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ABSTRACT

This thesis presents reactive power and harmonic compensation by using
flying capacitor multilevel inverter. The closed-loop control is designed and applied
for effective reactive power compensation and harmonics reduction. A five-level
inverter is modeled and the phase-shifted pulse width modulation is adopted for
output voltage control to maintain the energy balance of the flying capacitors. The
simulation results show the compensated system current is in-phase with the system
voltage and the harmonics current is well attenuated. The five-level flying capacitor
inverter prototype consists of power switch with driver circuits, and the control unit
consisting of digital signal processor, FPGA and sensor circuits. The digital signal
processor calculates the reference currents from measured voltage and currents
value and applies the reference currents to closed-loop control system to determine
the desired inverter output voltage, and then sends it to FPGA for pulse-width
modulation. The experimental results show that compensated system has unity
power factor, balanced system current and reduce current harmonics. The

experimental results agree well with the simulation results.
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oL $ L7\ 72, (2.2)
2

m:-S—\2N~—+1 (2.3)

WlpnINATaNeAUsENaUTeeasluLuY 3 nantanslugun 2.4

SW = ((m—1)x2)=3 (2.4)
C:((m—l)z(m—Z)]X?) (2.5)
k=2m-1 (2.6)

p=2k-1 (2.7)
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A15199 2.1 ANSYNNUVBIAINTAIAILIUDUNIBTNBST 5 S¥aU TUaNaNedImUTwas (1 1a)

Switching states  |Output voltage related| Output phase
G | G | G
S| S, | S5 | S, of capacitor voltage V,,
1 1 1 1 aF V. (4E) N N N
1 1 1 0 af - 1E N N +
1 1 0 1 af - 2E + 1F N + -
3F
1 0 1 1 af - 3F + 2F + - N
0 1 1 1 3E - N N
1 1 0 0 4F - 2F N + N
1 0 1 0 4f - 3F + 2F - 1E + - +
0 1 1 0 3F - 1F - N +
-
1 0 0 1 4f - 3F + 1F + N -
0 1 0 1 3F - 2F + 1E - + -
0 0 1 - 2E N - N
1 0 0 0 af - 3F + N N
0 1 0 0 3F -2 - + N
1E
0 0 1 0 2F - 1E N - +
0 0 0 1 (& N N -
0 0 0 0 0 0 N N N

AU 1

AeanuraIng ON
Ao @nuraiIng OFF

Ao Taildanu

g @nuy N159AUsE] (Charging mode)

g @nur N15AEUsE] (Discharge mode)
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N Y & = ¥ a a ¢ ¢ o a a
AR5 2.1 LLa@QIML‘Viua\‘]"U@@m@ﬂ@un@iL@@ﬁﬁa’]ﬂigﬂUﬂju@waqﬂaﬂ

[%
v

ATmes Aellanuzaindtrdeuliiienld vilidauaudinaunsasnuaugandui

mdmeslalaglifesisgunsalduiuiy Tugui 2.6-2.9 uansianuzvesaindiniiniy

1%
o

74
FrYDUUWEN1UL
Switching Output voltage related| Output phase
states of capacitor voltage vy GGG

81828 | 84
1111 1 47 AF (7] N NN

Hi]1]1]0 4E-1E 35 N[N+
L{rjo}l 5 -2+ 18 N[+ -
1011 4 -3E+ 28 +|-|N
0j1/1)1 3F - [N |N
111]0]0 4E-2F N|+|N
110]1]0 AE -3E+2E - 1E -]+
01110 3E-18 sz - IN|+
11001 45 -3E+ 1F + |N| -
0101 3F-2E+1F -+
0]0/11]1 25 N|-IN

E=

1L10]0]|0 4E - 38 + |N|N - Syte E *
0|1 /0]0 3E-2E + | N
olo[1]0 2EL1E P N|- |+ T '
0lofo]1 15 N[N = g K;}
0/0)/0] 0 0 0T NNN 0

JUN 2.6 Magean UL IngMamksWuYIa8nwniU 3E MAA9IN 4E-1E

B Output voltage related| Output phase
Ll of capacitor voltage vy &G/
851|828 84
1111111 45 4E (V) NIN|N
L1l AF - F DN
Lefelol 1] 4p-28+12 35 N+ -
1jof1]1 dF -3E +2F +-|N
Dj1/1]1 3E - ININ
1{1(0]0 45 - 2E N|+|N
1{0f1]0 45 -3E+25 -1 + |-+
011(1)0 3E-1F 2z - [N+
1{0(0]1 dF -3E+1F + N | -
0j1jo1 3E-2E+1E -+ -
0jo0j1/1 2E N|-|N
1{0(0]0 45 - 3E +|N|N
0|1(0)0 3E-2F £ -+ |N
0j0f1|0 2E-1E N|-|+
0j0f01 17 N IN| -
0j0j0|0 0 0 N|N|N

