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Abstract

Abstract

In recent years, with the accelerated development and utilization of new energy,
higher performance in the current tracking of inverter is required by the micro-grid or
grid connected. Three-phase voltage source inverter is the topology which is the most
widely used. Its current FCS-MPC (Finite Control Set-Model Predictive Control)
takes the advantages of fast response, high accuracy, simple principle, flexible control,
etc. However, it also has the problems of control delay, switching frequency
unrestricted and model parameter sensitivity, which affect the current tracking
accuracy and other performances of inverter. These problems are more serious in
multi-level voltage souce inverter control. This paper presents the following works
focused on these problems:

Build a mathematical model of three-phase voltage source inverter based on
FCS-MPC current predictive control; analyse the accuracy affect of the several
approximated discrate method to the system model, and research the factors and the
model parameter sensitivity problem that related to the current control accuracy by
simulation.

Adopt the Compact RIO 9073 with FPGA embedded as the system controller;
design and build a experiment platform that including measurement system, control
system, data recording and analysis system; simplify the FPGA programming by
introducing the LabVIEW FPGA development environment; solve the problems
caused by programmed FCS-MPC algorithm in FPGA; realize the parallel high-speed
computing the control algorithm and solve the control delay problem.

Construct enable-matrix tables of space voltage vector from space vector point;
greatly reduce the core control algorithm calculation by enble or disable the number
of voltage vector used in the current predictive control; construct a dynamic
enable-maxtrix table and optimize the switching zero-vector according to the
relationship between switching number and voltage vector; realize the reducing of

swiching frequency and uniform distribution.
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Introduce a weight of switching frequency to FCS-MPC cost function according
to the law of voltage vector length and swithing number; construct a switching
number table to calibrate the weight of switching frequency to proportion and achieve
the flexibly limit of the switching frequency.

Observe the model parameter back EMF which is in unknown situation by
constructed a Luenberger state observer; online identify the model parameter R and L
which are in unknown situation by 2-order recursive least squares estimator; online
identify the model parameter when all are unknown by 4-order recursive least squares
estimator and refence signal disturbance method; auto correct the model parameter
and realize current adaptive predictive control.

The creative points of the paper are presented as follows:

(1) Design and build a system control plateform base LabVIEW, which
introduce the LabVIEW FPGA development environment to current predictive of
inverter for the first time, greatly reducing the difficulty in FPGA development; solve
the problem of parallel accelerate calcutation, usage of limited FPGA resource,
deadtime control and etc; realize high-speed calculation of the FCS-MPC current
control algorithm in 2 million gate FPGA resource, total computation consume 275ns,
total control delay is less then 2us.

(2) Propose an FCS-MPC optimized algorithm of reducing the calculation. It can
reduce the main control algorithm about 42% calculations by enable or disable
voltage vector involved in predictive control.

(3) Propose an FCS-MPC optimized algorithm of reducing switching frequency.
It can limit the switching frequency flexibly by constructed a dynamic enable-matrix
table or introduced a weight of swiching frequency to cost function.

(4) Identify the R L and back EMF parameter online fastly and realize current
adaptive predictive control by recursive least squares estimator and refence signal

disturbance method when all model parameter are in unknown condition.

Keywords: Power Inverter; MPC; LabVIEW FPGA; Switching Frequency

v



H X

T USSR |
F-N 0 1] 3 0 T A 111
BB ZE 1B et es s ssstssssssss st s s sas s sastsnessss e 1
1.1 FETEFEIRETIR c..eoeeerceceecseescscssescsesssssssssssssssessassssassasssssssssssasesssatasensassassassossses 1
L1 0B R IS R TTRE ettt ettt et ee e 1
(B U s o N, g < OO RORTRRTS 2
12 S B R B AT BR ..o ceeeececreecses s ssesssssasasasssssssssssstosatascasassassssssasasssnsassases 3
1.3 B ERERIEFIIE IR e creencreeseescasessassssessassssessassasiissssssssssstosssssssessssnssossssnsssses 5
1301 EETAE PL AT oottt ettt e et et enenees 5
1.3.2 FETRTH IR EL IS oot 7
133 BT AEAZS TR <ottt ettt e et n e 7
134 FELTRTIIITEE T oottt ettt et eseeenenees 8
I ok s I 14
LA T T B EE R oottt ettt e e e een e 14
142 B ITE T P 2 oottt ettt ettt e e n e 17
FE HERMEH RS E D H .overreenrenenennnsenessnsessasessenns 19
p IR W05 0 E At S =t R 19
2.1.1 ZAHH RS RS R-L-E UREEARETY e 19
2.1.2 FCS-MPC B TR ETITE oo, 27
2 BRI T EL G Mo eeeeeeeereensessssesessssesssssssssssssssassassssassassssassnsassassasassassassssans 30
2.2.1 Matlab/SImMulink AT ..o 30

