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ABSTRACT

This thesis presents the control and simulation of the Matrix Converter power
conversion system in a wind turbine generation system to produce electricity. The
purpose is to test the power conversion efficiency at different speeds. It consists of an
input circuit, switching power circuit of a power conversion system, control circuit,
switching power circuit of a power conversion system and output circuit. This thesis will
focus on controlling the opening and closing of bidirectional switching circuits, consisting
of nine switches, which is the core of the Matrix Converter power conversion system by
using MATLAB & Simulink programs to test the system's operation and using a simulation
of switching control with an FPGA control board to demonstrate the feasibility and

efficiency of the system before testing it in the real system.
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AuvesszuuisiuaunannsrualninvuInfiae 300 Ta6 Thidunseiu 380 Tad uasdymie

ANUDNINTIY 50 L8R

1.4 Uszleaifinnninazlésu

1) awnsavnisandupeulunisulamdnuliiiivensasaeunesmouuuiiiing
wammdenulnia 2 fumeu Ao wasnlniihnssuaaduludulniinssuanseuas
wasanluiinsruanseluldulninssuaaduldimd oot uneuiion Ao wlas
nasun i nszuaaduluidulnihnssuaadulaenss

2) aunsnansiuruguniiadndidsildvimihiidadelusasaeunofinesuuuinili
anas Jadunsuszndadunuvesaunsaias

3) nwrlunsussendliuazysannsanuidildizousnduiunslagsemis

4) @u150UNaNUT lUARUN LN LS L9

1.5 YUABUNITANE

1) ANwsEuUMsHUaINgaay el lanann1sveInIswlaIndsuniiun

'
a 6 a

2) Anwainddeuazgunsaiiild WlevinismuaunszuauaziseiuluszuUnTuUa
WA

3) Anwismslusunsuuesdanuan FPGA tlevinsmuaunsaliatueszuunsulas
NHIY

a4) UszNoulATIEI LaENAARUIEUUNSTN U TEUY
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1.6 s19az08nvaIUsuuINUS
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N HATNANNIT

a & a do
2.1 BanNaUndnIag
a & a & 0o w . 6 v =
dudnnsetindnds (Power Electronics) L un1sussgnaldinalulad avugluaivn
IngrmaniuarlmnssumansniiunisaIvaukazIgnasu i lugliuuivangauni
AUFBIN5VBITEULMS pgUnsalludnvuefidaennd oaiussuunsiauLasUssansandg
a «

aoans lneldgunsalBidnnseiinddmandidnvsedindlednaine (Solid-State) lun1sviauuas

mueudgaadninluguiuuresdiannsetind

2.1.1 gunsallydnann
ladnainn (Solid-State) Ao gunsaldidnnsedndfildngquiuazinaluladves
yasudedmanansising (Semiconducton) liud wesuniew (Ge) wazddnou (S idudu 3
ansfainhanunsautsesnduaessinudn fe a1sfeiatisidndy (N-Type) wazaisieiah
iladt (P-Type) Usznauilulaseadresesseamau (P - N Junction) fudruddnlunisvie
vosgunsaidiannsednd
nadaunsallednamaiivainraieydalasunne1enunuingUssasfvaanisideu

& @

luntiaznanisiesngugunsalninisldludSyayiinug dadl

2.1.1.1 lalon

lalon (Diode) 1 ugUnsnididnnsedndviandssznoudasansia fo
202N A (Anode) wagd1au K (Cathode) #aguil 2.1 nlendiaaautai ugrulunisunlii
fimnadeuingu Aeseulinszudliinlnariuldlufiamadenninds A lumda K uaglaipesls
nszualniilvaninds K lusia A Bmansedulilalenvhaiuasiieniinislusea (Bias) léun
n15lluueanss (Forward Bias) lnenszualiinagluanulalonls waznisliluneanau
(Reverse Bias) agvilinszualnfinluanulalenlyls annaaauddinandafeuilaleaunly
dudmvauiianienisivavesdszgluivilinszualnilvaluluiiemadesdusaziduds

Joafunseualranduiemiamu



Anode Catode

Vi

v

UM 2.1 dydnuailalen
2.1.1.2 lalaalaquas
laloatUasuas (Light Emitting Diode : LED) Wugunsaiiannselindvila
nilsftanunsadwaniofinszualnilvanuluiianienisluneanss lnguasgnasnaninnis
o 1% - I~ A a a % 1 (%
MeuvedlaseEsesegnefitou (nMsnasuivesdianasen) Tunisulasmasnulnindunasau

et FaUsInaveiasanusaauatlalnen susuklasUSunamesnsendliinnluani

Anode  fg  Catode

N
L~

sUN 2.2 dyanuallalenaduas

2.1.1.3 ffunu

v v 4 < fa & A & a ~ Ay |

Aafun (Resistor) luaunsaddidnnselindyianilandnunmslvaniuves
nszuabiivinlvinszualuiignirdnvsegnanveuasdelvaniugunsal 1TenitAnuduniuy
(Resistance) @1A11uA U IUTANFUNUS s anszuawazussauluasininiunguesley
(Ohm's Law) dundnnisiugiulusasliiszyin ussdulwitilunadwsvesnszualniiilva
NUANAIUNIY NaTABAMUAUUE g uliiinvzdidas uddimnusumuiiaie
wsssulninfazdidnn Tuvasifedunszualiidunadnsvesusadulnihseninetivesisas

LAZAINUATUNIY LIDAUAIUNIULINALY AN TLLAANAILINLAZLI DANUAUNI UL D8 AZYIN LA

' '
(Y v o a

nszuauin lagArnuiunazluegiuianaisneiidmgnldludiiiiumuiiu anunsadiuiu

AIAIUATUNIUT A BINT5TIAAINNYVOILONUT T2UYTIRIAMUAIUNIY AB BRIIAIUTENI

)

1 &

ussrulniuasUsunanseualiianlwaniu dwdadulevin Fyanval : Q)

AN5LADN AR UM UTUDE AUSNWAUL NS LTI ULALANUADINITLRNIEVDY

Y

A | 1% Y 1 v v a ! a . . o v a
PNRP) IUHimWLL‘UQWWNﬂqiisﬁﬂqu lﬂLLﬂ AN TIUNIUTUAAIAIN (Fixed Resistor) AIAIUNIUTUA

Y

wWasuAle (Variable Resistor) fsumiusiausuusaails (Adjustable Resistor) fagnumiu

wilauusAld (Tapped Resistor) wagfduyusiiaiivae (Special Resistor)
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1Y L3

UM 2.3 dydnuwaliiuniuriininai

UM

JUN 2.4 dydnvaliiunmuriiaaeuele

— AW
U 4

JUN 2.5 dydnwalidumugiinuTuwsiaenle

WWQ

JUN 2.6 dydnvalidunmusliauusila

2.1.1.4 1995U5UTEAULTIAY
2493U5UTEAULTIAY (Clamp Circuit) {N99TAignoanuuuNLiaAIuAY
uazsnwszavvsdyaralilafuniosniveuwainnuald @9 Clamp Circuit Gealdlunis

UTUTZAULTIAU (Voltage) n3aUsuszAUNIZILA (Current) vasd iyl N1591197U09 Clamp

[
a1 Y

Circuit ilidgyaaiiruduliasnsaiuszauiinuuald uenainid Clamp Circuit @1unsald

Winanvsannund RN v5 95EAUNADINIT LA

A7}

2.1.1.5 Insulated Gate Bipolar Transistor
Insulated Gate Bipolar Transistor (IGBT) Lﬂuqﬁﬂﬁaﬁﬁﬂmaﬁﬂﬁ%ﬁﬂwﬁﬂ
Aldlunsauaumslinavesnszudlniii Tag IGBT WugunsaiivuanaudRvemsudanesaos
UszLAv A® Bipolar Junction Transistor (BJT) way Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET) snsaudvlugunsaliden ielilauszaniainuazanmiadosgslunis
i adisufunsudamesuiaseiaildifissegraier Inglduseloriannisdaaiy

'
a v A

Aunudunawazaslunsaindiigeues MOSFET SauduAwssiudusiiiawes BIT ane



ns1udamesuuulmififinszuanuaud Collector-Emitter geuaznszuanldlunisdy Gate i1
nalédn IGBT Wugunsaignesnuuusnunudinisld MOSFET waz BJT Tunuiidesmsaiuny
nsluavesnseualififdussiuuasnssuags Snits IGBT defimnuanunsalunisfuanuives
nsaindiireudiegelddndae Tnslassatisnes IGBT davmn 3 v1udn éuA 91 Collector(©)
THlumsinszualiiizlugigunsalidesnisangln w1 Emitter(®) Mlunmainssudlninduan
wazn Gate(G) Wlunsmununisilauazdaves IGBT faguil 2.7

IGBT agvhamiiefimsteudyaudion Gate FadnTnaussfuuinsenina
Gate AU Emitter az1dunisdansler IGBT viharu luhueaifisadudndnsussiuaudaiion

Gate ag¥il IGBT Uan1syineny

E

Ul 2.7 dydnwal IGBT

gunsaiadndldlussuvaliolmifivangUssinnuasiivihilumsuuamdsauliineged
Uszansnwlimngaufunumunuiideins Tnesniugunsaladinditldasiainilunisudas
wasulnianlihnssuaadudulninszuanseionisulasnnasaulninszuansadu
Iwlnsguaady 1w IGBT wio MOSFET ilesfeidugunsaliifianuanunsalunisdouazia

nsluavesnszualiiilaegesiaiiinaziianuiiuegi

2.1.2 n1siuasszuulnii

sruunsulamasnulniianunsaduuna L yia U B uNALAZLD I NATBINA I
T TowA

2.1.2.1 AC to DC 2995L389N TS 1ba
199915389ne0a (Rectifier) Wuwrsasildlunisudastniinszuaaduduladia
nsewansalaglalalonunid wlul999 S 89N ERALUUAS IPAUNI 01T AloAragf U991 89

NSERALUULANARAY YiIvinldsunseualwilmduiemiamen



2.1.2.2 DC to AC 24353UL1031003
29958u05Wes (Inverter) Wwasasildlunmsudasiwinszuansudulnih
nszwaadu lngldnuantfvesgunsaidiannseind wu laleansansiudawmesiiioasnegy

maulwinszuaadu GalninnssuagduiesnunaiunsanivauszaukssuliiwasAudved

Ildinle

2.1.2.3 DC-DC 2933%0uilas
1935%0ULUB3 (Chopper) 10119357 L lun1sudasliinszuansed i
wssiulihamdaluiduussnulniinszsuansBnamidandenis Tneasuszneulsegunsel

ddnnselindedvaindiUauazUalusousng 9 iemuaumsinavesiiinszuanssiiduiais

sUARULIWUKAEANNTLUAEULUAIlARLALABINTS

2.1.2.4 AC-AC 293AUANUIIA
muvadlrinszuaaduilulihnszuaadulddviunisudasgunauluin

nszuaaduninsesulniauisluiduusesulniiinsesiaadudnamienidaanis

Tnelunsujufszuuulamdsnuesssuudidnnsedndidaiildnanludriuenaay
vhauudamdanulifinguiuld degrwesssuudunadaiuauilinisuvamdaanuli
nszuaadulumsmunuuaziausstunmivesluli welvimnzauiunsldauvieniuau
guUNTalANg 9 AUAIINABINTT LA

