizard when finished

<Back | MNet> | | Finish || Cancel |[ Help
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o Inthe Project Explorer, right click on the FPGA Target and select New>VI.

National Instruments

3 Project Explorer - Untitled Project 3 * -Lglﬂu

File Edit View Project Operate Tools

Window Help
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Iterns | Files |
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= B My Computer
5 Dependencies
'é Build Specifications
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e Right-click on an empty area of the block diagram and explore the LabVIEW FPGA functions palette.
If you have NI SoftMotion 2011 f1 or higher installed, be sure to look at the IP blocks in the NI power electronics IP library under the

Motion sub-palette. This includes new officially supported LabVIEW FPGA IP blocks for space vector field oriented control.
o Also, be sure to take a look at the 3-Phase PLL IP block located under the sub-pallete FPGA Math & Analysis>Control.

' !
{3 Untitled 27 Block Diagram on Untitled Project 3/FPGA Target * — =T

Eile Edit View Project Operate Tools Window Help J
g

E'E} @ |15ptApp|ication Font |~ ||E,;.v ”'-_IZE" < I? =
421 Functions g 5earchl

Pregramming L4 =

o

-

L4 4
[E]
=) =2
Structures Array Cluster & Cl...
23] M mir]* [E} ' Space Vector Modulation
B e
MNumeric Boolean Comparison s
¥ ¥
0} | # 3-Phase PLL
-+ 1l
Timing FPGAL/O  Memory & F... @l
Al il
I e b —
Synchronizat.. FPGA Math .. IP Integration £
ivb
-
Xilinx Corege...

Addons L4
Favorites

User Libraries
Select a VI...
Statechart
Electrical Power

Motion

Untitled Project 3/FPGA Target < |

o You can either drop the LabVIEW FPGA subVI directly onto the block diagram of your LabVIEW/Multisim simulation loop, or copy

and paste them from your LabVIEW FPGA application.
= Try adding a LabVIEW FPGA analysis or digital signal processing function of your choice to your Buck Converter Controller

LabVIEW co-simulation application.
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Bonus Exercise

e In addition to the two existing control options, can you add an option for a simple FPGA-based hysteresis controller? A hysteresis controller
works by simply turning the switch on or off depending on whether the output voltage is below or above the desired value. To prevent damaging
the transistor due to excessively high switching frequencies, use a relay function to create a hysteresis band around the setpoint.

e Canyouimplement a synchronous rectification control scheme by replacing the diode with an active switch device and writing a LabVIEW FPGA
IP block to control it from LabVIEW?
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3-Phase Single Level Inverter

Co-Simulation Concepts

Simulating the timing behavior of LabVIEW FPGA subVIs executing at different rates
o In this application, the load voltage RMS calculation is executed in the data acquisition loop for an NI 9225 3-Channel, 300 Vrms analog

input module executing at 50,000 samples/second, while the control loop executes at 500 kHz (or 80 ticks of the 40 MHz FPGA clock).
o To create this example, LabVIEW FPGA code from an NI Single-Board RIO application was copied into the LabVIEW Control & Simulation
loop. Then the LabVIEW FPGAs subVIs were set to their appropriate discrete time rates by right-clicking and navigating to SubVI Node

Setup as explained in previous section.
= See screenshots below of the actual Single-Board RIO deployment code
= Watch a video demonstration of a real-time HIL simulation of this inverter (link)
Examining the startup behavior of three phase power circuits and LabVIEW FPGA control algorithms

o How does the PID loop respond before the first RMS calculation is available? Can you improve the control algorithm response during the

first 60 Hz cycle?

Power Electronics Concepts

Fundamentals of single level three phase inverter circuits, a common DC to AC inverter topology used a range of applications such as solar
inverters and variable-frequency motor/generator applications (learn more)
Sine-triangle pulse width modulation (PWM) generation (learn more)
3-phase phase lock loop (PLL) algorithms for synchronizing generated power with the grid (learn more)
How to compensate for the phase delay caused by the inverter output filter inductors and capacitors
o Can you calculate the phase delay using Multisim AC analysis?
Dead-time insertion for preventing shoot through currents that could potentially damage power transistor switches if the upper and lower
switches are closed simultaneously

Required Toolkits or Modules

NI LabVIEW 2011 (ni.com/labview)

NI LabVIEW FPGA Module 2011 (ni.com/fpga)

NI LabVIEW Control Design & Simulation Module 2011 (help files)
NI Circuit Design Suite 12.0 Beta O (or higher) (ni.com/multisim)

NI CompactRIO Waveform Reference Library (download here)
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Startup behavior- first cycle:

e RMS value is still 0. First update occurs after 16.6 ms, or 833 samples at 50 kS/s.
e RMS PID output railed at maximum. This will cause it to overshoot the setpoint.
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Startup behavior- second cycle:

e  First RMS calculation is available.
e RMS PID output begins to drop.

e PLL frequency nearly stable. PLL frequency reaches the correct value of 60 Hz at around 40 ms.

i - - - - -
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Startup behavior- sixth cycle:

e RMS PID stabilizing.
e PLL frequency stable.
e Sinusoidal waveform distortion decreasing.

i - - - - -
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Steady state behavior- eighth cycle:

e System reaches steady state.
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Suggested Exercises

e Add LabVIEW code to calculate and graph the auto power spectrum of the load power waveforms. How does changing the output filter design

effect the magnitude of the harmonic energy in the frequency spectrum? How would implementing a different PWM generation schemes affect
the harmonic energy generated by the inverter?

e The filtered inverter output waveform has a phase offset compared to the grid voltage, due to the output filter inductance and capacitance.
Because the 3-Phase PLL uses the three-phase grid voltage as its input, it produces a phase signal that would be aligned with the grid voltage if
there were no switching and filter delays in the inverter. This phase delay can be subtracted in the LabVIEW control application by adjusting the
Phase Offset coefficient.

o Can you use Multisim to perform Single frequency AC analysis to calculate the phase shift caused by the inverter output filter?
= Hints:
e In Multisim, place a sinusoidal 60 Hz voltage source near the inverter switches between the Vb and Va lines as shown.
The negative terminal is connected to Va.

o Note: You will need to disable this voltage source before running the co-simulation again. Otherwise Vab will be
driven by the sinusoidal source, overriding your switching commands. To disable the component without
deleting it from the circuit, follow the instructions in the section below for creating a circuit variant.
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e Navigate to Simulate>Analyses>Single frequency AC analysis. Set the Frequency to 60 Hz, configure the analysis for
Magnitude/Phase mode to calculate the phase shift in degrees and navigate to the Output tab to add an output for
V(vneutral).

Single Frequency AC Analysis [
Frequency parameters | Qutput | Analysis options | Summary
Feqncy: % T
Output
Frequency column:
Complex number format: Magritude/Phase = |
‘ Simulate ‘ ‘ OK ‘ | Cancel | | Help

e The analysis results are shown:
o Since the sinusoidal source was wired in reverse, the actual phase shift is +4.54151 degrees. Since there are two
output filters in the analysis path, you can divide that by two to calculate the actual phase shift between the
transistor diode outputs and the loads, or +2.2708 degrees.

( Grapher View l (=] |ihl1

File Edit View Graph Trace Cursor Legend Tools Help
2 @YX | @) |
Single Frequency AC Analysis  Single Frequency AC Analysis ]
Basic Single Level Inverter with 3 Phase Load
Single Frequency AC Analysis @ 60 Hz

Magnitude Phase (deg)

23440122 n -4.54151

Selected Diagrarm: Single Frequency AC Analysis @ 60 Hz
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In LabVIEW FPGA, you enter the Output Filter Phase Offset as a fixed point number in units of pi*radians. The phase
offset for LabVIEW FPGA is therefore calculated as follows:

o Phase Offset = (-4.54149 deg)/2 *pi/180*pi = -0.12451.