22 R T B T ettt ettt n et r e 31
2.3 ZEEE VG et sss s s s b st as s b bt e bs b st bbbt be b b bete 43
FZE ARG ETERITERIRIUE ..coeeeeereerneerenseecsnseensnecssnse 45
3.0 BRI T IR I e eeecreeersesresssessassssesssssssssssssssssssssssassssssssssssssssssasssssssassssans 45
RV Oy TR 48
3.2.1 = AHPHHL T L e B AR ZR IIFE T oo 48
3.2.2 R-L-E S U T T oot s et en e 53
3.3 R TR IE AT e veeecrrereesensesssessessssessassssessssssssssassssasssssssasssssssassssssssssasssssssassosans 54
3.3.1 F& ) R S I RAEFE TP HEZEBBETE oo 54
3.3.2 FPGA FEFE BT TRBE T RI oottt e e 56
38 TEIE S M esssasescsssssssssssssssssssasssssssssasassossssssssasssssassasssssnsassassssssssaes 65
R IR I = RS RRRR RN 72



O L PR AR g v UL TG R O 5

FMOE BRI R BRI B IR R ooeeeeerrrereerenneene 73
41 EFF R R BRI S EHT DB o ccrerceecreeereresessessesssessssssessssssssssssssseses 73
WA At = 7 AT 75

A2 LR oo, 77
A.2.2 FTFFRITZBAL oo, 84
43 BIERE B E R G FFEINEERUTE . .o eeeeesesesesessssasssssssssssassssans 88
B3] HLIEIRTEZETE ZR oot 88
4.3.2 FFTITZERUT oottt 9]
R = 4 1~ 96

FHE BRI B IERIER R I veeeennereseissinessssesssssnes 97
5.1 R 0 L 251 back EMF KRG RARTS I BEIZ T ceveveerineirieireeieeesesesens 97
5.2 R #1 L R back EMF BNERSEEN S BERIEHE]ccoveviererererensenne 100

5.2.1 F50/D T IAEEE B BT oo 100
522 R AL ZEAFEEHERAT FPGA SEI oo 102
53 R. L A back EMF ¥R FERSEHHINE BiBERIEH] cccveeeeereecrecneenne 109
Bull ZREE I NEE eeeeeeeeresesseesesssessasssesesessasisesessasssseseseseassesesesenssseseneasates 118

BTN B D B e eeeeeeeeeeeireisessessssssessssssesassssessssssesssessesasesnasses 119
6.1 TELEE eeeeeeeteteseensese et se e se s st s s e s s b b e R s bbb e bbb e R e e b b bebe Rt et 119
6.2 TAERB IR o eeeeeetereeeeciosesesasisesesssessssssessssssasessssssasasassssssssasassssssssasasssssasases 120

BEETTIR cvvevererernereessesnsesassassensssssssssassssssssasassssssssasessssssssassssssssasnsnsessann 123

BUEE T2 AR B BB RIRHIEBUR «.ooveeeeeeereseennesennnsesnsesessasessssnses 129

B B ceeeeessecsenensnensnsnsssssssssssssssssssssssasasasnsnsnssensssssssssssssssssssasssasasns 131

VI



Table of Content

Table of Content

ADSEEACE coouenrerriiiiisnnriicssssnniecsssssnnssssssssssssssssssssssssssssssssssssssssssssssssssssssssse I
1 INtrOdUCEION..ccciciiirnereccsssnnreccsssnnresssssssssessssssassassssssssssssssssssssssssssssssssses 1
1.1 Inverter Technology Developments and Trends ..........coeeenveecsenssnecsciessiecnnes 1
1.1.1 Inverter Technology Developments............cc.eervereiienieenieenieeieenieeiee e 1
1.1.2 Inverter Technolo@y Trends ..........ccceeeveeiieriieiienieeieeee e e e 2

1.2 Three-phase Voltage Source INVEIter .........ceeieeinseensensscissinniinscienssesssnsssaee 3
1.3 Current Control....eceeineiiseecsennseecssenssnncssessssessseessasssisscsassssasssessssesssassssesssase 5
1.3.1 Current PT Control ..........ooiiiiiiiiiiieieeieeeee st 5
1.3.2 Current Hysteresis Comparators Control.............ccoeeviiiiiinniiieenieeeniieeieeene 7
1.3.3 Current Sliding Mode Control..........ccccoevierieiiieiiieiieeieeee e 7
1.3.4 Current Predivtive COntrol ..........cccooouieieniiiiniiiieeeceeee e 8

1.4 Problems and WOTKS.......couiieennenssinnsensssnsniissnnssnisssecsssecssssssesssassssesssssssasssss 14
L.4.1T PrODICINS ..ottt et e e et eeeaae e 14
1.4.2 ReSearch WOTKS .......ccviiiiuiiiiiiiici e e 17