1) Back-to-Back PWM Converter

FEUUMIUUBINANIULUY Back-to-Back PWM Converter LU auUaands1uuuy
back-to-back wiatawzdiliinafianisusuanuneiad (PWM) emuaunisiua
YomdanusEnineaesszuy Aaunesiaes PWM Hainddemnuigaiielildussiu
inpndenszualiindisesnislasnisuiuauniisvesiadlusuadu Tngiald
Usznousesasnouesines 2aasidienlsans DC uagdunedines szuumsuvas

NAIUBUU Back-to-Back PWM Converter LLaméTﬂgiJﬁl 2.8



Thee-level PWM Converter Thee-level PWM Inverter
Inp Inp
> >
S1 s2 S3 S13 S14 S15
+
1 l I e 1 l \L
. 2
S4 [ S5 3 S6 [ S16 [ S17 [ S18 z
R Inp Inp U
> >
S v
T w
7 o8 b s19 520 s21
+
Vpc
1 l \L - 2 1 l l

$22 $23 S24

) SRS | 3
JUN 2.8 2993830 97990938UUNSUURINE 1MUY Back-to-Back PWM Converter

2) Boost Converter
s3UUNMSLUAINE19IUUUY Boost Converter Tngvialuuszneuiigiasnsasvey
o4 299513BensruauuUIad 2995yad wazduniedines 1Sunsiausienis
muAuustuLazanud veslwilagldnsainddulalianisangl dendunis
wlasliinssuaaduidulnihnszuansslagldieasifeanszuawuuuingd waeain
waadulwihnszuansaudiazidngraasyadifinssduvedliiinssuansaie i
UszAns nnlussuundseuneuudandulifinssuaaduinaialnelidunedines

TLUUNSUUAINEILLUY Boost Converter Wandnaguil 2.9



3)

S1

S2

S3

S5

S6

O| |+
|

S1

=>

i

D1

10

JUN 2.9 299383n9%998938UUNSHUAINE 9 TLIUY Boost Converter

Back-to-Back Converter

SEUUNSHUAINEIIUBUU Back to Back Converter nanaliusenaunieidasises

NITHALUUUIAY 295 Wouleene DC wagdunasimes tnenlwihnssuaadugnudas

Wulinszuanssienaasiseenssuanuuuiasuazvasanuiaadulniinssuanss

waandsuazgniulneesfenlemne DC antuazudasduluihnszuaadudn

ASAslTAUNBTMBS STUUNITRUAINEIIULUY Back to Back Converter handna

U7 2.10

S1

R—¢

S2

S3

s4

_—

~

\

VDC link

S7

S10

S8

S9

S11

S12

5UN 2.10 2995830999U0958UUNTHURINGIULUY Back to Back Converter
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4) Matrix Converter
FEUUNITWUAINENULUU Matrix Converter Tddnsunisudaslidinseiaaduidy

Tuihnszuaadulaensdaglidedddiasgenleanis DC 1o o dwandusy 2.11 e

'
=

\inUszaniamvesszuunazannisgadsniglursanidonlemis DC Tnslunind
nounesinefusznoufesindassiianeilifigunsaiaindassfiamalugaidenlu
290U uiiiloneuaussaudeants 44l IGBT Avunailudnvuzvesnisldau
qﬂﬂiail,wuLLEJﬂahul,ﬁaa%ﬁmmsla%sﬁaaqﬁﬂmqﬁmmﬁaﬁwﬂﬁzLLaiuﬁaaaqﬁﬂmq

waztanuwsenuluiniassdale

S1

o”®

S2

S3

S4

S5 Load

S6

S7

S8

S9

Sib

=

JUN 2.11 1995e3n999%9952UUNM TLURINGNULUU Matrix Converter

2.2 Matrix Laboratory

Matrix Laboratory (MATLAB) lugenlsuisnsinenmansuarimnssuiildlunisduan
wanidsulusunsiiienesideya Inefinnuannsaseunauiausnsduaumadamansuas
yaadetmainvany ieltlunsvnnufudeyaidsinaumaznsuitymmandamans g
mMsufaunsdndinmans Msussanaameadamans n1swszideya n1swionnsin n1s

180958 UV UaENISNAFUNARAYTDE1Ina1INTa18 U UINEIANERT LA IAINTIU UDNIINT
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MATLAB §sfinuannsalunisifeuaniudiionitgmillamzinngasuaginsatuayuniuw
1UsLNTH MATLAB (MATLAB programming language) Lﬁamuammsﬁ’musuawaw@,mf 1n1s
a$1un3osflowazufining (Toolboxes) MiAudigasluiuanIgauaIuIMeIngImans waz
IAINTTUAI 9 LU MATLAB Image Processing Toolbox @115uUn15UszauAININ, MATLAB
Signal Processing Toolbox @115uUszunuAd e, hay MATLAB Simulink @11iudass
YUY

oA MATLAB grifannlngu3sm MathWorks wazdlmslvuinmslusuuuuildamuuy
\n3smeuimesduyaraviouwaToTsaeniamed Tuslevdinnluvatsdiu Jald3uainy
Honnazldonusgrunsvarslusnsineimansuazirnssy

Imaﬂ%ﬁgﬁgﬂﬁwuéaﬁ'uﬁﬁmaﬁ%auamwiu,awé’nmiﬁi’waaqmiﬁwmuﬂuaﬁzwﬁhﬁ’uau
nannszualnilagldnisiuasndsuluuiuningdasullosnesn18lusunsy MATLAB &
Simulink @eaziiszuundn 9 og ¢ s3uu TiuA szuUBunm STUUAIRTTY STUVDIHWA wazTEUY

AIUAY

Grid Line

Transformer

RST L Uvw
( Matrix
Converter

FPGA

JUN 2.12 szuuivivaundanssualiihlagldnsudamasnuuuuunindaauiesines

2.3 JEUUIUNA
sruuBunaiviuvaundnnszualnirdddsznoundn o oy 2 d laun Aviuaundn

nszualninaziesosiudaliduuuddasdastaulindnans
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LYY a

2.3.1 NaviuaNkannseatnii

AR uauNan Wi vuede STUUN LGRS 999 uan (Wind Turbine) vl alUas

[ [~4 (v % [~ 1 [ Y'Y} dl' [V NY] d'
nauandundsnulninlagldauduundmdnu ludmiuaueriaaisiuaasnyuiioay
Warukazynulunmsiasunadsuaatainnisied sunvesanlwnate i dundsanuluiisu

MIeusanfuLAsaIn Ll WL uuTlAsTaudanlnanas

2.3.1.1 YaAN@afviuaNRaAnsEUaTNAN

TudSarinusldyaiiuauduuuiniigg 300 06 neauisadsulved

Y

TugUvesuuudraemnadamansdasduluaugun 2.13

I w T
h ¢ L L
C /} A/f /} 7 g Tg
pe— =
] 1]
| ==
GENERATOR
nl:n2

JUN 2.13 WuUT1aeInNAlnansYRiaiuavuIAiIgag 300 Jne

NANNFURUSVDUUUT IR IIAdinA1anslugUN 2.13 awnsadisulveglugy

YosauMIN 2.1
— 2 1
wg = [Tg —Q(nz/ny) — {Bg + By(nz/ny) }(Dg] Telcma/m)s (2.1)

d‘ = @ a d‘ o a

We wy Ao AnuSuTauveaaTesiuiali
;A9 AuEITwLvesniviuay

Ao wsalnvasaTaeninlnii

Ao usadnvesgnieiuay
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n,/n, A9 dnsMaTEnINYRiwiuauiuesosilia b

¢
A0 v a a

B, o ANdUUTEANS LS FuAnIULAS 9N e L

= ] <

B,  Aa AmduUsEaVBLILAunnIuYeaaiaiuay
Jo  fie luudusadesveamsasiiilaliii

Jo e lumwdusadesvesynisviuay

NauNTs 2.1 ledusaauuinsenuivdiludswiuauasyiliunumaiivenuly
Aafuauinnisuyu ibiAnA s uTwuveaivian (wy) F9azulsiunmualuiuusiusg

d‘ e v ! U a Q‘ a e U dl a
\WRegvayafwiuay (J,) wazArduussansusudeanuvesyaiviuay (By) lagluvaziiianis

wyuAeaNE IRz iAausslaveayaiiua (Q) Fsazgnasludsyndnsmassninegn

[
a s v

Aeiuaudunsasiudalnii (ny/ng) lneluuSygrinusiyadsinauagyiinisselnensaiuye

@ 3

wisesilialii ndantuaSATLNTEARTUAL (w,) uazusiTnvesaiiuan (Q) 9e

gnaslufanarduvesyansasintalni fagyihlisvesasasiilialnifianisvyu inlvana

'
A J a

A uBanvenaIindnlilil (wy) uazusilnvennsasindnlni (T,) lnsazuusiunm

£ =

Alaudusaagvantasiulalii () uazAdudssansusadeaniureunIasiialni

(B) oz Julumuudenlaozunsudagui 2.14

Vo — WIND TURBINE GEAR BOX GENERATOR >

Tt,! ni:n2 2.0 Te

JUN 2.14 vdenlaezunsuauduiusvesyaiaiuauiuyaasaainin i

naun1si 2.1 wazvdenlanovunsulugui 2.14 drluldideunuudnaedlu

TUswnsy MATLAB & Simulink

2.3.2 \nsasnialiiuuuddasdasdaudivianans
s eannidalnWrwvudlasda@vidauy tnd na125 (Permanent Magnet
Synchronous Generator : PMSG) 10 uias sannidalvdnuuy 3 wla 9 efidudindn 16 497

druUsenaunanUsenaumenll
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1) awmnes (Stator) Ao dunldindisuniveansasindaliin Sunismileai
% = ¢ A a [ = =
PnFuLssiinvedlsnefialudsulunseualii Jynvaaiavieans
Ahnzgnieuseiussuulniuienisldenu
2) 15ime3 (Rotor) A diufanunsanyuAf auieg unuNa1IveLAIBInLile
i dielswesiinsnyuazadwawuwimanluvnainvseaaiiiivesawn

WDIINUNENANDVDINITUYULAZTIUIUTIILIEN

wisesilalwihuuuddasiavdawimvinansiduesesiilaliiidaaauds
Mawdlowieuiuwnseanlinlniidy 4 ilinnseenuuuliaunsosadnlnenssiuyaisiuaulag
Lidosdyananids (Gear Box) Fednazifuunasdessuniuluszuundalniidodnisnyusiie

anusaas udeldiuseures PMSG lusesszdnsanaesnmsandessuniulussuy

( PMSG AC/AC OUTPUT

JUN 2.15 szuuisivaulpgldiasesiudaluiuuuddasdayiauimanans

2.3.2.1 yadasaasasiudalniuuudlasiaviauimanans
LuUaemadnaanies sstdaliiuuuddasdardaudingnanisd
LLamamuzLLazwqaﬂﬁmzwiwwmmmamLG]EJ% 3 e (Wd a, b uay o Feflaudunu (R) fe
sunsufuAmuIvisveamnanines (L) il
1) veadnawmesla (a a, b wag o) agluaniugineinyurieiu 120

23e1 Lipsannesasnia Wi nuuiiduluy 3 wa
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2) YA NAAMDS tULAaTINE (WE a, b, way ©) TA1MNUAIUNIY (R) way

Aaumilesdn (L) Mseeynsuideusariu Direct Axis wa Quadrature

Axis Baduunuinedanldlumsiiesiziwazaiunuiasaidaliii

3) lawesisuvinulaen1suyuaiuanudideinisieainansewalniiuag

wiasrudaliiviauluaausinsaiuauiuuaiinin (Direct Axis) uas
anuginIINAuaUINLIWAN (Quadrature Axis) IAETHUAILAIINE?