Creating Circuit Variants

e You can create a circuit variant in Multisim to create a different version of the schematic for tasks such as AC analysis and easily switch between
variants. For example, you can disable the AC voltage source when the circuit is in the variant you create for co-simulation.
e When the component is disabled in a circuit variant, it appears grayed out as shown below:
LUl Nde ink -
st 'E}SE: L :sE:rE—}'L.Sf‘:
TRANSISTOR-DIOBE - - - - - | - - - - -
YT YT
a | oiivn
O—a O——4 . .. ..
.:54::[}53: L :55_::'E—}'L.5.5:

“AC analysis”, as shown below.

National Instruments

To do this, navigate to Tools>Variant Manager. Then rename the default variant “Co-simulation”. Next add a new variant and name it



r ™y
Variant Manager ﬂ
SIC Slgl Level Inverter with Phase Load - witt! L ana\
i -- Basic Single Level Inverter with 3 Phase Load O-simulation
|
] 1 ] ¢
L = J

e In the circuit, double click the AC_VOLTAGE component to configure its properties. Then navigate to the Variant tab and set the
component to be excluded in the Co-simulation variant.

r ™
AC_VOLTAGE [

| Label I Display I Value I Fault I Pins | Variant |User ﬁelds|

Variant Name Status
AC analysis Induded
Co-simulation Excuded

Included
wluded I

For new variants: [I.nduded ']

o) [Coma]) (o) |
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e Finally, double-click to select the active circuit variant in the Design Toolbox window to the left of the schematic. You can now quickly
disable the AC_VOLTAGE component when executing co-simulation runs.

Design Toolbox = x|
O & &
EI"' Basic Single Level Inverter with 3 Phase Load - with AC analysis variant

{3 Variants
.0 AC analysis

----- @ Basic Single Level Inverter with 3 Phase Load - with AC analysis varial|

i | 1] [ »

Hierarchy | Visibility | Project view |

e Note: You can also use this feature to include waveform generators components to control the circuit when performing transient

analysis independent of LabVIEW.
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Inverter Control Deployment Project

The photos below show the inverter control proof of concept system that demonstrates: 1. Desktop co-simulation with NI Multisim and LabVIEW
FPGA for control system development and debugging (top), 2. Rapid control prototyping with NI High Performance Multicore CompactRIO and

real-time hardware-in-the-loop (HIL) simulation of inverters and motor drives with NI PXl and FlexRIO FPGAs, and 3. Commercial deployment
with NI Single-Board RIO.

w2 |G |=
-

National Instruments
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The photo below show details of the physical inverter control system, controlled by NI Single-Board RIO (green PCB with multicolor ribbon
cable). The inverter phase-locks to single-phase 120 VAC power from the grid. In this case the energy source is a 300 VDC power supply that
connects to the large 3900 uF DC link capacitors (blue) of the SEMIKRON SKiiP®3 six-pack inverter (rated for 360 kW, 1200 V, 300 A) with the
SKiiP®3 Intelligent Power Module (IPM) gate driver circuit (white with multicolor ribbon cable). The 3-leg single level inverter is connected to 100

mH output filter inductors (black), 1 uF capacitors (silver), and 250 Ohm power resistors (gold). The 3-phase motor/generator (grey) is not
connected.

03 DEPLOY
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e Front panel of the LabVIEW Real-Time application while the physical inverter is running, showing unfiltered PWM outputs and filtered power
signals.

Microgrid Inverter Control

r -

[ vab [~/ Wbe [~ vac [ |

~ - -

Monitoring Settings Inverter Settings Sole
Sample Rate {5/ .
e ) RMS Voltage Setpoint e 200
[=] W
1= [s0000 =
o 100 1%" 140 £
Samples Per Channel - Pause 80 " 160 =
- ~ - "
=] [ 2500 0 . . 180 =
Manitaring Buffer Usage (o) 40— —200
- - ! 1
_ 20 220 0.01 0.02 0.03 0.04 0.05
' Ay
Channel Name Scale [mV/EU]  EU dBRef [EU] 0 240 Time (s}
A Measured RMS Volt
Vab 1000.00 W 1 o easu oltage
[ AC source | "™ Filtered | Raw [ ]
WVhe 1000.00 v 1 v 4 p r o
100 4% 140 400-
Vac 100000 v 1 Lo =
O 180 = = 200
E—4
Filtered 1000.00 v 1 200 =
WValts ]
(=]
Raws 1000.00 v 1 E
% -200-
AC source 1000.00 v 1 5
-400 - 1 1 1 1 1
Frequency 1000.00 v 1 v 0 Stop FETs ] 0.01 0.02 0.03 0.04 0.05
L — Time (s}
Average PLL Frequency
p 4 S0 120 149
. 4 ¢
Fun . Stop @Conﬁgure ‘J Advanced @ Help [I\ N 4 ,13“‘
Hertz S
Note:

e In this screenshot, the Vac waveform is displayed rather than Vca. That is why the three phase power signals appear as if they are not correctly
120 degrees out of phase. In fact, if the line-to-line voltage, Vca, was displayed correctly they would appear as expected.
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e  Multsim schematic
o The Multisim schematic below, located in the Solutions subfolder, is a close match to the physical system. Notice that the 3900 uF DC-
link capacitors are tied to the neutral voltage point.

| o I 1 I 2 I 3 I 4 I ] B 7 8 9 10 11
Al vde_link
52 s4 56 I Lf I_Rload1 Vneutral
B —_—\” s 31 52 52 s3 53 o
=150V =% o4 % —x T xcez ||_Rload1
Va p ( Load1 . | Rload1
— o ) — WA
Vde_link 100mH 2 TuH 2500
C [ Cc3 C5 UVHJ
=—=3900pF —=—=3900pF ——=3900pF Cf E
—1uF
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_ N neute Lf2 , Lioadz , | Rload2
D P P m
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c7 c2 co c4 C8 C6
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w2 s4 <4 53 s5 o5 55 s6 - 57
e | =150v 4% 9% 8% Lves
= Semikron SKiiP 6-Pack Single Level Inverter LC Output Filter 3 Phase Load
F
4 [ 1 | r
| @ Semikron SkiiP 6-Pack Single Level Inverter with 3-Phase Load BB 4
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e LabVIEW Project Code
o Note: Install the NI CompactRIO Waveform Reference Library (download here) before opening this project. This library facilitates high
speed DMA data streaming between the FPGA and real-time processor.
Navigate to the SB-RIO Deployment Code subfolder and open the LabVIEW Project file, Inverter Control.lvproj.

Explore the LabVIEW Project used for the physical NI Single-Board RIO inverter control application. Expand the project tree to see the
LabVIEW FPGA and LabVIEW Real-Time LabVIEW applications.

o Double click to open the LabVIEW FPGA application, FPGA - phase synch and mag control sbRIO.vi.

- oy
i3 Project Explorer - Inverter Controllvproj E@g
——

Eile Edit View Project Operate Tools Window Help

[oSaxb o X||Ew | @Em-¢ o]®

Items | Bl |

= |T_:£. Project: Inverter Control.lvproj
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B[ Modl
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'_i Modl (Slot1, NI9474)
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- i Mod3 (Slot 3, NI9225)
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-l ModC (N19425)
- il ModD (NI9476)
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B %' Dependencies
I:}‘;v_ Build Specifications
|;‘g Inverter Control sbRIO.vi
G+ % Dependencies
- % Build Specifications

o O oy O e OO SO e OO e SO e OO
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e The LabVIEW FPGA front panel is used for point-by-point communication with the FPGA application when running, for debugging, monitoring
and control tuning purposes. The front panel controls and indicators are used for single point interactive mode operation (at typical speeds less
than 10 Hz), and also act as a single-point, bidirectional communication interface with the real-time processor (at typical speeds less than 5 kHz).

o Note: High speed data streaming between the FPGA and real-time host processor is performed using DMA data transfer, using the NI
CompactRIO Waveform Reference Library (learn more).
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e Navigate to the block diagram (Ctrl+E), and explore the multiple parallel control loops. A big advantage of FPGA-based control systems is the
true hardware parallelism of the code. If you add an additional control or DSP loop, it does not affect the execution timing of the existing code.
Furthermore, there are no penalties for running control loops at high speed since they are not competing for resources (learn more).

e Explore the PID control loop with 3-Phase PLL and Sine-Triangle PWM generation. Note that the loop timer function causes the loop to execute
every 80 ticks of the 40 MHz FPGA clock, which is a 500 kHz control loop rate.

o Caution: In this case, dead-time insertion is unnecessary since the Semikron SKiiP®3 Intelligent Power Module (IPM) gate driver circuit
provides the required deadtime insertion. If your gate-drive circuitry does not include deadtime insertion, you must do this in the FPGA
application see the Brushless DC Motor with Hall Sensors (Trapezoidal Flux) section of this document for an example and rising edge

deadtime insertion IP core.