'
v a

SUN 2.7 fegianugvasdindinasiuseiuvioanyiniu 3E MAnan 4E-2E+1E
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Switching Output voltage related| Output phase
states of capacitor voltage vq GGG
1[5 83| S
11111 45 4F (V) N|N|N
1]1(1,0 4E - 1E N[N|+
1Ll 0] A5 _OE L E N |+ | .
li]o]1]1 4 -3E +2E 3E + N
OTT7TITT 3E - [NTN
1|1({0|0 4E - 2F N|+|N
110(1,0 4F -3E+2E-1F +| -+
0|1|L]0 3E-1E 9g - [N+
11001 4E -3E+ 1K +|N| -
0|1{0]1 3JE-2E+1E -4 -
0joj11 2F N|-|N
1|10(00 4E - 3E +|N|N
0|1{0]0 3E-2E 15 + | N
gfof1r|o0 2E-1E N|-|+
0jojo|1 17 NN/ -
0j0j0] 0 0 0 N|N|N
U 1 a 6 o v A 2 ! U a
E‘Uﬁ 2.8 fMeY 1A ULV INTAAINUTINUIRAWINAY 3E AIAAN AE-3E+2E
g ching Output voltage related| Output phase
prug of capacitor voltage vy G| GG
5858
1/111]1 4 4F (Va) NI|N|N
1/1(1|0 4E - 1E N[N+
1/1(0f1 45 -2E+1E N|+ |-
101l ] AE - 3F L 2E 4+ - LN
loli]1]1 3E 38 - [N N
1/1[{0f¢0 4 - 2F N[+ [N
1/oj1|0 AE -3E+2E-1E Aoy
0/1|1]0 38-1E sz - IN|+
1j0f0(1 47 -3E+1E + N -
011101 IE-2E+1E -+ -
0joj1]1 2E N|l-|N
1000 4E - 3E +|N|N
01|00 35 -2E 1z - |+ | N
0/0|1|0 2E-1E N|-|+
0jojo|1 LE NN -
0jojoj o 0 0 N|N|N

JUN 2.9 Megnsanusvesintmasuswiuyieaniyiiiiu 3E Minan 3E
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¥

5Lé‘ﬂmaﬁﬂéﬁmmﬁuﬁﬁma%ﬁqLLiwﬁ’ué’wwmaaﬂﬁqﬁulé’

2. WiaunmsUaiuveusaiusuvisenidnunngsinnulndifeslyilaed

9 Y 9

[

AINTINAILFAE AV UNEIRTAIILD AN



14

3. gunsanuliiauseeniiAIAURANAINET Lazinared dv/dt A 978
andeynieanu EMC

v )

ToLde

1. sodlddunuuszglnsasiuuinnuasiiiudszaildduunalvg

a v o

2. Wosnnldaunsalaindidsdiuinun vilvseslddyaianadiuiuuin

o

AUlUMY LazdINanaAINUUILTIRN0YD 199

a Ao a 13 ] v a 4 s o/
2.3 WMAUANAUUAIILDUAINRIUDULID I DINAYITAU[9]

§ 0

n1sasdugrnunvesnuiamuauNIsinuresUnsalaindinddusuiesines

v

wangsyauny awnsadentdlaninmaianisfionaenilungnimuiwaglviihunldludu

Y

(%

Sunesweslaeall inallansiionguanuiinuanudveinisaiadindslangui 2.9

Multilevel
Modulation
Fundamental High Switching
Switching Frequency Frequency PWM
Space Vector Selective Harmonic Space Vector Sinusoidal
Control Elimiation Control PWM

JUT 2.10 sUBUUNMTES ey uAUANNTSEING

[ v

NP UNALANITES1NdUNAIUANAINTAAIN TN gl un1sas sl A

A q
(%

Y1eonveIdunesneiatesEiuiy dinalianisdenguaniidentdeguinuig wnailad
fesnianldlumsaisdygradunmnniiando Bsafanalvyvesneaiadiniiongian
41 (Multilevel Sinusoidal Pulse Width Modulation, SPWM) fidgnafiu 2 wuu fe wadaf
fuvanSunuuideuawaied (Phase-shifted Pulse  Width  Modulation)w3ei3enin

PSPWM Waztnalafsuuat0uhuUtasuseauwALsas (Level-shifted Pulse Width
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Modulation) %58t38n131 IPDPWM W bia13detvanaidaws PSPWM Nvunteluanuise

WiganUu

231 WMATANAUUAILAURUUNAIENINETUALADULNE (Phase-shifted

multi-carrier PWM scheme)[5], [9]

wmadiafiduuandusuunatenvgeindeua (Phase-shifted multi-carrier
PWM scheme) Zesteanniaziiandn PSPWM Sdnvarveinsindssduanammeiuuibey
wladugaing fusuduuvesdyammvgild Imalugﬂﬁ 2.10 LaEnRI0gNUBINALlA
PSPWM ldludunesimasuuu 5 sviu (M =>5) fufusauiuesdyaiamveildsavint
(m—1) = 4&yana Tawaildannsdneda PSPwM Tl Flvianudvesnisyie

Yo3gUnTaleindda (Device switching  frequency, fy, e, ) AANVINTUAINAYD IRy EY 10

Wiz (Carrier frequency, f;,)

<
> 4
Pl

0090y, 0 A/
Vg1
Vs, N
Vs3 |
Vg4

a <

3UN 2.11 Medranatiaiiduudiduiuuitoumaiaises

AENURA 9 Aildannmatia PSPWM
- gnsnsfiengiandy

my =V, /¥, iflo 0<m, <1 (2.8)
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- 8RNI TENINANUDFY U IVELaEANUD R Y 1LAT Y

m =f_/f, (2.9)

[

- ANURAvEINTINNUYegUnTalaintinde (Frequency Switching Device)

fSW,dev W fcr (210)
~ anuinsaindsvedunesines (Switching Frequency of Inverter)
fouiny =(M=1)x fg, o (2.11)
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2.4 NHUHLALVANNITNUFIUVEY DSTATCOM[3], [8]
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1. usadurossEuUWhAuLsuwedunesned (v, = V) ludeulviavliinssua
Tasyrinsdunedmesiarszuulnih Wesnlifauuwansiswessssuns e