Waynuedlswes (w,) waziumiadamvedlsines (0,)

NanuzlarngAnssutiindy awnsalsuledluslaunisvesyaniesiiile

Inhnuudslasiariaudmdnaiistemuaunisa 2.2

U, = Ri, + L%ia + —wApm sin(6;)

(2.2)

Up = Rip + Lip + —@Ap sin(8; — 21/3)

Ue = Ric+ L=ic + —@pApy sin(8, — 21/3)
do U e Auswiuliihdlvnannamnes 3 wia (e a,b,0)
R A9 AIAINAIUNIUY
e Fo Anssualiihdivanadimes 3 wa (wa a,b,c)
L e Aenuniienth
o, A9 AnuduTuuvetlsnes
Apm A0 Auseulisungy

wazilenasanluguiuuusedulnii 2 ula lngenfeunudsdaedlanesiaio

Auialnin (Direct - Quadrature Axis) %Lﬂﬂﬂsﬂ@ﬁmqaﬁ 2.3 ay 2.4

. d . ., d
Ud = Rsld + Ldald — Wy¢ (quq + a)\pm) (23)
. d. . d
Uq = Rqlg + Lqriq — o (Lala + 5 Apm ) (2.9)
W Ugq Ao Aussiulvlihiunugrsdsvedsines (d-q axis)

Rs

A9 AANUAIUNIUNUAAINALPLADS
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A 1

lgq e Amnszualiihiunusdedsines (d-q axis)

P

Lyq fe Aanuwilenhnunudsdavedsines (d-q axis)

o, Ao AmudITuuvedlines

Apm A0 Awseulnidungy

nauMsi 2.3 wag 2.4 Wluldsunuusrasslulusunsy MATLAB & Simulink

2.4 SEUUAINTT

sruuaingds Wuduniwesssuunisulamdsnuiuundndaeunesines lneaingas
Ao nszuIunsUa suanuzvesaindudogunsaimuaulusruuiunindaouiedines o
druusynaunan Ae a?mﬁﬁ%‘aqﬂﬂsaimuqumiLﬂ?isluamuz Feannsadanselansivaves
Aszualniluaees Wussuuiitvmuatoulavesnssugdliiindiosnanuedndrounedinesti

WumudnuzNfeInIs

2.4.1 MSUUBINEIUUUUIASNGABULIDIINDS

N13LURINFIULUUIASNGABULIBSIAES AD SeUUNIsLUaINEIulnill
nszuaaduiliulwihnszuaaduiiannsomunuuswiulniazaudlaedase Tsaziduiunui
M9UYDITTUUNMSUATNEINULUY Back to Back Converter fifuualugjuazsiaumg 3n
faszuunuueEndaounefineslidniudesinnadenlewns DC Sedmarnlissdonnns
THuiigsniaglifiygvinisdenanmvesinfivyszquensandenlems DC

spuunMsulamdsnuuuusindasunesinoituegifunisauaunisdiaed
Anudge Tnegaiulufinisldainduuuassiiama (Bi-Direction Switch) 113w 9 2 Uszneu
\Husasndnuesszuumsudamdany figui 2.16 Fesalnduuuaesiianiaanunsaniuguns
Inavosnszualuildansiianisuazdanuansalunisiauaduldaduunlaogiesmss ws
\losanlifiluga IGBT wuvassiiama Jsldgunsaiuuunendrusinsreuvunduinsevuiiu
(Anti parallel) BsuUsznaulushe IGBT uazleleadosiunstdounduvesnszuallin faguil 2.17
F1991NTFUUNTLUAIMAILUUY Back to Back Converter fifiaindvianun 12 ¢ uasldaing

wuuiiamaie Jsanunsansvaumsivavesnseualninliiiesiemasien Aagun 2.18
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S1

o~*

S2

S3

U
S4 9

w

S5 oV

oW
S6

4
s7

0

S8

#
$9

SUN 2.16 29938309U9V0ITEUULUMINGAINURU LIS NDABULIDSIN DS

Sla
s1
Sib
JUN 2.17 2995e3n99auuuinnslaae AN 1avaesE UULUMNE I URUULLASNg ABULIBSINeS

by SN .
s1 E> °_< D1

JUN 2.18 2995a3n 93U TEUanilafiAnN 19995 E UULUAINGI UL UY

Back to Back converter

n3UTN 2.16 annsadeulvieglusUvesaunisussiulnihuaznssualnindune
LDIRNATDIITEINTVSLARUANNTTN 2.5
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INQ, Spaa®  Spap(®)  Sac (O [L.(®
[iB (t)] = [SBa (®  Sgpy(  Sp (t)] [ib (t)] (2.5)
ic(t) Sca®  Sep(® S Li (D)

naunisi 2.5 drluldideunuusiasslulusunsy MATLAB & Simulink wa

~ v 1 a = & o o A Y = aa a ¢
Lu@ﬂﬂ'ﬂﬂlﬂﬂiu@ja IGBT LLUUABDINANIY QQL‘Uu@@ﬂaqﬂiy‘ﬂ‘U%m@ﬁﬂﬂ‘b‘q'}ﬁﬂqiﬂq‘UﬂﬂJaqmsﬁLLaS

(3

Wnsasuwlasnuaudfvesdyamnauanudlnisumalulagnsdunszisiaiuainud

Y

1 =

nanfaluiivenaly

e

2.5 STUUAIUANEINTTS
sruumuauanddududindidguosssuunswlamdsnuiuuiueindaounedino i

muAunsivavesusiulaznssualnivienadsuaniusvesdudsynoumsliling i douste

Tussuunindaaunesines FremunuussfuLazauivedluihiveuduazdioanain

WIRSNTABULIDTHABDS MUANWAUENRBINS

2.5.1 Mylnnziiaznsdaasizinnudge
sruumsulamdsnuiuuinindnouneineidulssneuresdintvinliguady
Aduanzisanuilideiies ilonanidsangmalfnannisdnniuwnaluladnsdauassh
sUpAuINY ileatesUnduendnniisuSouuasianudeios Tasldnadauaziniesilolanis
LU%EJULﬁsmmm?{u,azmmé{’uﬁuﬁ‘iwdwé’@ﬁgmﬁﬁagj’tmz*uu sudanslinsudasanudiiie

Aanzialnniuvesdeygin

2.5.2 38UU Commutation
53UU Commutation ApssuuiviutfiaIuAuNsivaiAnIeInssuaaingdy 39

Wuadiauuu Reverse Blocking Insulated Gate Bipolar Transistor ﬁdgﬂ‘ﬁl 2.19
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Sla

S1b

=

Ul 2.19 dint3suiin RB IGBT Bi-direction switch

§438n15 Commutation & 5 wuualediu leun 1. Commutation A2835AIUAL

[
v

WIIAULUY 2 TumBY (2V) 2. Commutation A83FAUANNTERALUY 2 Tunau (20) 3.

Commutation A2835AIVANNTERALATRITIRULUY 3 Tunau (3VC) 4. Commutation #2873

[y

AIUANLIINULUY 4 Tumau (4V) 5. Commutation sedsAIUANNTELALUU 4 Tumau (4C) sadl

2.5.2.1 Commutation #1835AUANLIRULUY 2 Yunau (2V)

NNSAIUANDIN V1 to V2 (1>0)

Step (1) Slaf

1iia V1 @and v2
nszualianansaluaciiu

K
To
—»—0 Vo

xiiuui S1b uaz S2a
Wa fezbiiadanies

i [s2b
Step (2) Slaf o
L
U6 1 e
[si
SZa_T

V2

Io
—»—0 Vo

W96 : 6

BnsauaNdnsa
o ['sap

3UT 2.20 Commutation fMEITAIUANKSIRULUU 2 Tunau (2V)
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V1>V2>V3

St
S2
S3

Sla
Sib

S2a
S2b

S3a
S3b

Vi

Vo
(Io>0) ¥z
V3

V1

Vo
(lo<0) V2
V3

UM 2.21 unugniliaa1 Commutation AILTTAIUALLIIFULUY 2 Tunau (2V)

SUN 2.21 dansunundnaidiniunisuiasussaulniaiuy 2 Juneulaei

Y Y

I, > 0 Tuisuvasussaulniruwuy 2 Juneu adndluiinn1sanisasvesunanasuluisnig
wUaauseiuliuuy 4 duseuaslaegiane dmviudululdnezanssozanioliduniaves
nsvuatuas adndniianiuzilinazgnimunlaganuduiusussdulniirvesnadnslunisuuas

WazunAINIYeINsUas dslugindanusiladmsumalssiulniigegauazinaussiuln

'
[

Agnasaagiuilaauniiauduiusvesussiulniidunaazildeundasiy egslsinng
arndndlanuzladmsunsssulndnssrinanassaeavasulumuanuduiusvo s ssulnia
LM INUNAVDIVANYNNVBINTITWUAINI DL NAINUIVDINITHUAY FIUUKIINAIEINSEINTT 1L Ll

gnimuabiiuadaduesssrinuawandndusewinisaindd
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2.5.2.2 Commutation #1835AUANNTERELUY 2 Yumau (2C)

N1FAIVANIIN V1 to V2 (1>0)

Step (1) Slaj
Vi
usau 1 g9
wa L stb s
—»—o0 Vo
S2af ia

Ua [s2b
Step (2) SIa_T o
Vi
U6 : e
in [ sib o
—»—0 Vo
SZaj -

V2

WS : o - o
BMsmuauENTa
ila [ s2b

3UN 2.22 Commutation sRg38AIVANNTELALUY 2 Tunau (20)

V> 1>

<~

errror

3UM 2.23 unugilinan Commutation MILTTAIUANNTERAKUY 2 Tunau (20)