[PID Control for RMS magnitude]

PID

RMS setpoint

‘Generate triangle wave for

PWM generation
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anti-windup gain (Ka)
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e A separate loop performs analog input for the inverter currents, DC link voltage and inverter temperature using an NI 9205 analog input module.

In this case, these conditioned signals are provide by the Semikron Intelligent Power Module (IPM). Because no loop timer is included, the data
acquisition function is executed at the maximum sampling rate of the NI 9205 module.

|Ana|og Input Loop - currents, Vdc and temp|

B Moda/amnh =P I|VDC

B Moda/arlh Temp
B ModA/ALRZ S =il
B ModA/ABS =E2
Ban Moda/al4h . =F |3

Currents
FFxP]

@

National Instruments Page | 83


http://sine.ni.com/nips/cds/view/p/lang/en/nid/208800

e Because no loop timer is included, the data acquisition function is executed at the sampling rate of the NI 9205 module. This scanned analog
input module is configured for an 8 us conversion time per channel and 5 channels are being acquired, so the loop rate for this analog input loop
is 40 us (25 kHz). To view this configuration, navigate to the LabVIEW Project, right-click on Mod A (NI 9205), and select Properties. This module
also has a per channel selectable input range (+/- 10, 5, 1, or 200 mV) and terminal mode (referenced single ended, non-referenced single
ended, or differential).

' ™
{3 C Series Module Pm_ [
Catego Module Configuration
Module Configuration|

MName

ModA |

Module Type

| MNI9205 32-Ch +/- 10V to +/- 200 mV 16-Bit Analog Input

Location

Onboard El

Calibration Mode

Calibrated (=]

Channel Configuration

Channels Input Range

+-10V  [=]
Terminal Mode
RSE [=]

Minimum Time Between Conversions

8 Elus

[ ok || cConcel || Hep |

o Note: To avoid problems with inter-channel crosstalk, take care to properly wire, terminate and ground the channels. Per the user manual, you
must always connect the COM pin of your NI 9205 to a ground reference (learn more).
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e The DMA data transfer loop is used to pass high speed waveforms from the FPGA directly to the real-time processor memory, acting like a digital
scope for your LabVIEW FPGA application. This is useful for debugging during development, performing power quality analysis on the real-time
processor, or you can program the FPGA to trigger a waveform acquisition in the event of an abnormal operating condition of your inverter and

capture the waveforms for later analysis.
o Learn more about the NI CompactRIO Waveform Reference Library

uter-most loop is used to restart an acquisition. It is used by a SW retriggerable finite acquisition and to restart a paused” continuous acquisition
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[& The host application waits on this interrupt to synchronize itself with the start of the FPGA's acquisition. This synchronization prevents the host application from polling the DMA FIFO before the FPGA is sending its data.
Tt also prevents the FPGA from sending its date before the hast application is ready to receive it,

[B. The "Channel Scale Array” control has a fixed size of 40 elements. If you have more than 40 channels then increase this size by right-clicking from the front panel and selecting "Set Dimension Size...”

IC. The numeric constant must equal the number of elements in the pipelined date array, Theintemal For Loop assumes there is ane scaling factor per channel acquired.

ID. If the host application builds its data into the LabVIEW waveform datatype, "First Read” tells the host application that 2 new timestamp needs to be generated,

[E. Each iteration of this For Loop scales one sample worth of data, converts it to a SGL precision floating value, encodes the SGL data inte a U32 word, and queues the sample onto the DMA FIFO.
The host application just needs to typecast the U32 word into a SGL. A typecast from U32 to SGL is about 40% cheaper (in terms of CPU cyeles) than a conversion from FP to SGL

IF. The FPGA will stop if the appropriste number of samples have been acquired, if the module throws an error or if the host application stops the acquisition.

6. The "Finished" control tells the host application that the acquisition loop was stopped. When an acquisition stops, the outer while loop immediately prepares the FPGA for a new acquisition and will wait for its interrupt (C.) to be acknowledged.

= Data s pipelined because the execution time required by the FPGAIO node can be 50 - 80% of the acquisition period. Pipelining the scaling, data conversion, and DMA FIFO operations ensures the FPGA IO node does not underflow for high

[channel counts.
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e Inthe LabVIEW Project, double-click to open the LabVIEW Real-Time application, Inverter Control sbRIO.vi. This application downloads and runs
the LabVIEW FPGA application and can provide deterministic real-time supervisory control. In this case, the real-time control system is running

the VxWorks real-time operating system.

3 Inverter Control sbRIO.vi Block Diagram on Inverter HIL, RCP and j/<bRIO-9642-TnverterD: 3 " ™ = e o = e B
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Note:

e To execute the LabVIEW Real-Time application, you would first need to compile the LabVIEW FPGA application. To do this, save the LabVIEW

FPGA application and click the run arrow to compile it.
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e Examine the LabVIEW Real-Time front panel.

-
{3 Inverter Control sbRIQ.vi Front Panel on Inverter HIL, RCP and Deployment.lvpraj/sbRIO-9642-InverterDeployment *
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e A complete LabVIEW based inverter control and power quality monitoring system typically contains some or all of the software elements shown
below.

DMA Data || Protection Senspr PID Control Clarke, Space

P Transforms || Modulation

Raw FPGA || Scanned || Simultaneous, General Contactor General High
&uP /0 Al,AO | Differential Al || Purpose DI | Relay DO || Purpose DO [ Speed DO
FPGA-FPGA  Temperature, Phasel/V, IGBT Error, AC, DC, Pilot Relays,

Comm & Synch,  Monitoring, DC IV, ContactorAux,  Precharge  Faults, Fans,
GPS, Fiberl/F ' Debugging = Commands E-Stop,Sensors = Contactors ' Resets, LEDs

Interlocks

Gate Drivers,
Fiber TX

e National Instruments is also developing a general purpose inverter control I/O board for NI Single-Board RIO (shown below). This board is a
deployment-ready commercial embedded system for high-volume grid-tied inverter and motor/generator drive applications, typically 50 kW and
larger. To request a preliminary datasheet or access to the pioneer program please email Clean Energy Product Manager,
Brian.MacCleery@ni.com.

NI sbRIO-9606

NI GPIC
Mezzanine Card

DC+
Va (AC]
F =[] T
DC -| _| -| |_ T T
POWER -~ ANl (AC)
BUS
Hop
oS | Fraan ALY (AC)
J_ \/\IV
Energy Source Power Inverter Output Filter Stage 3-Phase AC System
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Brushed DC Motor H-Bridge (Basic)

Co-Simulation Concepts
e Developing, debugging and modifying LabVIEW FPGA IP Cores

o It'srecommended that you develop a test bench application for each power electronics IP core and use that to verify that each block

behaves as expected. Whenever changes are made to your control code, run the test bench application again to confirm that the code is
still working as expected.

"  You can automate your code verification process using tools like NI Veristand, NI Teststand, and the NI Unit Test Framework.