2. WSeurBIsTUUANI S sUresBuefned (Vs V) ludeulaiiunesmesiou
dsla3uoadindngssuulnih vilvinszuaiiintudunssuadifyumainii 90 asm

3. ULSIAUYDITEUUEINILTNUYRIBUNDIWET (Vi< V) Tuﬁaulmﬁﬁunaﬁl,m%@j@

Fuidalninsuaainvesszuulnii wﬂwﬂiul,l,awLﬂmumuﬂiym“ m%lamamaﬂ 90
249A1
Vi=Vs

0w D

2) Vi> Vs

I (leading)

3.) Vi<Vs

Vi

I (lagging)

sUfl 2.13 Tnuannshanuwes DSTATCOM
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2.5 F3uuUMIUAU[3], [6]
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NIl dueines 5 seauvlinnateBenUnBinesAIuANLIIRLUI0BNAIY
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#197u909 DSTATCOM tfufanszuannisnuaNLsIfuoontesduiiodines M
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5UT 2.14 n1si¥euriesznitduesinesyliaviateBimidmesiuszuulih

a I3 ¢ a a = s A i 1Y) A o !
duneiinevlanatedenuBinesitensevuiuiussuulniniviinsyaeny
wilsuUasiariinilgninessasiuandlugui 2.14 ninnmsyaeilewuveidunesines 3

wawensievuuiuszuulieisgun 2.14 awnsaweuluglaunisla

(2.12)

Wei,,, i,,i, Ao NT2UATRIBUNDIMDYT NIzlaTEULLAENIzIAlANAINaIRY
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aunswsasulniraumavesszuulunseusade a—b—c mldidusadl
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Vgq = E cos(at)

2
= E cos(wt — — 1) (2.13)
3

Vsb

4
Voo = E cos(awt - gﬂ)

- - ' Y
e E Ao Ausanuinaeage
@ A9 AANUATWLYDLNEIIY

Vo, Vy,V,, A9 w3ssuluvluma a b uas c vasszuunuaIny

sa’

s ] 9'_'._nv_
AW\ dt ¥

NV

A\
fab}

gih‘?'i 2.15 UNuen9d9ae DSTATCOM wagszuulnii

INFUN 2.15 waAeNUS19BVes DSTATCOM  Faaunsadiaudunussening
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v — L OIIinv,a v
sa ~ i
at inv,a
di.
inv,b
VSb - LT + VinV,b (214)
Ve L dIinv,c v
sc — i
dt inv,c

WV, Vg, V, A9 WSIPUITUUWE a b uay c 15e9auany

sa’ sc’

A v a s b‘w o a o W
Vinva s Vinuos Vinee A0 WIIAUBUIDINOING a ,b uay c 1389 Ua0Y

iy as Tnubs linye A8 NTELADUIBTAOIING a b UaY C 1389RIUAGY

INAUNTT (2:12) ILAUIINTLUAVIITEUY T, ,, g, WA i FD NATIUNTEUATDS

duasMBsAUNTELAvaanluLARS LN ARIANNITANUES

Isa =linva "'La

i = +i .
Is,b inv,b IL,b (2.15)
s,c = linve tLc
W09 i oy iy, 0y AD NIBUAIMARNE 3, b WAE ¢ MUAWU WaZ Tiy.) Ty, dinve
A9 NITUAYDIDUIOIADIMNG a, b 1Az c MUY
1aun1s (2.14) 1 wlasannsaussdd a-b-c tunseusnsdeelasia d-q
di.
v, =L (2 wli +V
s, d dt inv,q inv,d
(2.16)
oy d'inv,q Li v
Sq dt = inv,d < inv,qg

Wowwsssuszuuluaunis (2.13) uwladannnsausieds a—b—c Wunseu

81999 d —q azldnasanuissiusingluaunis (2.17) Wesanilsiduvanssiiuduilandu
4

cosine Vb swulunwannu d fawidu E wasusaiuluiuiunu q Sandueue
Vv =E
sd
(2.17)

Vsq=O
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ANTELaDNBIvRIB U InesivwIawTuiunseuavesivaaudndutany (i, =i, ,)

1%

HaTsRudunesines 5 seruriinnaiedannBines e nensywauLENY g Taun
drunszualunuiunu d - nsundvsenausedruiiidumasifidusdslng fu
drulsznaviifianudfidusisueiing 1lesainduniesines 5 seiunatedinudmes
diosmsvarsianzenludndliiussuilaslidemdsliidigssu. fadudnseualnan
vy d - Athanlfidunssuadnedadostiluinnsnsesmnuiguiulindeans
druvszneuauigalidussludng uinslisasnsesnnuigaiiunuuuninelviia
omsiadeunavdanenisnevaueweiaszuy suwiladienisld Complementary
High-Pass filter TugUfl 2.1unu Fefuussiugradduuuanny d (ipeq) AB B9AUTENDY

A .
AuDasvednszialran(i )

Y

I g Low-pass Filter by

gﬂﬁ 2.16 Complementary High-pass Filter Mafluszuy

NAuNTT (2.14) 1uUaslvieglunsoudneds d — g uazunuaung (2.17) asldla

Oliinv d
BEe= LiOIt — a""inv,q +Vinv,d
(2.18)
di.
B inv,q .
0=1L i + wL'inv,d + Vinv,q

WiaRnnNNTERAD1BwINTenwUY Jelatdimiuau Pl anld feegetiunud
Ay Pl dilianansvausdldsiniiazyinuldfdnmnihanldivaunis (2.18) dl

anwazilu coupled system wievdnidesdymmaiuiahmeauaunszuadsaluiun
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ol + E — Av.

