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IntroductionIntroduction
MethodologyMethodologyMethodologyMethodology

Aiming at speeding up off-line
simulations as much as possiblesimulations as much as possible,

The models we build in SimulinkSimulink are almost
exclusively based on SS--functionfunction blocks programmed
i CC l (C MEX)in CC language (C-MEX).

Concerning powerpower convertersconverters,, wewe usedused toto
regard them as idealideal, or
represent them in simplified form through approximateapproximate
modelsmodels considering mean values.

Those approximationsapproximations may be applicableapplicable toto power
t d d i fi ld i t d t lconverters commanded via field oriented control

(FOCFOC).

Algorithms such as DPCDPC oror firstfirst--orderorder sliding mode
control (11 SMCSMC) demanddemand the use of modelsmodelscontrol (11--SMCSMC) demanddemand the use of modelsmodels
consideringconsidering the commutationscommutations of the power
converter’s transistors.
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IntroductionIntroduction
MotivationMotivationMotivationMotivation

When incorporating converter models
ti th t tirepresenting those commutations,

The execution of pure off-line simulations slowsslows downdown
considerably.

DueDue,, aboveabove allall,, to latencylatency and ‘‘jitterjitter’’ phenomenaphenomena,
simulation resultsresults are not reliable any more and maysimulation resultsresults are not reliable any more, and may
even become manifestly incorrectincorrect..

It is therefore necessary to have a trustworthytrustworthy tooltool
available, which allows not only facing the analysis
and design tasks with confidenceconfidence, but also speedspeeding
upup simulationssimulations..
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (I)(I)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (I)(I)
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (II)(II)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (II)(II)

C T S T R T S vraCONTROL SYSTEM ROTOR-SIDE ra vrb

vrc

1-SMC
(UTKIN) CONVERTER

11, ss
22  , ss
33  , ss

rr θω ˆ,ˆ Ps ref
cosφ

MRAS
OBSERVER v AND i DFIG

cosφ

Real-Time 2010                                                                            Paris, 27–30 June 2010

SENSORS



RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (III)(III)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (III)(III)

For a detaileddetailed descriptiondescription of the control algorithmFor a detaileddetailed descriptiondescription of the control algorithm
itself, please, refer to:

A. Susperregui, G. Tapia, I. Zubia, and J. X. Ostolaza,
“Sliding-mode control of doubly-fed generator for
optimum power curve tracking,” IET Electronics
Letters, vol. 46, no. 2, pp. 126–127, January 2010.
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (IV)(IV)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (IV)(IV)

It consists of 33 subsystemssubsystems, programmed in CC via 3It consists of 33 subsystemssubsystems, programmed in CC via 3
SS--functionsfunctions, each of which is run on a different CPU:

Doubly-fed induction generator (DFIGDFIG); continuouscontinuous
Sliding-mode controllercontroller; digitaldigital; ff = 4040 kHzkHzSliding-mode controllercontroller; digitaldigital; ffss = 4040 kHzkHz
Position and speed observerobserver; digitaldigital; ffss = 11 kHzkHz

FixedFixed integration step; 2525 μμssμμ

Mode: singlesingle--tasktask

Integration method: odeode55 (Dormand-Prince)g ( )
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (V)(V)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (V)(V)
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (VI)(VI)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (VI)(VI)
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (VII)(VII)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (VII)(VII)

Event Time Event instant (s)

Order of connection to the grid;                
f hstart of synchronization process; 

initial convergence of the observer
0,474

End of synchronization process; 1 474y p
connection to the grid 1,474

Start of power generation 1,974

Sudden increase of                   
wind speed 7

Sudden decrease of                  12Sudden decrease of                  
wind speed 12
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (VIII)(VIII)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (VIII)(VIII)
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (IX)(IX)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (IX)(IX)
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (X)(X)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (X)(X)
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RealReal--time time simulationsimulation case: case: 
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (XI)(XI)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (XI)(XI)
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RealReal--time time simulationsimulation case:  case:  
SensorlessSensorless 11--SMCSMC of a of a DFIGDFIG (and XII)(and XII)SensorlessSensorless 11 SMCSMC of a of a DFIGDFIG (and XII)(and XII)
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NextNext stepstep: : ImplementationImplementation of of 11--SMCSMC
onon FPGA FPGA forfor HIL HIL emulationemulation (I)(I)onon FPGA FPGA forfor HIL HIL emulationemulation (I)(I)