These tools can automatically test your power electronics IP blocks, determine pass/fail, and generate reports.
= For information on how to write your LabVIEW FPGA code so that it can be validated within a testbench or co-simulation

application, see part three of the CompactRIO Developers Guide and navigate to the section titled “LabVIEW FPGA Development
Best Practices.”

e Using electromechanical simulation blocks and sensor feedback blocks in Multisim and using simulated sensor feedback to create a closed loop
control system

Power Electronics Concepts
e Fundamentals of H-bridge motor control circuits, a common topology used in DC to DC converters and DC to AC inverters that enables you to
connect a DC supply voltage to the load in either a positive or negative polarity (learn more)

o H-bridges are also commonly used in single phase inverter circuits for applications such as grid-tied photovoltaic (PV) solar arrays. In this
case, the H-bridge PWM output is modulated to produce a sine wave, which is filtered and then boosted for connection to the grid
through an isolating transformer (learn more).

e Understanding basic pulse width modulation (PWM), a method of regulating the amount of current flowing to an inductive load such as a motor
using power transistors such as IGBTs and MOSFETs (learn more)
e Understanding the difference between slow decay and fast decay (synchronous rectification) modes of controlling an H bridge circuit:

o Inslow decay mode, the motor current freewheels through the H bridge diodes when the controlled transistor switches are off.
Therefore, current tends to decay slowly as it circulates through the bridge circuit and is dissipated in the motor and diode resistances.

o Infast decay mode, also known as synchronous rectification, the lower two switches are turned on when braking the motor, causing

both motor winding terminals to be connected to ground. By grounding the motor windings, the current decays very quickly to zero and
motor braking occurs very quickly.

Required Toolkits or Modules
e NI LabVIEW 2011 (ni.com/labview)
e NI LabVIEW FPGA Module 2011 (ni.com/fpga)
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e NI LabVIEW Control Design & Simulation Module 2011 (help files)
e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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{3 Brushed DC Motor Controller - Full Bridge Basic vOl.vi = B
[File Edit View Project Operate Tools Window Help

| @@

8

1.) To change the desired speed of the motor adjust the value of the "Speed Set Point (RPM)" control.
rl 2.) To adjust the behavior of the controller adjust the PI controller coefficients (Kp & Ki).
3.) To start simulation press the "Run” button on the toolbar.

MNOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds (depending on the user machine) for simulation to start.
EXPECTED BEHAVIOR: If the PI controller coefficients are appopriately set, the Motor Speed will track the Motor Set Speed.
4.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort” button on the toolbar.

The UL, U2, L1, L2 and "Power State” indicators indicate which transistors of the H-bridge are turned on and what state the PWM generator is in, respectively.

Speed Set Point (RPM)

Lol Motor Speed (RPM)
1600

600.00 Set Point (RPM)
-0.06 Current (&) /]

0.64 PI Control Signal m

PI Speed Control
Kp Ki
100 45000
Ul U2
| il

1 L2
Ju—

() U215

Power State
| | Connect +Vdc

Step Size () Halt?

200

of 2.5E-6 { - : / / / L 011379

Simulation Time —H'\["H |
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Steady state at 600 RPM:

{3 Brushed DC Motor Controller - Full Bridge Basic vOL.vi [E=REEE
Eile Edit View Project Operate Tools Window Help |,_.E
@ O P
1.) To change the desired speed of the motor adjust the value of the "Speed Set Point (RPM)" control. i
|  2.) To adjust the behavior of the controller adjust the PI controller coefficients (Kp & Ki).
3.) To start simulation press the "Run” button on the toolbar.
MNOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds (depending on the user machine) for simulation to start.
EXPECTED BEHAVIOR: If the PI controller coefficients are appopriately set, the Motor Speed will track the Motor Set Speed.
4.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort” button on the toolbar.
N
The U1, U2, L1, L2 and "Power State” indicators indicate which transistors of the H-bridge are turned on and what state the PWM generator is in, respectively.
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Suggested Exercises

A. Open and run the IP core test bench application Test Full Bridge Pulse Width Modulation (Windows).vi.

decay (synchronous rectification) type of control logic?

= [ 2 [

43 Test Full Bridge Pulse Width Modulation (Windows).vi Block Diagram

Window Help
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How does the commutation of the upper (U1, U2) and lower (L1, L2) switches respond when the PWM Duty Cycle (Ticks) command is changed

from a positive to a negative number? What is the polarity of the voltage applied to the motor windings in each case?
What happens when the duty cycle command is set to zero? Is the Full Bridge Controller (FPGA).vi IP core implementing a slow decay or fast

43 Test Full Bridge Pulse Width Modulation (Windows).vi

File Edit View Project Operate Tools Window Help
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e While the testbench application is running, double click and open the Full Bridge Controller (FPGA).vi subVI. While the IP Core is executing, click
the LabVIEW Highlight Execution button. Can you explain the operation of the state-machine logic contained in this IP core? In which cases does
it transition to the Deadtime state? You may wish to stop execution and explore the design of this LabVIEW FPGA subVI.

13 Full Bridge Controller (FPGA)vi:l (clone) Block Diagram Lo | B )
File Edit Yiew Project  Ogerate Tools Window Help %@ﬁ
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D (@] [e]4s] -

e n e Ul

"Deadtime” ~
PWM DO ["Deadtime 2 e ]
..... B

SIM: Tick Count(Ticks) 5 R | — |
(0336551} T Lo . OH- U2

Dead time (Ticks) |

i iZ t
:‘ [ ConnedConnec +"‘1__ . : |—|F'|:|wer State
[ Brake (IqBrake (low] - Weadtime 9 1]
FPCDHHEJCDnnect-_ —

[

\ [State]
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PWM Duty Cycle (Ticks)]
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e To learn more about how to write modular, reusable LabVIEW FPGA code and test bench validation applications, see part three of the
CompactRIO Developers Guide. Navigate to the section titled “LabVIEW FPGA Development Best Practices.”

B. Try modifying the LabVIEW FPGA H-Bridge control subVI to enable synchronous rectification to be turned on or off. Synchronous rectification
connects the lower two switches in the H-bridge to ground when the PWM duty cycle is zero, causing the current in the motor to decay quickly, thereby
actively braking the motor. If synchronous rectification is disabled, all four switches are open when the PWM duty cycle is zero, causing the current to
decay more slowly by freewheeling through the diodes. The steps to enable synchronous rectification to be turned on or off are described below.
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1. Add a Boolean control to the front panel of the subVI and connect it to the terminal pane.

= 2

File Edit Miew Project Operate Tools Window gﬂ
F =
F :

o | |@I Il || 15pt Application FEI A |"'§>

2. Modify the Deadtime state machine as follows. If Synchronous Rectification is FALSE, go to the Disconnect Power state rather than the Brake
(low side) state.
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{3 Full Bridge Controller (FPGA).vi Block Diagram ‘ - 4
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| OIEIl'—ru||E' kS |15pthpp|icatinn Font |« ||E_|;|v

- | |69~ |42l

VK

ERIDGE

e
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]

FFGA

........ '?

L Disconnect Power '!

:

{* Connect -Vdc ""IJ

................. | "DEE dtimE" B e e e e ey =.‘l:i
PWh DO
......................................
SIMG Tick Count(Ticks)
= ———— T
Dead time (Ticks) rm
FPErake (low =ide) '|—| FFCDHHE“ tVde 7
State i p—

4 o

Power State

f—
Synchronous Rectification
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3. Modify the Brake (low side) state as follows.

i E_J
ﬁ Full Bndge Controller (FPGA).w Block Diagram .
9 1ag

é el é
File Edit View Project Operate Tools Window Help

ERIDGE
f -':':
| OIEIl'—ru|'E’ . |15pthpp|icatiun Font |« ||E;.v TI]E'H@?v ”:I"d| l—l"-:"\ -.-

| "Brake (low side)’ T

(XTH]

:

m

—=
Synchronous Rectification

T

F

—

4. On the top-level simulation, right click on the modified Full Bridge Controller (FPGA).vi subVI and create a Synchronous Rectification control.
5. Run the simulation. How does the motor response differ when Synchronous Rectification is disabled?
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Bonus Exercise

Examine the design of the Timer, 32-bit (FPGA).vi IP core, which contains a Conditional Disable Structure that causes the code to compile differently
when targeted to Windows than it does when compiled to the FPGA.