Vinv,d = “invg inv,d
| (2.19)
Vinv,g = _a)L'inv,d B AVinv,q
5o A, uaz AV, D dganaevinnvesroulnsaiaes
Ninvd =*plinva v T4 Gy ~ iy, )0t
) . (2.20)
AVinv,q =k 'p('inv,q h 'inv,q) +K Ii “'inv,q h 'inv,q)dt

AeNsEILENnTs (2.19) Mludamuaunszuasdunlussuu As @unis (2.18)
My coupled system fiaudunusszwindunniuievinmilu first order decoupled

linear system fesiansAIuAuuaziludaszrofu Wiy

diinv d
0=L—""—Av.
dt inv,d
(2.21)
di.
inv,q
= — Av.
dt inv.q

a o = = [ Y a a Y]
ﬂ']ﬁLWlIG]'Jﬂ'J‘UﬂllﬂﬁgLLai'Jll‘Vﬁaﬁllﬂ’]ﬁ (2.19) sﬁ\‘l@%iﬂﬂi@U@'N@ﬂ“ﬁﬂIﬂiUﬁ d- g e

[ v

Huann1szliuamaIvau Pl uazdieUsuusssUduaunsswau it /1 v, uay v, Al

inv.q

IINTFUUATUANYDY DSTATCOM  Nuanalinagui 2.17 azgnuiadninnseuansdsdlasia

d — g ndulunseusneds a—b—c wWethlWldduususndweduieiwessell

Pl Controller

gﬂﬁ 2.17 53UUAIVANYBY DSTATCOM
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Dudsgui 2.18 fueng
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i* KP[S+K‘J 1 |
inv,dq Ko Ls+R inv,dq

JUN 2.18 WendumeleuvesduieimesvianaiedanU@ines

TunsIATIgInn K, wag K Imsnsausiens nidunianueedsin. aedlaileidu

d1glaugUiUaniglunsevdindsuidulszanilanduguialugun 2.18 u1iiasizim

Hanpvaues Mentuguilavesduesinesvlinraigdianiidwesaunsalisusanuilanadl

Ki
K p <1 S+ Ki
G )=y (2.22)
Ls + Rs

Nnaunsilantudngleuly (2.22) avszyadliguildauaginaguilala

Y

(2.23)

\H9991n M3 0mesveIsEuU DSTATCOM A R uaz L 1Jufasi 9 naAlnaguidn
ouardlsguilaluaunis (223) Inaguilaialuasiiliivisuutas drunfinadonis
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Flving Capacitor 5- Level Inverter Simulation
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Flving Capacitor 5- Level Inverter Simulation =
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Spectrum of System Current{Before the compensation)
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#include "DSP28x_Project.h"  // Device Headerfile and Examples Include File
//#include "cmath"
#include "math.h"

#define CPU_RATE 6.667L // for a 150MHz CPU clock speed

#define div2by3 0.66666667
#define PLL_KP 2e-05
#define PLL_KI 5e-07
#define PIx2 6.2831853072

#define PIx2x50div12k 0.0261799
#define PIx2x250div12k 0.130900
#define PIx2x350divi2k 0.183260

#define A11 -0.359470925752361

#define A12 -12906.9441641996

#define A21 2.66887114269850e-05

#define A22 0.462210659825019

#define B11 2.66887114269850e-05

#define B21 1.11202964279104e-09

#define C11_1 1300374.62454310

#define C12_1 -21608823016.0980

#define C11_2 6.4535e+3

#define C12_2 3.5357e+8

#define D_1 54.1822760226294

#define D_2 0.2689

#define WR_SET GpioDataRegs.GPASET.bit.GPIO3

#define WR_CLR GpioDataRegs.GPACLEAR.bit.GPIO3
#define CS_SET GpioDataRegs.GPASET.bit.GPIO4
#define CS_CLR GpioDataRegs.GPACLEAR.bit.GPIO4

#define RELAY1 ON _SET GpioDataRegs.GPASET.bit.GPIO5
#define RELAY1_ON_CLR GpioDataRegs.GPACLEAR.bit.GPIO5
#define RELAY1_OFF_SET GpioDataRegs.GPASET.bit.GPIO6
#define RELAY1 OFF CLR GpioDataRegs.GPACLEAR.bit.GPIO6
#define RELAY2_ON_SET GpioDataRegs.GPASET.bit.GPIO7



#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
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RELAY2_ON_CLR GpioDataRegs.GPACLEAR.bit.GPIO7
RELAY2 OFF SET GpioDataRegs.GPBSET.bit.GPIO62
RELAY2_OFF _CLR GpioDataRegs.GPBCLEAR.bit.GPIO62

STUPO
STUP1
STUP2
STUP3
STUP4
STUPS
STUPSG
STUP7
STUPS
STUP9
SET_STUP_EN
CLR_STUP_EN
SYNC_STAT
SWITCH_2
SET SPI0
CLR_SPI 0
SET SPI 1
CLR_SPI 1
SET SPI_2
CLR_SPI 2
SET 63
CLR_63

#define SET_10
#define CLR_10
#define SET 11
#define CLR 11
#define SET_12
#define CLR_12
#define SET 13
#define CLR_13