2 Predictive Current Control Modeling and Simulating ............cc..... 19
2.1 Predictive Current Control Modeling ..........cceeeevveeccsserccssnnissnresssncssnsncssnsnes 19
2.1.1 Three-phase VSI with R-L-E Load Modeling ...........c.cccceevuievienreeniiennnnnne. 19
2.1.2 FCS-MPC Current Control Principle .........ccccoeeveeviieviiiniiienienieeeeeieeieens 27

2.2 System Simulation and ANalysis .....cccceevrenivresssencsssnncsssnncssnncssssncsssssessssscssnses 30
2.2.1 Matlab/SimulinkModeling and Simulation .............cccceeveveevieniienieeciiennns 30
2.2.2 Simulation and ANalySIS ......ccccuieriiiiiniiiieiiie et 31

2.3 SUNMMALY wecccuiirsreesnessancssnnsssesssnssssesssassssessssssssssssassssasssassssssssassssasssssssasssssssssasssns 43
3 Platform Design and Experiment Verification ..........cccceeeecccnnerecceeee 45
3.1 Experiment Scheme Desi@n.........ccoveieiiiicisnicssnicssnnicssnnicsssnesssssesssssssssssssssees 45
3.2 Hardware Experiment Platform Build ..........ccovevvuensuenneensennnccsenssnensnennne 48
3.2.1 Two-level Three-phase VST Build ........cccoeeviiiiiiiiiiiieieeeeicceee e 48
3.2.2 R-L-E L.0ad DESIZN ....ceeeiiiiiiiieeiieeeiie et eiiee ettt siae e steeesveeesnveeenneeens 53

3.3 Program Design 54
3.3.1 Conrol and Data Acquisiton Program Scheme............ccccoevvevvirciieniennenne. 54
3.3.2 FPGA Program Key Problems...........ccccocveeviierieiiienieeieeeeeee e 56

3.4 Experiment VerifiCcation.........cciicnveicssricssnnisssnncsssnnesssncsssnessssncssssssssssssassese 65

R IESTINT 1111111 T2 o 72
4 FCS-MPC Switching Frequency Optimization Algorithm............. 73
4.1 Switching Zero-vector OptimiZation ..........cceceecesvenccssnnccssnncsssresssncssssncssssnes 73

Vil



Predictive Current Control Method Research for Three-phase Voltage Source Converter

4.2 Control algorithm OptimiZation ........ceeieenseenseensenssnensensseecssescsaessscsssecssne 75
4.2.1 Voltage Vector OptimiZation...........ceeeueeeeiuieeriiieeniiieesiieesieeesreeesveeeneneesenes 77
4.2.2 Switching Frequency OptimizZation ............cccueerueereieeneeeiieeneeeieeneesveeneneens 84

4.3 Voltage Vector Reference and Switching Frequency Weight ....................... 88
4.3.1 Voltage Vector REfErence........c.ceevviveriieiriieeiieeice e 88
4.3.2 Switching Frequency Weight...........ccoooiiiiiiiiieniiiiieie e 91

4.5 SUINIMATY cceviervnriersrricsssressssnsssssnossssnosssssossssssssssssssssesssssessssssssssssssssssssssssssssssssssess 96

5 Current Adaptive Control Research .........ccooccveeiccciccnnrcccsssnncncinsces 97

5.1 State Observer Design with R L Known and Back-EMF Unknown............ 97

5.2 Adaptive Control with R L Unkown and Back-EMF Known ...........c.co.... 100
5.2.1 Least Squares Parameter Identification Online .............ccccocieeiiiiieniinnnnne. 100
5.2.2 R and L Parameter Identification Online and FPGA Implementation....... 102

5.3 Adaptive Control with R L and Back-EMF Unknown........c.ccccceeerescueresenns 109

5.4 SUIMNIMATY ceeiervnriissricssnnicsssnisssssesssssessssesssssesssssssssssossssassscasssnssssssssssssssssssssssssss 118

6 Conclusion and OUtlOOK.........eeiceevcenriccsscrnnniccsssnnricssssnsssssssssssssessone 119
0.1 CONCIUSION...cuuerieiiininiteisiicnenstenctensanisneeiiaissaeeseiesssnessnssssssssassssesssasssassssasanns 119
6.2 Prospect for FUuture WorkK.......eioeiccivncniiininssnncssnncssssncssssncssssscssssscssssscsanss 120

| 23 (23 ) 1 T L 123

Publications and RewWards.........ccccccevvvunriccssssnnnnecsssssnnsscssssssssscssssssssses 129

ACKNOWIEdZEMENL......ccccovvurricrsrrnrnicssssnnrscssssssnsssssssssssssssssssssssssssssssssss 131