T3 Timer, 32-bit (FPGA).vi:1 (clone) EI&E\

File Edit Yiew Project Operate Tools ﬂindwh?

o~

CIEr S

|Eile Edit View Project Operate Tools Window Help

|¢ |@‘| |15ptApplication Font |« | |®+ ..q |@|

NEror

|Condi‘ti onal Disable Structure|
WTARGET_TYPE==Wi =}

SIME Tick Count(Ticks) E
=

%?”':T

lapsed Time (Ticks)

ime Limit (Ticks
E .................................... Erel

3

L]
i

1. After opening the subVI, navigate to Operate>Change to Edit Mode.
2. Explore the Conditional Disable Structure. What is compiled differently when the TARGET_TYPE is FPGA?
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ra '
Timer, 32-bit (FPGA).vi Block S

File Edit View Project Operate Tools Window Help Timer
o || @) |15ptﬁ|.pp|ication Font |« ||E;|v i | |@+- 4 |C? | FFiaa |
i
[Cenditional Disable Structure] ||Err5r : I
MTARGET_TYPE==FP v}
ck Count2

m

Elapsed Time (Ticks)|

ime Limnit (Ticks Crver Limit?
: .............................. FTFE
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3. Modify the Conditional Disable structure so TARGET_TYPE==FPGA is not the Default. This change will cause it to use the simulated clock
whenever it is NOT compiled to the FPGA. To do this, change to the TARGET_TYPE==Windows case, right-click on the Conditional Disable
Structure and navigate to Edit the Condition for this Subdiagram....

[ ﬁ Timer, 32-bit (FPGA).vi Block Diagram E@g
File Edit View Project Operate Tools Window Help Timer
ISI{EE' @ | 15pt Application Font | || o | 0av | |@+ Al | B

|Conditiona| Disable 5tructure| ! Err\u:u/r .
A[TARGET_TYPE==Wi Visible Itermns »
SIM: Tick Counti(Tic Help
[EET Examples
Description and Tip...
Structures Palette 3

ime Limit (Ticks

=T 4 Auto Grow

Exclude from Diagram Cleanup

Remove Conditional Disable Structure

Add Subdiagram After...
Add Subdiagram Before...
Duplicate Subdiagram

, Delete This Subdiagram
Remove Empty Subdiagrams

Show Case TARGET_TYPE==FPGA, default
Rearrange Subdiagrams...

Make This The Default Subdiagram

Edit Condition For This Subdiagram...

Replace with Diagram Disable Structure

Properties
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4. Check the Make Default? box to make TARGET_TYPE==Windows the default. Now it will compile for this condition when executing on any type
of target other than the FPGA.

rﬁ Configure Condition o |
Symbol(s) WValue(s)
y TARGET_TYPE [+] == [=] |Windows E] '
[¥] Make Default? [ oK ] [ Cancel ] [ Help ]

5. Optionally, click the Help button to explore the different symbol tokens that are available for a Conditional Disable structure.
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s — - - - 3
% LabVIEW Help - = | B |-
T o i
" i~
Hide Locate Back Options
EXECUEE, "
Q:urrtents| Index I §earch| Fa\rnri_tes| TAREET TYEE Specifies on which platforms or which targets the subdiagram
executes,
@ Lawaw Help <Custom Symbol> You can define custom symbols in the Conditional Disable
@ Finding Example Vis Symbols page to add symbaols to this list. You also can enter a
@ Glossany symbol in the Symbol(s) pull-down menu. If the symbaol you
@ LabVIEW 2011 Features and Ch enter is not defined in the Conditional Disable Symbols
@ Activating Your Software page, an asterisk appears next to the symbaol. Both symbols
; and their valid values are case-sensitive strings.
@ Using Help

@ LabVIEW Documentation Resou - ==f1=—Lists the comparison operators available for use within the expression. Valid
@ Getting Started with LabVIEW comparisons are ==, which specifies that the symbaol is equal to the value, and 1=, which
@ Fundamentals specifies that the symbaol is not equal to the value.
il @ VIand Function Reference - Value(s)—Specifies the value of the symbol yvou =elect. Value(s) i= a case-zensitive |
@ Property and Method Reference string, =o you must enter one of the following valid values exactly as it appears below.
@ Taking Measurements -
@ Controlling Instrumerts Symbol Valid Values
@ Control Design and Simulation M CEU FowerPC
@ Extending NI VeriStand with Lab #38 i
@& FPGA Module mull
@ FPGA Interface FPER EXECUTION MODE | FPEA TRRGEET
@ MathScript RT Madule DEV_COMPUTER SIM IO
@ NI-RIO DEV_COMDUTER _REAL IO
@ NI SaftMation Madule THIRD PRETY SIMULATICHN
@ Real-Time Module FPEL TARGET FAMILY |VIRIEXHZ
@ Robotics Module TJIRIEXf
@ Statechart Module VIRIEXE
] SDLOTANS
@ Toolkits SDARTANG

@ NI Device Drivers
@ Important Information
@ Technical Support and Professio

05 Linux
Hac
null
Pharlap
VxaHorks
Win

m

EUN_TIME ENGEINE True
False

+ Make Default?—Specifies if the current subdiagram is the default subdiagram.

i T | b Submit feedback on this topic i

1
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6. Explore how the simulated 40 MHz FPGA clock is generated in the top level simulation application.

Simulate 40 MHz FPGA Clock
_ _ ) This is required to simulate
simulatien TIMe |precise timer behavior.

flca0s6

1 U2
- -
enerate PWM by comparing 4
antrol signal to a triangular wave Poa k2
I> .................................... 5

Power State
(XTE

Bonus Exercise

e Add a power spectrum measurement to your LabVIEW code to analyze the harmonic noise in the filtered inverter output voltages.
o What changes to the circuit design and control algorithms could be made to reduce the harmonic energy?
o Canyou develop a PWM switching algorithm for LabVIEW FPGA that performs harmonic cancellation/reduction?

National Instruments Page | 103



Brushed DC Motor with Gate Drive Circuit

Co-Simulation Concepts
e Including vendor specific gate drive circuitry models in your Multisim simulations
e Using IP blocks from the NI power electronics IP library (included with NI SoftMotion 2011 f1)
o This includes new officially supported LabVIEW FPGA IP blocks for power electronics control, and complete reference design examples
for space vector field oriented control and trapezoidal commutation (see snippet below):

PWM Generation
ticks |
o DeFauti | I Ticks / Period [l
¥ | PWM U PWM
== ®  Modl/Phase U®]
Generate three PWM signals, one per motor phase. PWMV L ef® Modi/Phase V)
[The three signals are center aligned. At the center ] e & Modl/Phase WT|
point, which is comman to all three phases, signal
[the current loop to take a sample. PWM W ¢
== ; [[True v}
[The Trigger lead can be used to specify how much .

earlier than the center poit the the trigger should Triggerlesd E;JT
fire.
[The output range of the PWM is used to respect [> Center-Aligned 7}

hardware-imposed limits on the duty cycle.

;b° FID

upper limit lower limit

[0.99798583984375[0.05899755859375

FOC and Halls
—_—

[The FOC algorithm

feNeNeNeeNeNeNeNeNeNeN s+ NaNaNananens e ReReNeReN s NaNaNaNaNa} s ReReReNeNeN NeNeNeNeNe] s} +NeNeNeNeNeN NeNeNeNeNeN s} eNeNanenenen s e NN eReNeN e NaNaNaNanars s ReReReReR]

Field Oriented Control

[1. Wait for the midpoint of the PWM to sample current.