SUN 2.23 whuninatdmsunsiuasnsehalndanuy 2 Jumau (20) f9ns

Y Y

LUAILUU 2 TUABUITAINTTANIIA Dead Time 1@ 11199970 RBIGBT Turdun1enbiiinszualva
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iuazlilvihey feaviadiountsuuanssuauy ¢ Juneu (40) Wieasurendnnisinaudy
ﬁug’lu auuAduseiulihend de vy > V, > Vs wazfianisvesnszualninendwaduuan
Sias Spa W8¥ Sz, nanetduaingun i Lﬁ'@ﬂssuamﬁ?wmﬂu I, > 0 wag Sy, Syp 8% S AT
Asanuy OFF Haundnszualvlondwnazidugud msesiunarefuaiadilaithlain todwe
voaussiulnih V, sziideiianann 1iesinnsuaasaussiugaludamausafuluing wums
Waewn S, 89 S, agslsinudeiinnanazliiiniudmiunsiasunnlavesusssusily

wlavaalssugs

2.5.2.3 Commutation A1835AUANLIIRNULAZNTTUALUY 3 JuUABU (3VC)

MSAIVANTIIN V1 to V2 (1>0)

Step (1) Sla_T
V1
WS90 © e
[sp 5
Vo
SZa_T
V2
usae ;o
W [s2
Step (2) Sla_T

Vi

U © g

V2

Ws9ew : 6

[san

Step (3) S]a_T el

Vi

U6 : g
a st

SZa_T

Vo

V2

wseeY : 6 -
ABmsmuaudnTa

[sab

5UN 2.24 Commutation MeISAUANKIITULAENTELALUY 3 Tumau (3V0)
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|
|
I
1
|
|
i
I
I
1

5UN 2.25 urugilinal Commutation MEITAIUANLIINULAZNTELALUY 3 Tunau (3VC)

$U 2.25 wansnsmimdmsumsuUanssuanaz sy 3 Juneulned 1,
> 0 Tuisnsuvasnszuanazisadulainnuy 3 Tuneu JUsvunsudasazgnimunlag
AwduiuSvunvesnssR Ul B unauazd 1esnszualiioning UuuUNTEInddeazgn
suslutufunsisutausulnimieisudamssudliii suneunisudasiiannsofdald
Tnelddayaiiliauysal (@anseualvvnednadmivisnsutasussiulniuasanuduius
vuvesussfudunadmiuIinisuvamnssudlnii Tnglidutigu andudensuuuunis
AindBeved 3 Junou dwsuIsnmulasussiulni 3 dupousUuuunsainddeaunsadents
109 losnnlsifidediin (nsesdlalnanuaznisdnisesvesuvamaaau) lutisnainisde/

s o a

Unvesaindiiandunislutuneutignidnesnty
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2.5.2.4 Commutation #1835AUANLIWULUY 4 Tunau (4V)

NSAILANIN VI to V2 (I>0)

Step (1) Sla_l Step (3) Slaj i
Vi Vi
ENV RG] U6 : g
[smv o o [ stb i
b Vo Vo
todundoundu S22 ] o H S2af
~ x
V2 et V2
U ;o usae o
ia l_SZb ia rSZb
Step (2) Sla_T Un Step (4) Sla_] Ua
V1 fiuseaugs
MIFO—1  w N 3 Vi
H
U6 @ é w6 : ga
[siv I~y i [ s1b o
f Vo Vo
S2af S2a§
V2 V2
s 2 o usae : i »
ABNTAIUANTTY
a ['s2b ila L s2b

5UN 2.26 Commutation fEITATUANLTITULUY 4 Tumau (4V)

V1>V2>VI3 1

S1
S2
S3

Sla
Slb

S2a
S2b

S3a

UM 2.27 unugiliaan Commutation AILTTAIUALLIIFULUY 4 TundU (4V)

U 2.27 wnunfinardmsunsulasussiulniiuuy 4 fumeud 1, > 0
dmsutuneud (1) m3da S,p, mneduinnisdniees %g’sLmMmzL%sﬁuLﬁa S1a M50 Sy QN
Yowazldfanudululafiassnundunisvenssua n1sdnieasuazisasidaazldaiunse
vanideddnldldda S,, luduneuit 2) Wostadummenssuaiifieniaduuin e S,,

\Un Sy, aunsadale lutumeuil (3) n15anieasaglaiifinguuidin Sy 8iUn0giliesann Sy, U
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g Tutunau (4) Sy, awnsalald Wasnidunavesnsvialirnvaudaunsodulalaiiens
Sop PATNITRURsIR Ul 4 Tunew JULUUMTAINGTaEldYIlMANN15EA99 Y0 ILMAY

[

WAWU Faggninualagn1siasaInAMLduRUsTeuIAveus iUl dune uonanil

Y

ada

Sn1swdasarunsaiensusuunisudasiiudusulalaeiiansundnissnenduninssua
TRRAAN1AVBILTIN UL NALAAT WU URUUNITW AT ILALAZYUINYDITBR ANE AL
Wisulvtuegivtivesnssuaodnanazanuduiusveswunausssuliihdmsunadnsvenis

wUaInsewa b

2.5.2.5 Commutation A835AANNTUELUU 4 Yunau (4C)

N15AIVANIN VI to V2 (I>0)

Step (1) Slaf Step (3) Slaf I
\%! \%!
WS90 g USAY © g
o [ sib o ia [ sib Io
—»—o0 Vo »—0 Vo
SZa_T o SZa_J

V2 A\

WSI6U : 6 WS : 6

o ['s2b 9a [ s2p
Step (2) Sla§ Step (4) Staf
\%! \%!
WHOU : usaen g
o [sip » o [ s Io
—»—O Vo —»—O0 Vo
SZa_T SZa_T
V2 V2
WSAY : o s : 6 B
D ) @ )
i ['s2b [sab

5U# 2.28 Commutation MmgFSAIUANNTELAKUY 4 Tunau (40)
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JUT 2.29 unugilinan Commutation MEITAIUANNTERAKUY 4 Tumau (40)
nszualiihuuy 4 Tupeu ludagdumsimuanainsainddvesansaing
lutinseuaigniuiy 1asannMsiuasseznaINsWaNdenseuaive Unaindgunsaind
PINTLUADIANMASITY AINUUAMNUAAINTAINGTIVRIEINTFIDY 9 Inefiasanain Dead

Time e UaINuUNISaNI995VDILARING 991U

2.6 STUULBIANA

q

STUUDIFNAVBBURINGRDUasSwas Tudrundslnirluglnannsoseuundoanisinda

9

(%
v A

Tnedldruusenaunanaail

2.6.1 nifauvaslunlinngs
vifouasliiindinds (Power Transformer) ifugunsalildluszuulwiiifiosuyse
wssdulyihsgninaeiesiudaliiuagszuudednglni s iwasunssiunuaudosns
Tuszuudmhglninlainasdulsdui aandlain szuulwiludieansogusu vileuuaslnin
Adsdunumdaluszuulnih osmnussiusesgnaunuegisgnaesiiielszuuliiiviie
I#ogeUaendouasiiaiosnn faiitonuaunisinavesnseualniilussuulnihwunlvyv

Wulumuau@aenis

2.6.2 szuvamunginila
sEUUIMUIETS o sz uvdIedussuuyimtn sl nuasada ity
gallngldszuunIevigluinielidnisiaunadissamuasUasade na1iladnssuuddng

Tindunilsludiuddnluszuulnih
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2.7 YAAIUAU
YnAIUANMIERUNTAlAIUAYN FaseuunsegUnIalnigneaniuukazdunldlunIsAIuANng

° = el o ¢ A v a ¢ o |
Vl']\i']usU@ﬂigUU‘Wi'@Qﬂﬂsm@u i IﬂEJ@J'JmQ‘Ui%?NﬂLwaiﬂigUUﬂi'ﬂa‘Uﬂiquﬂqu@ﬂ'NL‘Vill']zall

=

pupufeImsuazdeulaiitwualy weuauvdegunsalmuauinwensiuag (software) i
nsnamiduidovesssuumuauaindds uazeriauas (hardware) flaziniananiduiaded
Fudunmsmugumevhaniugunsaldidnmseindlndunudeulildimuali
Tnensldaueniidienssgunsaiaesdniuulusunsula (Field Programmable Gate Array
. FPGA) M ugunsalansiadrihwialsunsulddlaseineniad oudeasluuuuiuning
Tassasanigluves FPGA anunsalusunsulsiiviniinmsvhaumileuasdninaitug iy wu AND,
OR, XOR, NOT w3 o52ufunais 9 wila (combinational logic) 4t ovMui1il#i Arududau
WinTu W decoders nieWsdTun1ndinmans uanain FPGA agdsznaudiudiues
asaednuuulusunsuliud Suludenvesmithisanudndietsaraidenaunastagiedine

[
=1

wioldiufivesasisihasadumizennudiase 4 egneluila

YILINK >

WAL

3UN 2.30 fog1aled FPGA va3uUsEm Xilinx WazuTem Intel

Interconnection
Logic Block Resources

U 2.31 Tasaadranglu FPGA vl

lunN1590NwUUINRTATN0aBLANNTOTNd T FPGA ag UuLHII9a59Y 8K anuuy
ANUNTNAATUIATBILEIINT TINTsEnsneanuuulaTInSIlddemaaeueazidennigluli

<@ L3 @ v A Yo 6 1 <@
bETQENY I 100% NENTODDNLUULKINTSLA LN@VL@ITULLN\‘i’NQiLLﬁS‘UﬁSﬂ’EJ‘U’Q‘UﬂiﬂN]'N NEGER
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= | [

e Ut finisThauees FPGA Tilunmends srsainnisesnwuudisasinnauinadndi
Fosgeniuumaiuresmsneundliiaiuauysaiteuasldansouslaldluniends vonanid
mslde FPGA asnsalusunsunisvirenldlunnuaziiuivasfidmeunuudfdsannsodi
TuAlorsasialaedrenie Sadufiunvediin "Field Programmable” & swunedlusunsulaly
mpawunIefivieu sgalsinudeiivun (Configuration) 109 FPGA asmglundininda
Tdes fatuazdesiimisnusiaeuen (Flash) unasednudefmunves FPGA 15 81 FPGA

AzdinszuIunNIsauTanIuatulae s luAndnlasu e

2.7.1 AwIRaNRInesTdoanuuy
nMsWuuveia FPGA 101w Hardware Description Language (HDL) \fieeanuuy
wsen1sWeusiadmiuluussgndldau Tnelidmdsznaundn o og 3 diu laun
1) Library ua Package : iuilafdusing q vessniv
2) Entity : dwSuuenitgunsaifieanuuud Input / Output oeinsls