GpioDataRegs.GPADAT.bit.GPIO22
GpioDataRegs.GPADAT.bit.GPIO23
GpioDataRegs.GPADAT.bit.GP1024
GpioDataRegs.GPADAT.bit.GPIO25
GpioDataRegs.GPADAT.bit.GPIO26
GpioDataRegs.GPADAT.bit.GPIO27
GpioDataRegs.GPCDAT.bit.GPIO87
GpioDataRegs.GPADAT.bit.GPIO29
GpioDataRegs.GPADAT.bit.GPIO30
GpioDataRegs.GPADAT.bit.GPIO28
GpioDataRegs.GPCSET.bit.GPIO84
GpioDataRegs.GPCCLEAR.bit.GPIO84
GpioDataRegs.GPBDAT.bit.GPIO60
GpioDataRegs.GPBDAT.bit.GPIO61
GpioDataRegs.GPBSET.bit.GPIO48
GpioDataRegs.GPBCLEAR.bit.GPIO48
GpioDataRegs.GPBSET.bit.GPIO49
GpioDataRegs.GPBCLEAR.bit.GPIO49
GpioDataRegs.GPBSET.bit.GPIO58
GpioDataRegs.GPBCLEAR.bit.GPIO58
GpioDataRegs.GPBSET.bit.GPIO63
GpioDataRegs.GPBCLEAR.bit.GPIO63
GpioDataRegs.GPASET.bit.GPIO10
GpioDataRegs.GPACLEAR.bit.GPIO10
GpioDataRegs.GPBSET.bit.GPIO59
GpioDataRegs.GPBCLEAR.bit.GPIO59
GpioDataRegs.GPASET.bit.GPIO12
GpioDataRegs.GPACLEAR.bit.GPIO12
GpioDataRegs.GPASET.bit.GPIO13
GpioDataRegs.GPACLEAR.bit.GPIO13



#define SET_14
#define CLR 14
#define SET_15
#define CLR 15
#define SET_16
#define CLR_16
#define SET_17
#define CLR 17
#define SET_18
#define CLR 18
#define SET_19
#define CLR 19
#define SET_20
#define CLR_20
#define SET_21
#define CLR 21
#define SET_CHK
#define CLR_CHK

GpioDataRegs.GPASET.bit.GPIO14
GpioDataRegs.GPACLEAR.bit.GPIO14
GpioDataRegs.GPASET.bit.GPIO15
GpioDataRegs.GPACLEAR.bit.GPIO15
GpioDataRegs.GPASET.bit.GPIO31
GpioDataRegs.GPACLEAR.bit.GPIO31
GpioDataRegs.GPBSET.bit.GPIO32
GpioDataRegs.GPBCLEAR.bit.GPIO32
GpioDataRegs.GPBSET.bit.GPIO33
GpioDataRegs.GPBCLEAR.bit.GPIO33
GpioDataRegs.GPBSET.bit.GPIO34
GpioDataRegs.GPBCLEAR.bit.GPIO34
GpioDataRegs.GPASET.bit.GPIO20
GpioDataRegs.GPACLEAR.bit.GPIO20
GpioDataRegs.GPASET.bit.GP1021
GpioDataRegs.GPACLEAR.bit.GPIO21
GpioDataRegs.GPCSET.bit.GPIO86
GpioDataRegs.GPCCLEAR.bit.GPIO86

// Prototype statements for functions found within this file.

interrupt void adc_isr(void);
interrupt void xint1 _isr(void);

interrupt void xint2_isr(void);

void write_to_FPGA(int data_in,int FPFGA_mode);

void update_data_to_FPGA();
void startup();

void FCI_start();

void FCl_stop();

void send_out_delay();

void write_ FPGA_mode(int A);
void write_sin_out(int A);
void read_startup();

//void read_sin_index();

void Init_FCI_drive();
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//



void DELAY_MS(Uint16 MS);

void MYDELAY();

void read_my_adc();

void close_loop cal();

void InitSpiaGpio();

void spi_init();

void spi_fifo_init();

void write_ DAC();

void write_ DAC2(int dataoutl,int dataout2,int dataout3);
// Global variables used in this example:

float Plcontroller Kp = 45; //unbalance gain kp = 50
float Plcontroller_Ki = 0.06;//0.016666666666667; //ki*fsampling;
fsampling=12000

float Plcontroller_Kp_2 = 40; // nonlinear kp = 40

float Plcontroller Ki 2 = 0.01;//0.016666666666667;//1e-2;
float MAX_KP1 = 0;

float MAX_KP2 = 0;

int startstop = 0,sync_status = 1,kp_add = 0;
int finishstartup = 0;

int LoopCount = 0;

int chk=0;

int DATA STORE = Ox077T,;

int A50 = 0,A100 =0,A150 = 0, A200 = 0;

int B50 = 0,100 =0,B150 = 0;

int C50 = 0,100 =0,C150 = 0;

int interrupt_count = 0,Cycle count = 0;

float TEST_vd[512],TEST vq[512];