Given that the 11--SMCSMC algorithm operatesoperates atat aGiven that the 11 SMCSMC algorithm operatesoperates atat a
particularly high sample rate of 4040 kHzkHz, a FPGAFPGA might be
considered as a naturalnatural meansmeans toto implementimplement itit if a final
product to be adopted by industry was required.product to be adopted by industry was required.

Currently, the authors of this presentation and engineers
from Opal-RT collaborate in the XSGXSG--basedbased realizationrealization ofof
the entire 11--SMCSMC algorithm onon aa Virtex-II Pro series FPGAFPGA by
Xilinx embeddedembedded inin the eMEGAsimeMEGAsim platform.

The objective consists in performing HILHIL emulationemulation byThe objective consists in performing HILHIL emulationemulation by
replacing the 1-SMC algorithm running on a CPU by that
programmed in the FPGA.

Real-Time 2010                                                                            Paris, 27–30 June 2010



NextNext stepstep: : ImplementationImplementation of of 11--SMCSMC
onon FPGA FPGA forfor HIL HIL emulationemulation (and II)(and II)onon FPGA FPGA forfor HIL HIL emulationemulation (and II)(and II)

Documentation provided to Opal-RT
for training course preparation:for training course preparation:

ListList ofof parametersparameters andand constantsconstants of the 1-SMC
algorithmalgorithm

ListList ofof inputsinputs to andand outputsoutputs from the algorithm,
specifying their sample rates and which of them are
external to the eMEGAsim platformexternal to the eMEGAsim platform

ListList ofof allall the input, output and intermediate
variablesvariables included inin thethe algorithmalgorithm, together with
th i g f i ti d fi d i t f ttheir range of variation and fixed-point format

Full-detail pseudopseudo--codecode of the 1-SMC algorithm
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OriginalOriginal SimulinkSimulink modelmodel with the 1-SMC programmed
as a C-MEX S-function running on a CPU of eMEGAsim



Final Final considerationsconsiderations
ConclusionsConclusionsConclusionsConclusions

We believe that thethe trainingtraining coursecourse arranged by Opal-RTWe believe that thethe trainingtraining coursecourse arranged by Opal RT
onon thethe particular XSGXSG implementationimplementation ofof thethe 11--SMCSMC
algorithm

willwill definitively bebe a valuable help for uswillwill definitively bebe a valuable help for us,
as well as aa shuttleshuttle forfor implementationsimplementations ofof otherother controlcontrol
algorithmsalgorithms we may synthesize in the future.

Through XSG implementation of the proposed 11--SMCSMC, it
would be proved that it isis not just a theoretical
conception of difficult materialization, but aa practicalpractical
l i hl i h hh ldld bb i d i lli d i ll i l di l dalgorithmalgorithm thatthat couldcould bebe industriallyindustrially implementedimplemented onon a

commercially available FPGAFPGA.
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Final considerationsFinal considerations
Future workFuture workFuture workFuture work

OnceOnce thethe 11--SMCSMC algorithmalgorithm implementedimplemented onon thethe FPGAFPGA isisOnceOnce thethe 11 SMCSMC algorithmalgorithm implementedimplemented onon thethe FPGAFPGA isis
validatedvalidated throughthrough HILHIL emulationemulation, it is planned to test,
via rapidrapid controlcontrol prototypingprototyping, the global control system
consisting ofconsisting of

a 1-SMC algorithm programmed on the FPGA embedded in
eMEGAsim, and
a MRAS observer, implemented as a C-MEX S-functiona MRAS observer, implemented as a C MEX S function
running on a CPU,

onon aa 77--kWkW lab-scale DFIGDFIG testtest benchbench.
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