[ s o

3) Architecture : {Wua1UY0IN1303 VN ANTINVBISITAUITN AR I0DNLUY
sUsuvTasaw HDL Aifinslétusgrenireuanaiised
2.7.1.1 VHSIC Hardware Description Language
VHSIC Hardware Description Language (VHDL) Junilslunten HOL
wuzihegannifisesnuuuszuulaseadsuuuadauad Tneldsuniseeususgianitaisly

aswuvvnuiasdunildlunie HOL Mluinesgiudmsuniseenwuuuesnmiuay FPGA

2.7.1.2 Verilog
Verilog \unwn HDL 8ndaiildluniseanuuuvesnaiunu FPGA uay
59UV ASIC (Application-Specific Integrated Circuit) finsifeudessninineufinmes (Interface)

ndeiuntw C wargniunldegininawindugnamnisuuazniseenuuuiunminunes

2.7.1.3 SystemVerilog
SystemVerilog tun15ven8ves Verilog fiflauausauinniilunis

ganiuuTEUUdugeuLardngnldluniseenuuuiiinisnaaeulaznsEuduiiiam

2.7.1.4 MyHDL
MyHDL 1funw HDL Aififlugiuuu Python wagiiaueisnsidousiia

lusduvuidladeuasianunsanaaeuladng



30

n1sienn1w HOL 1deusenuuuuesaniun FPGA Yuayiuaiiuntinuas

Y

ANUALLABYBIHLY TIRENINUINGRN JULUUKAEANNTUT DU

o
aanuuuwuumyﬂﬂsunsu
(VHDL %39 Veriog)

!

o XY
S1aalanyu

VITAL > MINY
(VHDL)

@
iJE)ﬂllUUl'lJlluﬂ1B1T1Jillﬂ51]
(VHDL %39 Veriog)

wn TuTad FPGA MINATIEHT

v

$1299M3¥UYDY

Logic Gate

v

190901511191U
Tugdiuszavga

v

ntsmseenuu i urasdau

b

91809M TN

a 7
NTAATICHNIT

v

TdsunsuIndaeuu
FPGA

5UN 2.32 wanadumaunisesnuwuulagly FPGA

NaAIINTIIDBNLUVIIATAINDAYIN RNl ALNITINANATHS BTN 1 B1BTUIBENSAWIS Tu
A aa v o ) o ~ Al P '
nyalfeenukuulaeisni1511n3995 {yiniseenuuuazsdesridsdanaluladnazly Jauday
waluladAdanuwaneaanuly wensfinlgniwesuieesansiun1saonkuuazyinlsazaInNnn
v o 5% o = ¢ A Y A O aad Aoy
wisginmseenwuulidesnddsfanalulagiagld nnsisdanunsaunlulumalalagilises
1M9995 0 TuRensesnwuulagldniwasuigansawisazyinliunanla duiumalulad &

Yea

dnsunwesuIeEsalSLYAl VHDL e Verilog Tunisilieusia
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2.7.2 aNARITANNSUNITBBNKUY

Ly

FANALITAINTUNITODNLUUIIATAVALALTTINU FPGA fiaa@aan wanlasu

[

a IS dy
AIMUUBUEININUAIU

2.7.2.1 Xilinx Vivado

Ly

® UM : Xilinx

® Masue : Vivado WupIesilosanuuuiildlunisesnuuuisashaa
warldsunsy FPGA 44 Xilink fimanuanunsadfisesdunanszuiunig
dUATIEMI9ATIZAUEN (High-Level Synthesis), IP Integrator, N5 Place-
and-Route, N15MUsWNY Bitstream, wazdiip3osilons q fvaelunis

NAFBULATNITUTUUTS

2.7.2.2 Altera Quartus Prime

v o

o UIEmEiiaw : Altera (MUudumilevas Intel)

® @a5u1e : Quartus Prime tJuLAS9ilaankuuildlun1saenkuUI9as
faviakazluswnsy FPGA ¥84 Altera (Intel) imnuaiunsafnseasunsiy
NUAUTU FPGA 719 9 U84 Altera, M3lUSWATY Bitstream, uaziATedile

A1INAEDU

2.7.2.3 Lattice Diamond

Ly

®  USun

(v

RWAIWN : Lattice Semiconductor
® @aduie : Lattice Diamond 1wadsafiesanwuudildlunisesnuuy
1995A 9 akarlusunsy FPGA v89 Lattice Semiconductor &
aaaansalunsiusunsy Bitstream wasiip3osiiodmsunisvageu
Tnaluusyardnusilaldanudy Xilink FPGA Faudenldeu Xilink Vivado 7
TusnnsvsluguniseenuuUsashavaLaznslusunsy FPGA 484 Xilin
Vivado Sruanunsotfieaneiaysesdunsyuiun1sos LU Lasauaniasn
Tuimavearsasaudenisinlusunsuasiudy FPGA Tngsosudurianuanes Xilink Vislumsgga
Artix, Kintex, Virtex, ez UltraScale.

Vivado fivianganuwaietauviglunssuiuniseankuunle FPGA a8ty :
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[y

1) High-Level Synthesis (HLS) : ¥elumsdaasieniwlassiaseavas (au C,
Cr4) WHuswaitanunsadudlaly Vivado

2) IP Integrator : ¥relun13as19995A39alagld 1P (ntellectual Property) 7i
wiouliusng

3) Implementation Tools : f1A3 aflod1muN15 Place-and-Route waxn1s
a51auaglusunsulnuuuiinig (Bitstream)

4) Simulation Tools : fiindasile Simulation Tu Vivado Simulator wiaaunsa
19 ModelSim

5) Programming Tools : ¥18lunssuiumsiilusunsuasludu FPGA Nlaasns
Uu

Xilinx Vivado fiusganiamasuaziianuvainvatslunissessudeng 4 vilv
Wuedeaianinimnssysuieodnioulflun1soanlhuukasWauIssuUUAIanty FPGA 94

Xilinx

2.7.3 Basys3 FPGA Board

'
aa v A

U9sA FPGA Basys3 [Hugulassasamsiaunsashivnafiauysaiuazniouldau

Y

A28 Artix-7 gunsalaadnuuulusunsulaain Xilinx Ussneusieadng Wiu I/O Mtieanaiinali

nseenuuuIwILIInEs sanysallalaglidndudeddesawasiniuiiule q wesn USB, VGA

& A

uaENeINAU o NVl Basys3 anuisalaadnisoaniuulansusisasuaulasnuliauienss

'
[y o

AeunNgu

e

U

SUT 2.33 Basys3 FPGA Board
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FPGA Artix-7 lasunsusulvimunzaud msunssngUse@n3n1mauasuoauninug
fannty ﬂszﬁ‘m%ﬂwwﬁqq%uuazm%’wmmﬁmnﬂ'j’ﬁ;uﬂ'au 1 YANoIRLaLaUNIDNENIIVDIUDSA
FPGA Basys3 Usnaumae :

o indidou 16
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A15199 4.3 HANN5I1ABINITHUAINSIUYDUUAS NTABULIDSLNDSNANUD 40 LA

3%UU 4 step current commutation

Frequency 1.643 Alaldsnd
and Duty Cycle of LED 1 60.906 Wosigud
Frequency 1.952 Alaldsnd
and Duty Cycle of LED 2 56.823 wWasiius
Frequency 2.027 Alaldsnd
and Duty Cycle of LED 3 65.103 wWasifus
Frequency 1.984 Alaldsnd
and Duty Cycle of LED 4 60.615 wWasidus
Frequency 1.801 Alaldsnd
And Duty Cycle of LED 5 61577 Wosidud
Frequency 1.871 Alaldsnd
and Duty Cycle of LED 6 58.409 Woslgud
Frequency 1.725 Aladsnd
and Duty Cycle of LED 7 61.859 Wosigud
Frequency 2.054 Alaldsnd
and Duty Cycle of LED 8 53.614 Wasiius
Frequency 1.837 Alaldsnd
and Duty Cycle of LED 9 62.529 wWasifud
Frequency 1.907 Alaldsnd
and Duty Cycle of LED 10 57.713 Wosidud
Frequency 1.760 Alaldsnd
and Duty Cycle of LED 11 63.562 Wosidud
Frequency 1.906 Alaldsnd
and Duty Cycle of LED 12 60.288 Wosigud




A151497 4.3 (6i0)

Frequency 1.712 Alawdsnd
and Duty Cycle of LED 13 61.276 Wesigua
Frequency 2.005 Aladsnd
and Duty Cycle of LED 14 54.313 Wesigua
Frequency 1.777 Aladsnd
and Duty Cycle of LED 15 62.074 Wesigua
Frequency 1.892 Aladsnd
and Duty Cycle of LED 16 57.497 wWesigud
Frequency 1.738 Alawdsnd
and Duty Cycle of LED 17 63.166 Wesidus
Frequency 1.835 Aladsnd
and Duty Cycle of LED 18 58.701 wWesigud

A15199 4.4 HaNISNNABY FPGA NIwUaanaduuadunsndanauasmasnaud 40 Bsad

3%UU 4 step current commutation

Frequency 1.641 Alaldsnd
and Duty Cycle of LED 1 60.864 Wosidud
Frequency 2.032 Alaldsnd
and Duty Cycle of LED 2 48.073 Wosigud
Frequency 2.198 Alaldsnd
and Duty Cycle of LED 3 64.587 Wosigud
Frequency 1.984 Alaldsnd
and Duty Cycle of LED 4 60.800 Wosigud
Frequency 1.730 Alaldsnd
And Duty Cycle of LED 5 62.228 wWasidud
Frequency 1.871 Alaldsnd
and Duty Cycle of LED 6 58.495 Wosidud
Frequency 1.730 Alaldsnd
and Duty Cycle of LED 7 61.859 wWasifud




A15197 4.4 (di0)

Frequency 2.044 Alaldsnd
and Duty Cycle of LED 8 52.883 Wosigud
Frequency 1.921 Aladsnd
and Duty Cycle of LED 9 60.711 Wosigud
Frequency 1.901 Aladsnd
and Duty Cycle of LED 10 58.003 Wosigud
Frequency 1.764 Alaldsnd
and Duty Cycle of LED 11 63.193 Wosidud
Frequency 1.895 Alaldsnd
and Duty Cycle of LED 12 60.153 Wosidud
Frequency 1.712 Alaldsnd
and Duty Cycle of LED 13 61.276 wWasifud
Frequency 1.984 Alalgsnd
and Duty Cycle of LED 14 53.399 Wosigud
Frequency 1.771 Alaldsne
and Duty Cycle of LED 15 62.498 Wosiud
Frequency 1.881 Alaldsnd
and Duty Cycle of LED 16 58.100 Woslgud
Frequency 1.744 Alaldsnd
and Duty Cycle of LED 17 63.375 wWasifud
Frequency 1.841 Alaldsnd
and Duty Cycle of LED 18 58.773 Wosiud
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63