[2.Inputs from the 9502 should all be read in the same [Feommend sngier}
nedeto avoid any timing problems.
[Rnzbie Dves}-- 3>

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

l4. Using Clarke and Park algorithms convert the three Current Setpoint [ v
AC phase currents in the static frame of reference to |
two DC vectors, a parallel and perpendicular, in a D Tloop period [F2F
frame of reference that rotates with the rotor. Constants [2=1 Sampled Direct
=]
[5. Control the two DC currents. 9502 Scale Current Clarke Park r: PIFlux/Torque Loop Inv. Park ~ Space Vector Modulation
/6. Using I Parke and a modified Clarke and b |"E B2
. Using Inverse Parke and @ modified Clarke an & ModL/Phase U Carrent = i| o &
Space Vector Modulation algorithm, convert the S ModL Phase W carrent | | b sompled Quad
controlled voltages to PWMs on the three phases. 5 o e ampled Qua:
The NI9502 can output a maximumm 94% duty cycle. : Modl/Hall2 )
Mod1/Hal3 current gains [S5F
Current i
Sample current output range [Z=8 El

Sync

[Hall Sensors|

Power Electronics Concepts
e Fundamentals of power transistor gate drive circuits, used to supply the special control signals required to effectively switch on and off the gate

of power transistor components
Required Toolkits or Modules

e NI LabVIEW 2011 (ni.com/labview)

e NI LabVIEW FPGA Module 2011 (ni.com/fpga)

e NI SoftMotion Module 2011 1 (or higher) (ni.com/motion)

e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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DC Motor - Actual H Bridge with Gate Drive

1 2 3 4 5 [3 7 [ E] 10

_ Tav RAD_PER_SEC_TO_RPM 12v L
us IdealSpeed
T a]
B
uz u7 u4

12v %ﬁIHFQSSUNPBF F——-wm0 IRFS530NPBF @ 12v

— EECD 08
vi_ [ow aa S w
C | ~ a e uz
: = (M - E
B - (' x o — e |
: — us i
CurrentS
D IR2101PBF m urrentsensor © Rz101PBF
5
us us
— ﬁ%m;muzpw IRF3T1DZPBF€ i
E
r 51;, FOR SPEED SENSOR tav FOR MOSFET DRIVERS, MOSFETS, MOTOR
_|_ J_ c12 J_CHB J_C 4 _L J_ J— l J_ l J_ J_cw J_CH
— T _J_zzuF TZZpF T:1.7'm= 12V T 22pF EpF 22|.|F 47m= 47|.1F 47pF 4‘7pF _|_4.7|4F
& J_ J_ \asld—,47uF caps are pnsllinned close to the drive chips
= = the others are positioned close to the source terminal of the PMOS

B < [ 1 2

B84 »

-
§3 Brushed DC Motor Controller - Full Bridge Advanced w03.vi Block Diagram

File

Edit View Project Operate

]

Tools

Window Help

+|[15pt Application Font |~ |[To~

][5~ [l

*| Search

o Runge-Kutta 1 (Eulen) “}—p %=
At
Step Size (s) |00 E=

National Instruments

wvelocity setpoint (Counts/Interval)

Reset Enc
@

Polarity [TER

Simulate 40 MHz FPGA Clock
(5] M fruz -

The Polarity of the decoder
must be set to clockwise in
order to match the reference
chosen in the Multisim speed
encoder model.

Dead time (Ticks)

Mul

[The voltage signals sent

[te Multisim need to drive
the IRF2101 driver. According
lto it's detasheet the V_IH is
around 3V, Thave multiplied
these signals by 5 since that
is the voltage level generated

by the cRIO.

tisim Design

Encoder Signals

pag]

B
|

U1 and U2 are inverted
because they are actually
PMOS transistors in the
Multisim model.

Halt Sirmulation
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{3 Brushed DC Motor Controller - Full Bridge Advanced vO3.vi r
Eile Edit View Project Operate Teols Window Help
9| 1
Encoder Signals A | B !
6_
siilisin CIVCTUY Y LIV TV T TV T Y T T T TR T
AR annniaEnnannnn
0_ITI"'"""I'""""I"|ﬁ""''I""""'I""""'I"'"""I'""""I"|ﬁ""''I""""'I""'""I"'"""I""""'I"|ﬁ""''I""""'I"'I
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Time
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'+'| '\{"9| | Simulation Time
100,00 Speed Setpoint (C/T) 0N
Sten Si . . . . : . .
A ep Size (s) E_IIC|0C|I( Divider Reset Enc Simulation Tick Count  gains \'.reloaty setpoint (Counts/Interval) S Encoder Speed (C/I N
H1E-5 10 C = 1081360 Kp = = :
2 — 2 <[00 57577 | Actual Speed RPM) NG
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4 PWM Command
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4
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Ultiboard Layout (draft):

4F DC Motor - Actual H Bridge with Driver i)
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Brushless DC Motor with Hall Sensors (Trapezoidal Flux)

Co-Simulation Concepts
e Zero Crossing detection in LabVIEW Control Design & Simulation
o Enables a variable step solver to precisely capture the timing of digital (ON/OFF) event transitions.
e Dead-time insertion for preventing shoot through currents that could potentially damage power transistor switches if the upper and lower
switches are closed simultaneously
o The LabVIEW FPGA IP core in this example delays only the rising edge transitions, enabling the IGBTSs to be switched off without delay
while inserting a delay during switch turn on events.

Power Electronics Concepts
e Fundamentals of trapezoidal flux brushless DC motor control using a three-phase inverter, Hall Effect position sensors, and a basic 6-step
commutation algorithm (learn more)

Required Toolkits or Modules

e NI LabVIEW 2011 (ni.com/labview)

e NI LabVIEW FPGA Module 2011 (ni.com/fpga)

e NI SoftMotion Module 2011 f1 (or higher) (ni.com/motion)

e NI LabVIEW Control Design & Simulation Module 2011 (help files)

e NI Circuit Design Suite 12.0 Beta 0 (or higher)(ni.com/multisim)
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[ 43 Brushless DC Motor Controller - Hall Sensor 6-Phase Commutation v11.vi Block Diagram
File Edit View Project Operate Tools Window Help -
o & OIEI ! ‘L.u"ﬁ' . |lSptAppIicat\on Font |« ||§;.v i | |@bv ”b'é‘

|- Search
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Discrete SubVI Step|Size (s)
|IE ¥
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FDEL |

Deadtime (iterations)

Have to use a one-time step delay
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Simulation Results

e Note the significant torque ripple that occurs during commutation events. Can you explain why this occurs?
e Note the 1 kHz PWM frequency for the bus voltage control transistor. What would be the impact of executing the PWM generator at a faster or
slower rate? How does changing the DC link capacitor value affect the results?

r
m Brushlesz DC Motor Controller - Hall Sensor 6-Phase Commutation v11.vi
Eile Edit View Project Operate Tools Window Help
»
i Hall | uii
__FET Bridge BIICS 4 ) To change the desired speed of the motor adjust the value of the “Speed Set Point (rad/s)" control
Tl J 2 2.) To adjust the behavior of the controller adjust the PI controller coefficients (Kp & Ki).
f JF- _.i: 3.) To start simulation press the "Run” button on the toolbar.
V_ 3 A NOTE: If this is the first time the simulation is being run, it may take upwards of 30 seconds
= B (depending on the user machine) for simulation to start.
Ji'T? '.H 4 | .fk] 5 EXPECTED BEHAVIOR: If the PID controller coefficients are appopriately set, the Motor Speed will track
I ™ the Motor Set Speed.
s |
"/f - "_. 4.) To stop simulation press the "Halt?" button below. To abort simulation press the "Abort" button on
L FET Signals the toolbar.
\ S The "Hall Sensors" and "FETs" indicators indicate the value of the Hall sensors, and which transistors of the driving circuitry are
‘ turned on, respectively.
Direction
| Controller Halt? ‘High Frequency Cutoff [Hz] (Tf) =
r.
- 100
T > v FORWARD g“tﬁ’ CYC':
pes: - . omman
Point (rad - - - - - 19.97 =
| . ;om (rad/s) ; 5 500- 180 1 | |[ @ speed = N =
o o 4-  450-  160- o -09 20.00 Set Point l_/\ o
PID gains : : . e - 400- 140- 08 |—|°-“5 Torque |_/\/ o
e | .- 5 o 07 o ||16771 DC Link Voltage [~ o
,"]500 E‘ 125 s 300~ *E‘ 100~ -06 % 1.00 Bus Control Gate |
Integral Gai =10-3 1-&250- & 80+ -05 2 60—
o egral Gain (Ki) 7 lg %— 1 : 250 g a0 'v R 05 g 5445 Supply Current ’K
£l -g 200-3 60— -04 & . 50-
T [~ [=] U - -
[ 3
Derivative Gain (Kd) 6-+ 150- 40 [ 03 B
i 4- - 40-
W 3o 100- 20~ -0.2 20-
Discrete SubVI Step Size (5) 0- -2- 50- 0-l= 01
; 20-
Sies D E T S FR———— ) NI
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]
| e ee— T T T— .
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Suggested Exercises

e Try adding a 120 VAC supply and 2-phase, full bridge diode rectifier circuit to produce the DC link voltage, as shown below. How does this
affect the response of the system?