Uintlé STUPstatus = 0,FPGA_MODE = 0;//sin_index = 0,

Uint16 SINEA = 0;
float MOD_A = 0.80, MOD_B = 0.80, MOD_C = 0.80;
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float offsetA0 = 0.0,0ffsetAl = 0.0,o0ffsetA2 = 0.0,offsetA3 = 0.0,offsetA4 = 0.0;

float offsetBO = 0.0,0ffsetB1 = 0.0,0ffsetB2 = 0.0,o0ffsetB3 = 0.0;



float iinva=0.0,iinvb=0.0,iinvc=0.0,illoada=0.0,iloadb=0.0,iloadc=0.0,vsa = 0.0,
vsb = 0.0,vsc = 0.0;

float previous_ql_i=0.0,previous_g2_i=0.0;

float previouslow[10] = {0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0};

int firstloop = 0,TEST_collectcount=0,TEST loopcount=0;
//debugging variable

int intl_count=0,int2count=0,adcint_count=0,debug_countt=0;
int D_outl = 2048,D_out2 = 1000, D_out3 = 3000,rdata = 0;
float vsa2 = 0.0, vsb2 = 0.0, vsc2 = 0.0,vsd2 = 0.0, vsq2 = 0.0;

float theta 1 = 0.523598775598299, prev_Er_| = 0.0;

int ma_a = O,ma_b= 0,ma_c = 0,loop_chk_trap=0;

float ma_a_sync_init=0.0,ma_b sync_init=0.0,ma_c_sync_init=0.0;
//close loop cal variable

float iinv_d=0.0,
iinv_qg=0.0,iload_d=0.0,id_ref_star=0.0,iload_q=0.0,ig_ref star=0.0,vinv_d =
0.0,vinv_q = 0.0,id_filtered=0.0;

float iinv_df = 0.0, iinv_qgf = 0.0;

float x1=0.0,x2=0.0 ,q1_p=0.0, g1 i= 0.0,g2 p=0.0,92_i=0.0,delta_vd =
0.0,delta_vqg = 0.0,vinv_a = 0.0, vinv_b = 0.0,vinv_c = 0.0;

float QQ1=0.0,Q02=0.0,Q0Q3=0.0,YY1=0.0,YY2=0.0;

float prev1=0.0,prev2=0.0,prev3=0.0;

float QQ1_2=0.0,QQ2_2=0.0,QQ3 2=0.0,YY1 2=0.0,YY2_2=0.0;

float prevl_2=0.0,prev2_2=0.0,prev3_2=0.0;

float theta=0.0,vd=0.0,vg=0.0,ihd=0.0,ihg=0.0,vd f=0.0,vg_f=0.0;
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float Er_P = 0.0, Er_| = 0.0,0mega = 0.0,theta 2=0.0,vdq_amp=0,iq_filtered=0.0;

float theta2 = 0.0, theta2 1 = 0.0, theta3 = 0.0, theta3 1 = 0.0, thetad = 0.0,
thetad_1 = 0.0,initpll = 0,Vm = 0.0;
int n=0;
struct feed_forward{
float il_d,il_g,iinv_d,iinv_g;
float QQd,QQq,prvd,prvqg;
float il_d filtered,il_q filtered,il d f2,il q f2;
float theta,theta_1,theta_2;
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float vinv_a,vinv_b,vinv_c;
float i_star,Qone_1,Qtwo_1,prv_Qone 1,prv_Qtwo 1,delta va,i aw,i fb;
float Qone_2,Qtwo_2,prv_Qone_2,prv_Qtwo_2,Q_P,KP,Kl,va_star;
float vd,vq,v_star_low,ma,er;
}FF1,FF2,FF3;
struct Complementary_Lowpass{
float Q1,Y1,Prev_Q1;
float Q2,Y2,Prev_Q2;
float Q3,Y3,Prev_Q3;
}HP1,HP2,HP3;
main()
{
// Step 1. Initialize System Control:
// PLL, WatchDog, enable Peripheral Clocks
// This example function is found in the DSP2833x_SysCtrl.c file.
InitSysCtrl();
EALLOW;
#if (CPU_FRQ_150MHZ)  // Default - 150 MHz SYSCLKOUT
#define ADC_MODCLK 0x3 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK2 =
150/(2*3) = 25.0 MHz
#endif
#if (CPU_FRQ_100MHZ)
#define ADC_MODCLK 0x2 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK2 =
100/(2*2) = 25.0 MHz
#endif
SysCtrlRegs.HISPCP.all = ADC_MODCLK;
EDIS;
// Step 2. Initialize GPIO:
// This example function is found in the DSP2833x_Gpio.c file and
// illustrates how to set the GPIO to it's default state.
// InitGpio(); // Skipped for this example
// Step 3. Clear all interrupts and initialize PIE vector table:
// Disable CPU interrupts
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DINT;

// Initialize the PIE control registers to their default state.

// The default state is all PIE interrupts disabled and flags

// are cleared.

// This function is found in the DSP2833x_PieCtrl.c file.
InitPieCtrl();

// Disable CPU interrupts and clear all CPU interrupt flags:

IER = 0x0000;

IFR = 0x0000;

// Initialize the PIE vector table with pointers to the shell Interrupt
// Service Routines (ISR).

// This will populate the entire table, even if the interrupt

// is not used in this example. This is useful for debug purposes.
// The shell ISR routines are found in DSP2833x_Defaultlsr.c.

// This function is found in DSP2833x_PieVect.c.
InitPieVectTable();

// Interrupts that are used in this example are re-mapped to

// ISR functions found within this file.