3%UU 4 step current commutation

Frequency 1.721 Alaldsnd

and Duty Cycle of LED 1 62.602 wWasifud
Frequency 2.132 Alaldsnd

and Duty Cycle of LED 2 57.404 Wosidud
Frequency 1.962 Alaldsnd

and Duty Cycle of LED 3 65.021 Wosidud

Frequency 1.973 Alaldsnd

and Duty Cycle of LED 4 61.120 Wosigud
Frequency 1.991 Alaldsnd

And Duty Cycle of LED 5 60.918 Wosigud
Frequency 1.971 Aladsnd

and Duty Cycle of LED 6 58.192 wWasifus
Frequency 1.891 Alaldsnd

and Duty Cycle of LED 7 61.341 Wosidud
Frequency 2.070 Alaldsnd

and Duty Cycle of LED 8 51.914 Wostdud
Frequency 1.797 Alaldsnd

and Duty Cycle of LED 9 63.226 Wosiud
Frequency 1.887 Alaldsnd

and Duty Cycle of LED 10 59.503 Wosigud
Frequency 1.644 Alaldsnd

and Duty Cycle of LED 11 61.810 Wosigud
Frequency 1.821 Alaldsnd

and Duty Cycle of LED 12 59.340 Wosigud
Frequency 1.766 Alaldsnd

and Duty Cycle of LED 13 63.263 Wosiud
Frequency 1.981 Alaldsnd

and Duty Cycle of LED 14 53.786 Wosiud




A151497 4.5 (¢i2)

Frequency 1.747 Alaldsnd
and Duty Cycle of LED 15 61.349 Wosigud
Frequency 1.917 Alaldsnd
and Duty Cycle of LED 16 58.579 Wosigud
Frequency 1.784 Aladsnd
and Duty Cycle of LED 17 62.454 Wosigud
Frequency 1.911 Alaldsnd
and Duty Cycle of LED 18 59.035 Wosiud

AN5199 4.6 HANNSIIADINITHUAINSIIUYBIUAS NTADULIDS MBS NAIND 50 LF9D

3%UU 4 step current commutation

Frequency 1.723 Alaldsnd
and Duty Cycle of LED 1 62.549 wWasidus
Frequency 2.162 Alaldsnd
and Duty Cycle of LED 2 48.019 Wosidud
Frequency 2.197 Alaldsnd
and Duty Cycle of LED 3 64.201 Wosidud
Frequency 1.973 Alaldsnd
and Duty Cycle of LED 4 61.189 Wosigud
Frequency 1.831 Alaldsnd
And Duty Cycle of LED 5 61.459 Wosigud
Frequency 1.970 Alaldsnd
and Duty Cycle of LED 6 58.029 Wosigud
Frequency 1.891 Alaldsnd
and Duty Cycle of LED 7 61.676 wWasidud
Frequency 2.080 Alaldsnd
and Duty Cycle of LED 8 51.599 wWasifud
Frequency 1.857 Alaldsnd
and Duty Cycle of LED 9 60.484 Wosidud




A151497 4.6 (6i0)

65

Frequency 1.897 Alaldsnd
and Duty Cycle of LED 10 59.094 Wosigud
Frequency 1.655 Alaldsnd
and Duty Cycle of LED 11 62.196 Wosigud
Frequency 1.831 Aladsnd
and Duty Cycle of LED 12 59.625 Wosigud
Frequency 1.766 Alaldsnd
and Duty Cycle of LED 13 63.263 Wosidud
Frequency 2.009 Alaldsnd
and Duty Cycle of LED 14 53.243 Wosidud
Frequency 1.768 Alaldsnd
and Duty Cycle of LED 15 61.049 Wosiud
Frequency 1.927 Alalgsnd
and Duty Cycle of LED 16 57.969 Wosigud
Frequency 1.778 Alaldsne
and Duty Cycle of LED 17 62.244 Wosiud
Frequency 1.905 Alaldsnd
and Duty Cycle of LED 18 58.846 Woslgud
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3%UU 4 step current commutation

Frequency 2.331 Alaldsnd

and Duty Cycle of LED 1 53.327 Wosidud
Frequency 2.550 Alaldsnd

and Duty Cycle of LED 2 46.974 Wosidud
Frequency 1.008 Alaldsnd

and Duty Cycle of LED 3 92.178 Wosidud

Frequency 1.404 Alaldsnd

and Duty Cycle of LED 4 88.305 Wosigud
Frequency 2.219 Alaldsnd

And Duty Cycle of LED 5 52.852 Wosigud
Frequency 2.119 Aladsnd

and Duty Cycle of LED 6 48.058 wWasifus
Frequency 2.199 Alaldsnd

and Duty Cycle of LED 7 52.900 wWasifus
Frequency 2.338 Alaldsnd

and Duty Cycle of LED 8 44.697 Wostdud
Frequency 2.363 Alaldsnd

and Duty Cycle of LED 9 52.025 Wosiud
Frequency 2.423 Alaldsnd

and Duty Cycle of LED 10 48.084 Wosigud
Frequency 1.047 Alaldsnd

and Duty Cycle of LED 11 92.203 Wosigud
Frequency 1.401 Alaldsnd

and Duty Cycle of LED 12 87.727 Wosigud
Frequency 839.793 Alaldsnd

and Duty Cycle of LED 13 92.629 Wosiud
Frequency 1.666 Alaldsnd

and Duty Cycle of LED 14 70.327 Wosiud




A15197 4.7 (6i0)

Frequency 2.061 Alaldsnd
and Duty Cycle of LED 15 54.952 Wosigud
Frequency 2.062 Alaldsnd
and Duty Cycle of LED 16 50.754 Wosigud
Frequency 2.326 Aladsnd
and Duty Cycle of LED 17 52.130 Wosigud
Frequency 2.351 Alaldsnd
and Duty Cycle of LED 18 47.132 Wosiud

AN5199 4.8 WANNSNAADY FPGA N1SHUaINAIUTBILLASNTABULIDSLHBSNAINND 60 LAY

3%UU 4 step current commutation

Frequency 2.331 Alaldsnd
and Duty Cycle of LED 1 53.327 wWasidus
Frequency 2.558 Alaldsnd
and Duty Cycle of LED 2 41.570 Wosidud
Frequency 1.188 Alaldsnd
and Duty Cycle of LED 3 87.494 Wosidud
Frequency 1.404 Alaldsnd
and Duty Cycle of LED 4 88.126 Wosigud
Frequency 2.129 Alaldsnd
And Duty Cycle of LED 5 53.061 Wosigud
Frequency 2.119 Alaldsnd
and Duty Cycle of LED 6 48.178 Wosigud
Frequency 2.199 Alaldsnd
and Duty Cycle of LED 7 52.900 wWasidud
Frequency 2.343 Alaldsnd
and Duty Cycle of LED 8 44.109 Wosidud
Frequency 2.413 Alaldsnd
and Duty Cycle of LED 9 50.391 wWasifud
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68

Frequency 2.423 Alaldsnd
and Duty Cycle of LED 10 48.012 Wosigud
Frequency 1.055 Alaldsnd
and Duty Cycle of LED 11 92.182 Wosigud
Frequency 1.401 Aladsnd
and Duty Cycle of LED 12 87.758 Wosigud
Frequency 839.793 Alaldsnd
and Duty Cycle of LED 13 92.629 Wosidud
Frequency 1.665 Alaldsnd
and Duty Cycle of LED 14 69.580 Wosidud
Frequency 2.061 Alaldsnd
and Duty Cycle of LED 15 54.952 Wosiud
Frequency 2.062 Alalgsnd
and Duty Cycle of LED 16 50.792 Wosigud
Frequency 2.326 Alaldsne
and Duty Cycle of LED 17 52.130 Wosiud
Frequency 2.351 Alaldsnd
and Duty Cycle of LED 18 a7.177 Woslgud




517

S18 04

S54 S8

AN

, 1
08 .
- 06/
04 I b
02 I ¥

[ 1 L

Wy -
| 06
04,
I | 02
| | [ 0
. [ } ‘ T 1 \ |
mm I TN : o8 I |
o { I ‘ | 08| I
b 0 (|l | | 04 I |
M ‘[ } ‘ | | 02 I % |
N 1l | . 0
7
05
0
01 0 ]




70

555555

I TN
[T

[T
LTI

Al

T ,;; mﬂ
) Il
Il . |
L2 AGLEE R
J i .u.; Xt H it | :: al “J ‘ |
LI I‘ | 5 I | J | J‘ | | ) |

02| i o z, ‘|: ;" ’
| it i
ol | il — i bi L sl Ll
1 1 1
) 001 002 003

S14 sa4
) T 1 1
s | N | 08 08
10 | ] 06 06
o 1 ! 04 04
| ! 02 02
| o 0
S I 1 1
3 [ W | | 08 08
T 06 06
I 04 04
02 ‘ 02

JUN 4.2 n3MKANTIIA0INTH IGRIEANGIR N SndAauLosMeINAIND 50 L8NG



71

S134 54 S54 S8 S94 S12 S138 S16

TITE [T
»-sjuummm

S17

S18 o

JUN 4.3 n519INan1591889N U U IMERIUTD NI NTARULIBSINBSTIAIND 60 LBRD



S17 -,

sts

1

08

06

04

02 02
(i 0
i 1
< 08
. 08
04

02

o

1
0s ! [ ,
‘ !
m; vm o1 oo 002 004 006 008 0 04 006 o1
I | ' ] I T T
M M | == M e
(L 2 ! U= [l
‘ Y 7, iR i .
I ‘ I | T I
1 l“ L)
L | PL, I =i
| M | - / .,
\ L/ NN / e I
b } I I l‘! I | i
| | |
i ! T !
' I il 'lliuil'ﬁ\ |l i
Y CIrE T .!i = il
L Y \ : V‘]l\ l‘|||\ | i ‘
| | s
Il
. l [ ‘”i frin
‘ | ; ilh iii
L \ !
L ',
003 004

S134 54

S5

S8

72

S138 S16

||ﬂ||lIlIHIIJ\HI

illl

| 1
‘ 08

1l

]
]
1
]
1

1
0.8
06
04
0.2

0,

1 ! 08
1 06
T it 04
T 02
1 0,
'\
I

e
I}

UM 4.4 nsmivansmaaes FPGA MILUaINasUU0LIn SndAauLIesinesnAud 40 LBsnd



S17 L

518 0:4

S54 S8 S93 S12

73

S138 S16

[ “ JMIIJ]I[II zgmwmmml T

I

[T

LG uuwwl

crime == g [ = =t e
i
: S ]
3
T = ==:==: s peuill—
== S === 7
e e
' ) |
' | 1 $
—r—— = 3

| th I

B —
8-

I
007

U 4.5 nsminanIsvaaes FPGA nsilamdsnuussiunindaeuiodineifianud 50 15snd



74

S54 S8 S94 S12 S138 S16

[0 e T TE AT
[T T
[ T I lmwnwwnmnmll

[H p ||H|| \ | T W
/ i @il 3 i
p l ) g |
i w1l L \L
T "
o

s18 .,

I
[ M
.06 008 o1 0 002 004 006 008
T T T T
TR T I T ail - i
M i E T ﬂ
. i N
o Ot () R H
e I8 Il S ;1lliil ’ I
1) 1Y V! |
TR 4 I l
UATREINC. L ‘ H |
i i "l ‘ ‘
i .‘_‘ m:uu ! [ | il |
!
T T T
1 i -i' I ".11.' i | M
il i { \ LA
! 8 4141 ot T |
il S ! i |l I
e , il
i il
J l‘l I I I
I l"n i i i
i it L B A