VIII



F—E &

WAR AR g B T 722 DU RSB AR (B, R T 20 THAD 30 4K,
Fronlg 80 FFACLIREEA - P UEARII G, WARTORIG R 75 CALRE N A R,
ez B F AL SRS A APF AR IR A L UPS AN
W AR g S, R T A sk, TS . RS, PRBES Je i AT
BRI R A AL 1) T4 F AR

Ak, BEAE A RENE WAL, BERSEHLH 22 ™ B, DURBHRE. MUAE.
PRV e S T BT AR (RB RE RS 2 BRITT A AN R FH o B RE R K Bl 9 AT
I WAL oA HOA R I TR, JF XTI AR 4 A LR R 7 R (P EREOR JEE  He H

9-12]
o

L1 BT HREER

WA ARG CHACIR AR S oy BB RS S, B ER ARk
FRCAS Vi HL R R BRI A e o M s e F T A (B SCR. GTO.
STR. IGBT. IGCT) ({13, LASCHLHAEASHe (1 f

1L.1.1 FEFARPIERAE

L) PSR AR AR R S (R G B, LR AP A e vk g T AR
TR ST AR HK o WAL [ PR AR 1931 AR, 1948 36 7Y & HL <
On i FIOR A it s T T 3000Hz FRJER N A FH AR 45 . 1956 4F i ) & (SCR) [7]
tH, IFE e TR e, R IR B B, R AR R B
WAREE b HHT SCR A& —FhA A CKIRe ) IR F, TAESURAL, Wmh®
PRI, R s e =8, DRI BRI T3l AR HOR I . 20 4D 50 “EARAT B
KRS (GTO) [, JFT 70 UGN H TR DA %3, ko)
FMERS (SVC) AFliAR Ha s ohr, WARHORBE N P A INAR, Joh DL A =35
Bir -t ABB 2wl BOARIR . 70 SEAOR R4, a8 i ) v 1 a1 B
J&, LT KIIFGAE (GTR). KUV MAE (MOSFET), fH GTR

1



O L PR AR g v UL TG R O 5

TFFRIRER, em AL 4kHz, 1 MOSFET K P RERI T 24, fEThxR -
IRMESEM . 1983 4F, ZZMEARL A (IGBT) fE3&[E M. IGBT J&H GTR
5 MOSFET &4 Mfr), HAMA/AN, TAEMZFR S A, Himnlik 100kHz,
DRI AP SRR Ay /NI 6 v ) L e 46 1 R T DGR . 1996 4, SR B T 4R
J IR e ) (IGCT), FAEIREN K GTO KIHLIKB) 2k, RAH
R, WEBFEDN, TSR EE A, ISP IR GTO #F. Di 4Rk
1, B R AR R R R A, 21 el Uk, BEEMAE T RRMARE, T
FARBOLE (PIC) 43 TR MR REIF RA T E . wEE, RRUNEIR AL filln
AT AE /N 2% T 4003 32 A8 H 10 R e T % BEE IPM Cntelligent Power
Module), ¥ Z ATyt AR IR ik KK CRy R e —
A, A T ABURSAR, B KIREET T o] SErE g Hag 1,

LS AR BRI A, bk 56 U il (Pulse Width Modulation, PWM)4% AR & i
M2 ) MEAR, HErT N e ik LR T PWM IHIHEAR .
PWM ifi il 7 fhl 5 A 30 3 7 il ) b S (0 Jar 58 8, 8 TEL 90 P O A1 R 25 i
T Ik 5 T 78 P R AR ki R B, S B A R A U R, TR AL
(R, HA B m N ARG a . JER R HEL ) T LU PifE: 1963 4F F. G,
Turnbull $2H TR UL, 1964 4F A.Schonung F1 H.Stemmler 1 742
HREIA ZR G010 YR 4 A N B8 A sl pt ), R T I 3%k 98 1 11 (Sinusoida
Pulse With Modulation, SPWM)AZ Hs A 45T 5T (R8T JRi 1T o HH T4 I RO A A e
(R, B2 1975 4F Bristol K% S.R. Bowes %% A\ X SPWM i TR A 5T,
kI T A HC A SPWM R J7 %8 KURAY 0746 PWM 7 2 HEAR AL PWM
B, H i H R R 2, JEXT B AR T R S, 5 PWM #5
B S SRR T B IEAE, IR B IE N H B AR AR, AR
R IR SR T S LT 2R ) R AR S VPWMYTL BERL PWM
HORUS20 H A R L PWM R 23045

112 BEH AR L REE

Bt HL g 2 S AR A P ) v A AR RS A (K DL, BRI A BOR IE Wi
FAL, R, R RIS, AR AR . B PWM
R, WIRRIF AR B A AP RIRAR T2 T B 7 2 Rl Ag g 10924,

2



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