EALLOW; // This is needed to write to EALLOW protected register
PieVectTable.ADCINT = &adc _isr; //Point it to adc_isr()
PieVectTable.XINT1 = &xintl_isr; //Point it to xint1_isr
PieVectTable.XINT2 = &xint2_isr;  //Point it to xint2_isr

EDIS; // This is needed to disable write to EALLOW protected registers
// Step 4. Initialize all the Device Peripherals:

// This function is found in DSP2833x_InitPeripherals.c

// InitPeripherals(); // Not required for this example
spi_fifo_init(); // Initialize the Spi FIFO

spi_init(); // init SPI

InitAdc(); // For this example, initial the ADC

// Step 5. User specific code, enable interrupts:
PieCtrlRegs.PIECTRL.bit.ENPIE = 1;

PieCtrlRegs.PIEIER1.bit.INTx6 = 1; // Enable ADCINT in PIE
PieCtrlRegs.PIEIER1.bit.INTx4 = 1; // Enable XINT1
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PieCtrlRegs.PIEIER1.bit.INTx5 = 1;  // Enable XINT2

IER |= M_INT1; // Enable CPU Interrupt 1
EINT; // Enable Global interrupt INTM

//ERTM; // Enable Global real-time interrupt DBGM

Init_FCI_drive();
InitSpiaGpio();
// Configure ADC

AdcRegs.ADCTRL1.bit.SEQ_CASC = 0x01;

AdcRegs.ADCTRL1.bit.CPS
AdcRegs. ADCTRL1.bit. ACQ_PS

AdcRegs.ADCTRL3.bit. ADCCLKPS = 0x00;
AdcRegs.ADCTRL3.bit.SMODE_SEL = 0x01;
AdcRegs. ADCMAXCONV.all

conv's on SEQ1

= 0x01;
= 0x00;

= 0x04; // Setup 2

AdcRegs. ADCCHSELSEQ1.bit.CONV00 = 0x00; // Setup conv from

ADCINAO &amp; ADCINBO

AdcRegs. ADCCHSELSEQ1.bit.CONV01 = 0x01; // Setup conv from

ADCINA1 &amp; ADCINB1

AdcRegs. ADCCHSELSEQ1.bit.CONV02 = 0x02; // Setup conv from

ADCINAZ2 &amp; ADCINB2

AdcRegs. ADCCHSELSEQ1.bit.CONV03 = 0x03; // Setup conv from

ADCINA3 &amp; ADCINB3

AdcRegs. ADCCHSELSEQ2.bit.CONV04 = 0x04; // Setup conv from

ADCINA4 &amp; ADCINB4
AdcRegs. ADCTRL1.bit. CONT_RUN = 0;

AdcRegs. ADCTRL2.bit.EPWM_SOCA_SEQ1 = 0;// Enable SOCA from ePWM

to start SEQ1

AdcRegs. ADCTRL2.bit.INT_ENA_SEQ1 = 0; // Enable SEQ1 interrupt

(every EOS)
// Wait for ADC interrupt
SET _STUP_EN = 1;
for(;;)
{
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}
}
void close_loop cal()
{

if(SYNC_STAT==1 ){sync_status = 1;}

else if(SYNC_STAT==0){sync_status=0;}

//1.) DQ Transformation

//\oad current

iload_d = div2by3 * ( iloada*sin(theta_1) + iloadb*sin(theta_1-2.094395)
+ iloadc*sin(theta_1-4.188790) );

iload_q = div2by3 * (iloada*cos(theta_1) + iloadb*cos(theta_1-2.094395)
+ iloadc*cos(theta_1-4.188790) );

//inverter current

iinv_d = div2by3 * (iinva*sin(theta_1) + iinvb*sin(theta_1-2.094395) +
iinvc*sin(theta 1-4.188790) );

iinv_qg = div2by3 * (iinva*cos(theta 1) + iinvb*cos(theta 1-2.094395) +
iinvc*cos(theta_1-4.188790) );

//System voltage

vd = div2by3 * ( vsa*sin(theta_1) + vsb*sin(theta 1-2.094395) +
vsc*sin(theta_1-4.188790) );

vq = div2by3 * ( vsa*cos(theta 1) + vsb*cos(theta_1-2.094395) +
vsc*cos(theta 1-4.188790) );

HP1.Q1 = vd + (0.976 * HP1.Prev_Q1);

HP1.Y1 = (0.976 * HP1.Q1) - (0.976 * HP1.Prev_Q1); HP1.Prev_Q1l =
HP1.Q1;

HP1.Q2 = HP1.Y1 + (0.976 * HP1.Prev_Q2);

HP1.Y2 = (0.976 * HP1.Q2) - (0.976 * HP1.Prev_Q2); HP1.Prev_Q2 =
HP1.Q2;

HP1.Q3 = HP1.Y2 + (0.976 * HP1.Prev_Q3);

HP1.Y3 = (0.976 * HP1.Q3) - (0.976 * HP1.Prev_Q3); HP1.Prev_Q3 =
HP1.Q3;

vd f =vd - HP1.Y3;

HP2.Q1 = vq + (0.976 * HP2.Prev_Q1);
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HP2.Y1 = (0.976 * HP2.Q1) - (0.976 * HP2.Prev_Q1); HP2.Prev_Q1 =

HP2.Q1;

HP2.Q2 = HP2.Y1 + (0.976 * HP2.Prev_Q2);
HP2.Y2 = (0.976 * HP2.Q2) - (0.976 * HP2.Prev_Q2); HP2.Prev_Q2 =

HP2.Q2;

HP2.Q3 = HP2.Y2 + (0.976 * HP2.Prev_Q3);
HP2.Y3 = (0.976 * HP2.Q3) - (0.976 * HP2.Prev_Q3); HP2.Prev_Q3 =

HP2.Q3;

vg_f = vq - HP2.Y3;

/)