75

[

4.3 nsmdyaralvidunauasdyyialaiiondnalos un1siUanauwuuLAsn AL

v v 9

I3 I3
LIBSMDS
A1591a09szuuluiTeN 4.2 levnisuumageuidu 3 Wauly asduldinavainsiu

aaulwiBunalasdyaulsliedneilannsulamasuiuunsndnauiesines 39la

]

&
7 3 Waulvwudednu town ns1keuled 1 A AuUDARIns 40 L85a% ns Wsaulen 2 A

4

ANMUDNADINIT 50 L8599 kazns NEaului 3 Ao AMURNABINT 60 LB5AT

0 001 002 003 004 005 006 007 008 009 o1

SUN 4.7 nymidya1auussdiuBung Vst 30 3 Phase Voltage 91A3148 40 185019

LA

0 001 002 003 004 005 006 007 008 009 01

g q

5UN 4.8 N5 midya1auusediuBune Vrst 30 3 Phase Voltage 91A313 50 183019



0 001 002 003 004 005 006 007 008 009 01

5UN 4.10 n31ideyeyrauusaiuiendng Vuvw finud 40 185ad



JUN 4.12 nsideyeyiauusasiuiedng Vuvw 131U 60 1830



78

001

002

003 004 005 006 007 008 009 01

JUN 4.13 n3ldtyeyrauusaiiuiendng Vuvw Niadnud 40 185ed Wenuyansaendnuien

v o q

40—

001

1L
002

003 004 005 0.06 007 008 009 01

JUN 4.14 n31nideye) 1muusaiulendng Vuvw fadud 50 18504 WeanuyansaInduien

g} q



79

o 001 002 003 004 005 006 007 008 009

JUN 4.15 n919ldeyey auus il ndng Vuvw Nadnud Wesuyansesnunei

4.4 WAASEINUZANSINIUEINT TS IGBT W1W LED

LAMINISVINIIUEINT T 9 IGBT Laely LED TuUn1ISLandd@niIusii o byinsIn umnannis

Commutation A38ITAIUANNTELARUY 4 Yumau (4C) fsil

5UN 4.16 MlAgTIUv89TIMIAlUNTNARBY



- )
ﬁ"p 5 . »’j*
P r - et
e =t g [ \
o -t p—
=T ¥ =T ¥
- i, -
i -
Y7 = 1
e o = |
- X . ‘
LA - e al
s - o = \
- o) - o 8
o] s A | s A
- o 2 s L=
e o ..
il +—~ LH:;:7 [ o
- ‘ s e
s A |
| e
| .
| LA
| o T ) S
A=
- . | w
- - 0
e
)

5UN 4.17 HAN15@0IBNTAIUANNTELALUY 4 JUnau NUUBIAAIUAL FPGA

(%
1Y

TURNBUNITINRNBIITNIATUANNTEUARUY 4 TunaU Tl

[

1) 1UADNWLUUIIABIEINTTIVDITEUUBUAINA I ULUULLRSND ADULIDTHADITUIN N UAAT

doyayraunseanistuyas 1 surdulen 3 wia Avaan 0.001 Jundl e 0.02 Funii

T

2) fmupmsmuannmsdawazUavesaintdslnduluamiSnsaunuiuy 4 Tuneu

3) AFUNINARALATIVHDUNAANSINDRIAINTVIVDITEUURUAINGINULUUIATND

ADULIDSLHBSIININUAUNRBINSHS B LAl

4)  USUUTUaENAAUTTUURILAINABING

5) JufinkazAuNan1sI1aNes 1989l uUNi 4 NSNeFaULaEN1IaAUIIENANISNAEDUY



uni 5

UNATULALUBLEUBLULLUININITIIYAD

5.1 unagd

mﬂ’i’mﬂszaqﬁmaqﬁ@mﬁwuéaﬁ’uﬁ Wil oaenwuLLArSIaBINITUTe I g3l
sruunamdanuuuueindaeuied lnoiduvdnnsieuidudeu FddmsiBauaunssua
WUU 4 Tunou uazmadeumssraeslulusunsy MATLAB & Simulink M3pauatszuUNTwUaY
wasuazliBnslaelddyarn PwM vesusaziva Tunseuaunisida-Unaindds 49910013
DONUULLAZS AR UTesainsBendiu anunsavukazAIuAnNsa-Uavesaindde

lamuingussasdveslSyanfinus

5.2 Jaymndinu
1) madeugamdamsvinandagldnim VHDL LﬁawfmLﬂummsﬁgqumﬁumm C, C++
Ansldendaeiily
2) HagUuiwenduriivarnnarslmdenldoru ilvnsviaudamnududeumnsesies
naaBIVaNTeylALI I InTIAMFDINIS

3) NsWBuYAA#EINIw VHDL Ailanaiailiesnintanlalinseiuaiudednis

5.3 Asuddgym

'
[

1) anduns@nwdeyasinunesidaiazldfinisaeuaiugs 1y 919158 719911
WNentaiumsilisugaadanisinnulaglinig VHDL lngnss
2) levihnmsvegeumgananlsnsessulunsleuynadanieniw VHDL

3) IN5MARRLTEUYAAIFINTYT VHDL anetunauiionadounaanslinsiulasanuy

5.4 YDLAUBLUSLUINIGIUNITNIIYAD

[
a

TaeiinanlulSggrdnusatuil iWunis9rassnisinauvesaingd slussuuulas

'
o w =

NFIUBUULRSNFRaUes MW lad e veIssul BalusuinnalunsavinnsiauIsesI8nIs

o
I '

11 IGBT 11819815AKIT39 WANISYINIF8FUUDI1INDIARANEINUNITNARDIEINTTY IGBT 1ae

ANSANBILALNAFDUNISVI9IUVDY IGBT Tuan11znsIHIUAILYDAINUABENITOUADY bIDI9IN



82

IGBT 1Jugunsaindlihniianududeusaziinulisenisidsuaniue msldnuligndemse

nmnaassiilignaeseaviligunsaliinanudemela



83

UIIUIUNU

[1] S. Tammaruckwattana and K. Ohyama. 2012. “Experimental Verification of Variable
Speed Wind Power Generation System Using Permanent Magnet Synchronous
Generator by Wind Turbine Emulator.” Fukuoka Institute of Technology, 3-30-1
Wajirohigashi, Higashi-ku, Fukuoka (Japan).

[2] K. Ohyama and T. Nakashima. 2010. “Wind Turbine Emulator Using Wind Turbine
Model Based on Blade Element Momentum Theory.” Fukuoka Institute of
Technology, 3-30-1 Wajirohigashi, Higashi-ku, Fukuoka (Japan).

[3] S. Tammaruckwattana, C. Yue, and K. Ohyama. 2014. “Comparison of Switching
Losses of Matrix Converters for Commutation Methods.” Fukuoka Institute of
Technology 3-30-1 Wajirohigashi, Higashi-ku Fukuoka, Japan.

[4] N. Suppaadirek, S. Ruengkittrakarn, and S. Tammaruckwattana. 2022. “Wind Turbine
Emulator for Wind Power Generation System.” School of Engineering King Mongkut’s
Institute of Technology Ladkrabang, Bangkok, Thailand.

[5] S. Tammaruckwattana, P. Kawpukdee, N. Suppaadirek, R. Gullayanono and A.
Rerkratn. 2022. “Commutation Methods of AC-AC Converter for Wind Power
Generation System.” School of Engineering, King Mongkut’s Institute of Technology
Ladkrabang, Bangkok, Thailand.

[6] Prof H.du T. Mouton. 2004. “A THREE-PHASE AC/AC MATRIX CONVERTER SYSTEM.”
degree of Master of Science in Engineering at the University of Stellenbosch.

[7] Z. Luca. 2007. “Control of Matrix Converters.” DEPARTMENT OF ELECTRICAL
ENGINEERING FACULTY OF ENGINEERING at the University of Bologna.

[8] R. Ghoni and H. Rashag. 2011. “Issues of matrix converters: Technical review.” TATI
University College and Al-Furat Al-Awsat Technical University.

a o

[9] Alwa e way I8¢ Mginsey. 2545. “N1509NWUY d319 Wasimu 34 wesnd
AOULIRTMES.” UnAnwseRuladindnwiniaiyienssuliin uay seemansIanse
aadyeanssuliin aantumalulagnsgrennaiiinunmsainnszds atansedy

NIANN.



84

v A

[10] Fy2188 L5UAT LN S3xHUN wag Usedny ygydnd. 2015, “msimuiiazaiuny
waindaounefinesdouedosiuialifiuvienihdmivuvadmdnuuiow.” a1adun
Amnssulvn augdmnssumans unneauuing.

[11] U351 Weonliu way vruney Jeygyila. 2023. N1599NUUUR9RTAY FPGA (FPGA
Design). [Online]. https://gear.kku.ac.th/~ying/188360%20AdvDSD/fpga design.pdf.

[12] forfpgadesign. 2017. 1.1 vinludas FPGA. [Onlinel.

https://forfpgadesign.wordpress.com/2017/01/27/first-blog-post/.

[13] NECTEC. 2020. 38u3n1seanuuutaniiaie (FPGA) d1wsu loT. [Online].

https://www.nectec.or.th/news/news-public-document/fpga-design-iot-html.html.



AMANUIN N. LANE5UBYA (Datasheet)



1300 Henley Court

A DIGILENT .

www.digilentinccom

Basys 3™ FPGA Board Reference Manual

Revised April 8, 2016
This manual applies to the Basys 3rev.C

Overview

The Basys 3 board is a complete, ready-to-use digital circuit development platform based on the latest Artix®-7
Field Programmable Gate Array (FPGA) from Xilinx®. With its high-capacity FPGA (Xilinx part number XC7A35T-
1CPG236C), low overall cost, and collection of USB, VGA, and other ports, the Basys 3 can host designs ranging
from introductory combinational circuits to complex sequential circuits like embedded processors and controllers.
It includes enough switches, LEDs, and other 1/0 devices to allow a large number of designs to be completed
without the need for any additional hardware, and enough uncommitted FPGA 1/0 pins to allow designs to be
expanded using Digilent Pmods or other custom boards and circuits.