[ 0 I 1 | 2 3 4 5 § 7 B
A XCP1 |_Supply F
V_DCLINK
—® §
iSQ 510 si S2 s2 S4 s3 S6
B V1 A H [} - [% = [} M1
o =
@ ==100pF A I,
— S11 w
120 Vrms 812 B shaf
A eHz 4 RC1 D T
0& 10 o e 4|:|
C Theta|l—
oo [
st s4 3  s5 S5 s6 S7 cos 0T M
— | Bus_Control D—“;} D—“;} D—{E} T T
—
D
L A
_ B U
c O
0 o
4 | I | 3
| Brushless DC Motor with Hall Sensors and 2ph RectiﬁerJ 254 ¢

o Hint: You can find the basic power diode component in Multisim by right-clicking on a blank area of the schematic, selecting Place
Component... and navigating to Group: Power, Family: Switches.
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-
Select a Component

Database: Companent: Symbal (AMNSI) ok
Master Datab DIODE T

[ aster Database v] Close
— 3 Search...
i Power v] GTO

Family: SCR Detail report
Bl <21 famities> TRANSISTOR ) View model

TRAMSISTOR_DIODE

JTin
> POWER_CONTROLLERS TRIAC Help

4 SWITCHES

{E, SWITCHING_CONTROLLER
{E, BASSO_SMPS_CORE

¥] BASSO_SMPS_AUXILIARY

N VOLTAGE_REFERENCE

‘53 VOLTAGE_REGULATOR
ZE VOLTAGE_SUPPRESSOR
o8 | ED_DRIVER

il

i LELAY_DRIVER

a0 FIJSE
Fi MISCPOWER Footprint manufacturer ftype:

/IR

Function:
Simplified diode for system simulation o

Model manufacturerID;
Mational Instruments / DIODE _IDEAL

Hyperlink:

Components: & Searching: Filter: off
L A

e Explore the Electromechanical component library and help documentation in Multisim (shown below). Can you figure out how to operate
the BLDC as a generator by applying an external torque that you control in LabVIEW? What happens to the DC link voltage?
o Try adding a contactor relay and power resistor to dump the extra power to ground when the DC link voltage exceeds a
programmable threshold.
o Advanced: Try adding an additional 3-leg inverter circuit to convert the DC link voltage to 3-phase AC power for the grid. You now
have a bidirectional inverter, also known as an active front end for the motor, that enables you to put regenerative braking power
onto the grid. Can you demonstrate proper control of your motor/generator in all four quadrants of operation?
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p
Select a Component

Database:

[Master Database

)

Group:

"'ﬁl‘ Electro_Mechanical

4

Family:

Bl <21 Fomiies >

S MACHINES

»L, MOTION_CONTROLLERS

& SENSORS

0 MECHANICAL_LOADS

T TIMED_CONTACTS

HF COILS_RELAYS

<= SUPPLEMENTARY_SWITCHES
- PROTECTION_DEVICES

Component:

STEPPER_MOTOR,_2PHASE_2WINDING (=]

BRUSHLESS_DC_MACHINE
BRUSHLESS_DC_MACHINE_HALL
DC_MACHINE_PERMANENT_MAGNET

DC_MACHINE _WOUND_FIELD
INDUCTION_MACHINE _SQUIRREL_CAGE
INDUCTION_MACHINE _SQUIRREL_CAGE_E
INDUCTION_MACHINE _WOUND
INDUCTION_MACHINE _WOUND_E
STEPPER_MOTOR_ZPHASE
SYNCHRONGUS_MACHINE_PERMANENT_MAGNET
SYNCHRONGUS_MACHINE_PERMANENT_MAGNET_E
SYNCHRONGUS_MACHINE_PERMANENT_MAGMNET_HALL

Symbol (ANSI) o

Clo
Search...

]
]
e -

Detail report

Help

Function:

2 Phase, 2 Winding Permanent Magnet Stepper Motor. It can be -
connected in Bipolar or Unipalar configuration. In the simulation

settings, set the initial conditions to either "Set to zero™ or "User-
defined”,

Model manufacturer fiD:
National Instruments / §

Footprint manufacturer ftype:

Hyperlink:

Components: 13

Searching:

Filter: off
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2 Multisim
& B
Print  Options

Hide Locate Back
Machine Modeling

Cortents | Index | Search | Favorites
i The following depicts the important elements inside of an arbitrary machine model under test.

Relay Driver
@ Misc. Components
@ RF Componerts
= ':Q Electromechanical Components
= () Machines
esigning in the Mechanical Domain
oordinate Transformers
= ([} Brushless DC Machine
Brushless DC Machine Hall
IC Machine Permanert Magnet
C Machine Wound Field
=] ':Q Induction Machine Squirel Cage

@ Induction MachineSquirel Cage E
= [[J) Induction Machine Wound
Induction Machine Wound E
tepper Motor Two Phase
@ Stepper Motor Two Phase Two Windi
= @ Synchronous Machine Permanent Mar
2] Synchronous Maching Permanent
Synchronous Machine Permanent

= (] Sensors
[3) Incremental Encoder
Resolver
= () Motion Controllers
Six Step Decoder
BC to D@ and DQ to ABC Converters
@ Angle Wrap

= () Unit Converters
Rad per Sec to RPM Converter

RPMto Rad per Sec Converter
Radians to Degrees Converter

ppers
Stepper Examples

Stepper Fullstep Two Phase
Stepper Halfstep Two Phase
Stepper Wave Two Phase

= ([} Mechanical Loads

Sensing Switches
@ Supplemertary Contacis
Line Transformer

Coils. Relays

Timed Contacts

Qwad

Electromechanical process .

m

[7] Protection Devices
| 3

]
Machine electrical system
Machine mechanical system
External i
. Machine External
Electrical .
Mechanical
system
system
The pin coming out of the machine into the mechanical system represents the machine rotor or shaft. By definition, the voltage

on this pin represents the angular speed of the rotor. The torque consumed or produced by any element is measured as the

current through that element.
The machine’s electrical system configuration is a dependent on the machine type and the level of detailed that is captured by
the model. The specifics ofthe electrical system are documented under the specific machine documentation. What is crifical to
understand is that, through the electromechanical process (which is dictated by Faraday's laws of induction), the electrical

system state is dependent on the mechanical system state. For example, for a simple DC motor model, the faster the shaft

spins the larger the back-EMF voltage that counteracts the induced curent in the windings. Another example is an induction

mator, where the effective inductances are a function of the rotor position.
Similarly, the mechanical system state is dependent on the electrical system state. However, unlike the electrical system

ronfinuratinn tha marhanical cvetam canfinuratinn ic nat danandant an tha marchina tuna Itic ahaave ranracantad ac chawn in

Add HB/SC connectors for the motor back EMF signals Ea, Eb and Ec. Chart the hall sensor signals together with the back EMF signals. Can

you explain the relationship?
Hint: Compare the following:
= Hall AtoEa-Ec
= Hall_BtoEb-Ea
= Hall CtoEc-Eb
In Multisim, double click the trapezoidal back EMF brushless DC machine component (BRUSHLESS_DC_MACHINE_HALL) and write down the

(0]

[ ]
parameters. Next, right-click and replace with a permanent magnet synchronous machine
(SYNCHRONOUS_MACHINE_PERMANENT_MAGNET_HALL) and enter the same parameters where applicable.
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o Does your LabVIEW control system still work?
o How does performance and back EMF signals of the PMSM compare to the BLDC machine?