The Artix-7 FPGA is optimized for high performance logic, and offers more capacity, higher performance, and more
resources than earlier designs. Artix-7 35T features include:

e 33,280 logic cells in 5200 slices (each slice contains four
6-input LUTs and 8 flip-flops)

e 1,800 Kbits of fast block RAM

e Five clock management tiles, each with a phase-locked
loop (PLL)

e 90 DSP slices

e Internal clock speeds exceeding 450MHz

e On-chip analog-to-digital converter (XADC)

The Basys 3.

The Basys 3 also offers an improved collection of ports and peripherals, including:

e 16 user switches ® 16 user LEDs e 5 user pushbuttons
o 4-digit 7-segment display e Three Pmod ports e Pmod for XADC signals
o 12-bit VGA output e USB-UART Bridge e Serial Flash
o Digilent USB-JTAG port for e USB HID Host for mice, keyboards
FPGA programming and and memory sticks

communication

The Basys 3 works with Xilinx's new high-performance Vivado™ Design Suite. Vivado includes many new tools and
design flows that facilitate and enhance the latest design methods. It runs faster, allows better use of FPGA
resources, and allows designers to focus their time evaluating design alternatives. The System Edition includes an
on-chip logic analyzer, high-level synthesis tool, other cutting-edge tools, and the free WebPACK™ version allows
Basys 3 designs to be created at no additional cost.

5 Copyright Digilent, Inc. All rights reserved.
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Figure 1. Basys 3 FPGA board with callouts.

m Component Description m Component Description

1 Power good LED FPGA configuration reset button
2 Pmod port(s) 10 Programming mode jumper

3 Analog signal Pmod port (XADC) 11 USB host connector

4 Four digit 7-segment display 12 VGA connector

5 Slide switches (16) 13 Shared UART/ JTAG USB port

6 LEDs (16) 14 External power connector

7 Pushbuttons (5) 15 Power Switch

8 FPGA programming done LED 16 Power Select Jumper

Table 1. Basys 3 Callouts and component descriptions.

A growing collection of board support IP, reference designs, and add-on boards are available on the Digilent
website. See the Basys 3 page at www.digilentinc.com for more information.

1 Power Supplies

The Basys 3 board can receive power from the Digilent USB-JTAG port (J4) or from a 5V external power supply.
Jumper JP3 (near the power switch) determines which source is used.

All Basys 3 power supplies can be turned on and off by a single logic-level power switch (SW16). A power-good LED
(LD20), driven by the "power good" output of the LTC3633 supply, indicates that the supplies are turned on and
operating normally. An overview of the Basys 3 power circuit is shown in Fig. 2.

Co yright Digilent, Inc. All rights reserved.
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s TS
T :
3 f<—>T"‘” :
L3 U
- T, e

bp

Vertical Sync Horiz. Sync
Time | Clocks |Lines| Time | Clks
TS Sync pulse 16.7ms| 416,800| 521 32us| 800
Tdisp Display time | 15.36ms| 384,000 480 |25.6us| 640
pr Pulse width 64 us| 1,600 2 | 3.84us| 96
TfE Front porch 320 us| 8,000 10 | 640ns| 16

pr Back porch 928 us| 23,200 | 29 |1.92us| 48

Symbol | Parameter

Figure 14. Signal timings for a 640-pixel by 480 row display using a 25 MHz pixel clock and 60 Hz vertical refresh.

A VGA controller circuit, such as the one diagramed in Fig. 15, decodes the output of a horizontal-sync counter
driven by the pixel clock to generate HS signal timings. You can use this counter to locate any pixel location on a
given row. Likewise, the output of a vertical-sync counter that increments with each HS pulse can be used to
generate VS signal timings, and you can use this counter to locate any given row. These two continually running
counters can be used to form an address into video RAM. No time relationship between the onset of the HS pulse
and the onset of the VS pulse is specified, so you can arrange the counters to easily form video RAM addresses, or
to minimize decoding logic for sync pulse generation.

o HS
zero | o ‘ CE Zero |l oot
Detect Detect L ovs
Horizontal Horizontal Vertical Vertical
Pixel | Counter Synch Counter Synch
CLK 3.84us 64us
T Detect | | RSt ’— Detect | 7| RSt

Figure 15. VGA display controller block diagram.

8 Basic /O

The Basys 3 board includes sixteen slide switches, five push buttons, sixteen individual LEDs, and a four-digit seven-
segment display, as shown in Fig. 16. The pushbuttons and slide switches are connected to the FPGA via series
resistors to prevent damage from inadvertent short circuits (a short circuit could occur if an FPGA pin assigned to a
pushbutton or slide switch was inadvertently defined as an output). The five pushbuttons, arranged in a plus-sign
configuration, are "momentary" switches that normally generate a low output when they are at rest, and a high
output only when they are pressed. Slide switches generate constant high or low inputs depending on their
position.

Copyright Digilent, Inc. All rights reserved.
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3.3v B0 LEDs
BTNL e léqg LD1 L
LD2 i
[ WA irere:
ons BTNU T18 vl\ﬂg LDS &
u17 U14 -LD8 5
BTND V14 D7 5
u18 V13 -LD8 z
BTNC V3 DO i
W3 LD10 i
T Artix-7 U3 D1l
2 R3 o
[ SWog-o—ww— V17 ’,;‘.:15 LD14
L1 LD15 7.
SW1ro—w— V16 -segment
3.3y Display
(-Sw2go—w— W16 w4 AN3

[ SWaz-o—w— W17

[ SWazo—w— W15

| SW65o—w— V15

| SW6Zo—wv— W14

SW7 —o—w— W13
Slide
Switches

SW8 To—w— V2

Figure 16. General purpose 1/O devices on the Basys 3.

The sixteen individual high-efficiency LEDs are anode-connected to the FPGA via 330 ohm resistors, so they will
turn on when a logic high voltage is applied to their respective 1/O pin. Additional LEDs, which are not user-
accessible, indicate power-on, FPGA programming status, and USB port status.

8.1 Seven-Segment Display

The Basys 3 board contains one four-digit common anode seven-segment LED display. Each of the four digits is
composed of seven segments arranged in a "figure 8" pattern, with an LED embedded in each segment. Segment
LEDs can be individually illuminated, so any one of 128 patterns can be displayed on a digit by illuminating certain
LED segments and leaving the others dark, as shown in Fig. 17. Of these 128 possible patterns, the ten
corresponding to the decimal digits are the most useful.

Copyright Digilent, Inc. All rights reserved.
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in digit position 1. Then, if AN1 is asserted while CA, CB, and CC are asserted, a "7" will be displayed in digit
position 2. If ANO, CB, and CC are driven for 4ms, and then AN1, CA, CB, and CC are driven for 4ms in an endless
succession, the display will show "71" in the first two digits. An example timing diagram for a four-digit controller is
shown in Fig. 19.

Refresh period = 1ms to 16ms

‘—‘/’\ Digit period = Refresh / 4 i
ANO N/ -

ANt T o/
AN2 /7
AN3 I o
Cathodes — ¥ Digit0_X_ Digit1_X_ Digit2_X DigitSiX:

Figure 19. Four digit scanning display controller timing diagram.

9 Pmod Ports

The Pmod ports are arranged in a 2x6 right-angle, and are 100-mil female connectors that mate with standard 2x6
pin headers. Each 12-pin Pmod port provides two 3.3V VCC signals (pins 6 and 12), two Ground signals (pins 5 and
11), and eight logic signals, as shown in Fig. 20. The VCC and Ground pins can deliver up to 1A of current. Pmod
data signals are not matched pairs, and they are routed using best-available tracks without impedance control or
delay matching. Pin assignments for the Pmod I/O connected to the FPGA are shown in Table 6.

VCC GND 8 signals
Pin6. N _¥ ™ 1 pipq
e CIEICIEI I
Molglaloiala

Figure 20. Pmod ports; front view as loaded on PCB.

JAL: )1 JB1: Al4 JC1: K17 JXADC1: J3
JA2: 12 JB2: A16 JC2: M18 JXADC2: L3
JA3: J2 JB3: B15 JC3: N17 JXADC3: M2
JA4: G2 JB4: B16 Jc4: P18 JXADC4: N2
JA7: H1 JB7: A15 JC7:117 JXADC7: K3
JA8: K2 JB8: A17 Jc8: M19 JXADCS8: M3
JAS: H2 JB9: C15 4€9: P17 JXADC9: M1

JA10: G3 JB10: C16 ~ JC10:R18  jXADC10: N1

Table 6. Basys 3 Pmod pin assignment.
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Digilent produces a large collection of Pmod accessory boards that can attach to the Pmod expansion ports to add
ready-made functions like A/Ds, D/As, motor drivers, sensors, and other functions. See www.digilentinc.com for
more information.

Basys3: Pmod Pin-Out Diagram

1a12:pwR [B]E] 146:PWR fSLNE- [ JAL
Ja11:GND [BIE] ss:GND j::‘:fz E]]E j::’;:;
“::: f: BE j: ‘6:2 sea:s16 |BIE] je10:c16
JEPTreR) 1 1 ppreees 3 o ses:ono [BIE] jey3:6n0
AT 1 I T : y £ XILINX 186:PWR 1812:PWR
IXAC12:PWR IXACE: PWR ) L o). Jei:xa7 [@lE] sc7:La7
IXAC11:GND IXACS: GND. f s scz:mas B8] scs:mis
IXAC10: N1 IXACA:N2 sca:n17 (Bl sce:p17
IXACO: ML IXAC3: M2 sca:p1s [BIB jc10-p18
IXAC8 : M3 8 ixaca:13 ses:ano [SIB jc1y:an0
IXACT:K3 IXACL: 13 ses:pwr LEIB] jerppwm

9.1 Dual Analog/Digital Pmod

The on-board Pmod expansion port, labeled "JXADC", is wired to the auxiliary analog input pins of the FPGA.
Depending on the configuration, this connector can be used to input differential analog signals to the analog-to-
digital converter inside the Artix-7 (XADC). Any or all pairs in the connector can be configured either as analog
input or digital input-output.

The Dual Analog/Digital Pmod on the Basys 3 differs from the rest in the routing of its traces. The eight data signals
are grouped into four pairs, with the pairs routed closely coupled for better analog noise immunity. Furthermore,
each pair has a partially loaded anti-alias filter laid out on the PCB. The filter does not have capacitors C33-C36. In
designs where such filters are desired, the capacitors can be manually loaded by the user.

NOTE: The coupled routing and the anti-alias filters might limit the data speeds when used for digital signals.

The XADC core within the Artix-7 is a dual channel 12-bit analog-to-digital converter capable of operating at 1
MSPS. Either channel can be driven by any of the auxiliary analog input pairs connected to the JXADC header. The
XADC core is controlled and accessed from a user design via the Dynamic Reconfiguration Port (DRP). The DRP also
provides access to voltage monitors that are present on each of the FPGA's power rails, and a temperature sensor
that is internal to the FPGA. For more information on using the XADC core, refer to the Xilinx document titled "7
Series FPGAs and Zynqg-7000 All Programmable SoC XADC Dual 12-Bit 1 MSPS Analog-to-Digital Converter."
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