f BRUSHLESS_DC_MACHINE_HALL ﬂ1 f SYNCHRONCUS_MACHINE_PERMAMNENT_MAGNET_HALL M-‘
| Label I Display | Value |Fault I Pins I Variant I User ﬁeldsl | Label I Display | Value |Fault I Fins I Variant I User ﬁelds|
Stator inductance: H = d-ands inductance: W H =
Stator resistance: ,[]57 Q z q-axis inductance: W H :
speed constant (Vs/rad): [o1 Stator resistance: [0 @ =
Torgue constant (Mm/A): 0.03 Magnet flux (Wh): ’027

Number of pole pairs: ’27 Number of pole pairs: ’;_7
Shaft inertia (kg-m2): W Shaft inertia (kg m2): W
Shaft friction (Nms/frad): 0.0z Shaft friction (Mms/rad): 0.0z

Initial angular speed (rad/s): ,07 Initial angular speed (rad/s): ,07
Initial angle (rad): [0 Initial angle (rad): [0

[ ok || cancel | [ Heb !:E | Replace | ok | [ cancel | [ Hep !:E
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6-Step BLDC Commutation IP Core:

s
ﬂ 6-5tep BLDC Commutation (FPGA).vi Front Panel

Eile Edit View Project Operate Tools Window Help
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3 6-Step BLDC Commutation (FPGA).vi Block Diagram E=EE
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Rising Edge Delay Deadtime Insertion IP Core:

f g el ] B e |
{3 Rising edge delay (FPGA).vi Front Panel = |5

File Edit View Project Operate Tools Window Help

Bz
<> 42| (D) 11 || 15pt Application Font |« |||« |

(03 g dge cely (PO viBockDisgem | olo e

File Edit Yiew Project Operate Tools Window Help o]
! 2= On [wa[@* 2 [15pt Application Font |~ |[§o o~ | |60~ a4 [P
Input
e [
............................... [E Last Input
|Is there a rising edge?|
0] Output
. . 1" &  LE)M
Deadtime (iterations Counter E
@_% )i [¥as ]| i
I |1'I‘Counterb= |
On a rising edge, set the counter to the delay
on each iteration thereafter decrement counter but continue to output false

when counter = 0 go back to the regular cutput

-
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Advanced PID (Parallel) simulation subsystem:

File Edit View Project Operate Tools Window Help
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v| Search
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p
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Invitation: Please Join the National Instruments Circuit Design Community!

National Instruments would like to strongly encourage you to enhance these samples, develop new and innovative power electronics control blocks for
LabVIEW FPGA and develop more advanced power electronics simulation in Multisim. When you do, please and share your work online with other
members of the power electronics developer community via the NI Circuit Design Community website.

@c 3 p: National Instrur : sign Community - Mozilla Firefox »

c=arc! g
File Edit View History Bookmarks Tools Help

A S T ——
[ icopmieiacioim tiions st [P_-s._‘ - .

s | B[ vy ||| %|| ¥ https P\

‘decibel.ni.com/content/groups/circui -|e|[29-
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S| Help

Home > Community > National Instruments Circuit Design Community

@ National Instruments Circuit Design Community

#¥ Members (20)

Overview

\-csnarevi[i\l\ I

Join the Community! Actions

1. Under Community, Login to
your NI profile. Ifyou do not
already have one, click Register

2. Inthe Actions box on the right
select Join Group

Recently Joined

W,

Lexiconz
Joined Sep 6, 2011

Joined Sep 6, 2011
Recent Blog Posts

'S

FromMars
Joined Aug 24, 2011

Be pe

Posted by MahtabZ Aug 11, 2011
View all members

almost anything about the environment you're working in.

Configure your Workspace in Multisim in National Instruments Circuit Design Community

Welcome to the NI Circuit Design Community - a community and blog for NI
Nultisim users. This community is a forum for engineers, educators and students
to share custom components, models and footprints, and collaborate with fellow
circuit designers around the world. Join the group to get automatic updates from
our circuit design blog.

Owned by:

GarretF

FernandoD

nestor

Bhavesh-NIEWB

Tags: simulation, multisim, circu, electronics, ultiboard, blog, design, ni,
patiems, spice, workbench, prototype, pcb, components, models, footprints, land
Created: Feb 9, 2009

Group Type: Members Only

20

Did you know that you can change the look and feel of your Multisim workspace? Mullisim is highly customizable, and allows you to change

Since this group is members only,
you mustfirst join before posting.

© Join this group

Notifications
(£ Receive email notifications
B Group feeds

Follow us

Hutisim
Multisim
@ Multisim Did you know that yo
can change the look and feel
of your Multisim workspace?
Watch these videos to leam
how! http/1 co/6Weuhlaht
57 cays sgo - reply - retuest - avort

Multisim This weeKs blog
post will teach you how to ad¢
3D Information to parts in
Ultiboard: hitp:/it co/12iN6s3

&

To get you thinking, here are some suggested areas for innovation.

Multisim Simulation Components

e Enhanced transistor models for high voltage, high current IGBTSs, IGCTs, and other power transistors
o Models that capture power transistor behavior at breakdown, in high frequency operation, or to failure
o Models that capture dynamic thermal behavior
o Models that estimate component wear-and-tear and lifetime
e Models for energy storage and conversion devices such as lithium ion batteries, lead acid batteries and fuel cells
[ ]

Renewable energy systems such as wind turbines, photovoltaic solar arrays, etc.
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e Enhanced models for three-phase transformers

e Models for substation power gear

e Models for smart grid systems and components

e Enhanced models for power transmission and distribution lines
e Models for switched reluctance motors

e Hybrid and plug-in electric vehicles

e Magnetic levitation systems

e Linear actuator models

e Your idea here!

LabVIEW FPGA IP Cores

e Control algorithms designed to be compliant with grid-tied electrical power standards such as IEEE 1547 (Standard for Interconnecting
Distributed Resources with Electric Power Systems) and UL 1741 (Inverters, Converters, Controllers and Interconnection System Equipment for
Use With Distributed Energy Resources)

e  Multilevel inverter control algorithms

e Control algorithms that enhance energy efficiency

e Control algorithms that reduce harmonic noise

e Control algorithms that extend IGBT lifetimes by minimizing thermal cycling

e Direct torque control algorithms

e Sensorless control algorithms

e Optimal and adaptive control algorithms

e Your idea here!

Training Material, Samples, Examples and Proof of Concept Demonstration

e Professional or academic training content and curriculum

e Experimental comparisons between simulation results and experimental data

e Samples that demonstrate coupled plant model dynamics on both the LabVIEW and Multisim sides showing the benefits of coordinated variable
timestep solvers

e Samples that demonstrate control algorithms on both the LabVIEW and Multisim sides

e Examples of model refinement, parameter estimation or system identification using physical test data

e Design optimization examples- tweak both circuit and control design parameters simultaneously to produce an optimal system design

e Autotuning PID examples
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e  Buck-boost converter samples
e Your idea here!

Improve this Guide!

e What questions did you have when using the tools that aren’t covered in this guide? Did you find a mistake? Do you have ideas for improving
and extending it? Please share your comments and suggestions to help us improve it for future readers.

e |Interested in editing or adding to this guide? For an editable copy of this document in Microsoft Word format, please email NI Clean Energy
Product Manager, Brian.MacCleery@ni.com, or call him at 512-683-8759.

On behalf of NI, thank you for being a co-simulation beta tester and helping us improve the graphical system design tool chain for power electronics!
Don't hesitate to drop us a line and share your thoughts.

Best Regards,
Brian MacCleery

brian.maccleery@ni.com | Principal Product Manager for Clean Energy Technology | National Instruments | 512.683.8759 |
http://www.ni.com/greenengineering | http://www.ni.com/smartgridwebcastseries

Learn about the NI Green Engineering Grant Program

Green Engineering Gran

Find out more and apply at ni.com/greengrant

National Instruments Page | 121


mailto:Brian.MacCleery@ni.com
mailto:brian.maccleery@ni.com
http://www.ni.com/greengrant
http://www.ni.com/niweek/summit_energy.htm