//2.) Reference signals

QQ1 = iload_d + (0.9951*prev1);

YY1 = 0.002449*QQ1 + 0.002449*previ;

prevl = QQ1,;

QQ2 = YY1 + (0.9951*prev2);

YY2 = 0.002449*QQ2 + 0.002449*prev2;

prev2 = QQ2;

QQ3 = YY2 + (0.9951*prev3);

id filtered = 0.002449*QQ3 + (0.002449*prev3);
prev3 = QQ3;

id_ref star =- (iload_d - id_filtered); // original signal - low frequency

component = high frequency component

//
//

iq_ref_star = - iload_q;

[/~

id_ref star = 0;

iq_ref star = 0;

//3.) Controller input

x1 =id_ref star-iinv_d;  //if(x1>=6){x1=6;}else if(x1<=-6){x1=-6;}
x2 =iq_ref star -iinv_q;  //if(x2>=6){x2=6;}else if(x2<=-6){x2=-6;}
//4.) Pl Controllers

// Pl Controller[P] will be enable when the inverter is connected

if( sync_status==1 ){ x1=0; q1_i=0; x2=0; q2_i=0;}

gl _p = Plcontroller_Kp * x1;
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ql i =ql_i+Plcontroller Ki * x1 ;

delta vd =ql p +ql j;

q2_p = Plcontroller_ Kp 2 * x2;

g2 i = q2_i+Plcontroller_Ki 2 * x2;

delta v =92 p + 92_i;

Vs

//5.) Controller Output

vinv_d = (vd_f - delta_vd) + (iinv_q * 2.199114); // 2.199114 =
2*pi*50*7TmH

vinv_q = (vg_f - delta_vq) + (iinv_d * -2.199114);// 9.110619 =
2*pi*50*29mH

//Phase shift compensation

theta 2 = theta 1+0.05497787;//

//6.)Transform back to A-B-C domain

vinv_a = ( (vinv_g*cos(theta_2)) + (vinv_d*sin(theta 2)) );

vinv_b = ( (vinv_g*cos(theta 2-2.094395)) + (vinv_d*sin(theta_2-
2.094395)) );

vinv_c = ( (vinv_g*cos(theta_2-4.188790)) + (vinv_d*sin(theta_2-
4.188790)) );

//7.)scaling to be moduration index for inverter

vinv_a *= 0.01 * 1.032258;//vinv_a *= 0.0028%1.045; // *84/300 *1/(dclink
voltage/2)

vinv_b *=0.01 * 1.032258;//vinv_b *= 0.0028*1.045; // *84/300 *1/(200/2)

vinv_c *= 0.01 * 1.032258;// vinv_c *=0.0028%1.045;

//Scaling to 12 bits[ 0-4095 ]

ma_a = ((vinv_a + 1) * 0.5) * 4095; if(ma_a > 4095){ ma_a = 4095;}else
if(ma_a < 0){ ma_a = 0;}

ma_b = ((vinv_b + 1) * 0.5) * 4095; if(ma_b > 4095){ ma_b = 4095;}else
if(ma_b < 0){ ma_b = 0;}

ma_c = ((vinv_c + 1) * 0.5) * 4095; if(ma_c > 4095){ ma_c = 4095;}else
if(ma_c < 0){ ma_c = 0;}

//8.)Phase Lock Loop
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//

Er_P =vq * PLL_KP;
Er | = prev_Er_| + (vg * PLL_KI);

prev_Er | = Er_l;

omega = Er_P + Er_I + PIx2x50div12k;//(PIx2x50div12k = 2*pi*50/12000)

theta = theta 1 + omega;
if(theta > PIx2)
{
theta -= PIx2;
if(sync_status==0 && Cycle count <= 20000)
{
Cycle count++;
kp_add = 1;
}
else if(sync_status==1){
Cycle_count=0;

kp_add = 0;

}

theta_1 = theta;

e

// PLL for -theta

FF1.theta = -theta;

FFl.theta_1 = FFl.theta;

// PLL for -5*theta

FF2.theta = theta*>5;
while(FF2.theta>PIx2){FF2.theta -= PIx2;}
FF2.theta_1 = -FF2.theta;

// PLL for -T*theta

FF3.theta = theta*7;
while(FF3.theta>PIx2){FF3.theta -= PIx2;}
FF3.theta 1 = FF3.theta;

//9.) DAC Debugging
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}

//

write_ DAC2((id_ref_star*0.4*2048)+2048,(iinv_d*0.4*2048)+2048,ma_a);

write DAC2((id_ref_star*2048)+2048,(iinv_d*2048)+2048,ma_a);
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void update_data_to FPGA() //Used in XINT2 : Clock interrupt from FPGA, to ask

for sine value update

{

// int DataA = 0;

write_FPGA_mode(0x0005);

CS_SET = 1; asm(" NOP"); asm(" NOP"); asm(" NOP"); asm(" NOP");
CS_CLR = 1; asm(" NOP"); asm(" NOP"); asm(" NOP"); asm(" NOP");
//

/ read_sin_index(); // get new sin_index

// D _outl = ma_a;

// D_out2 = ma_b;

// D_out3 = ma_c;

D_outl = ma_a;

D_out2 = ma_b;

D out3 = ma_c;

write_to FPGA(D out1,0x0001); //Test init sync ma
write_to_FPGA(D_out2,0x0002);

write_to_FPGA(D_out3,0x0003);

// write_to FPGA( (MOD_A*SIN _TABLE_A[sin_index]) + (2048%(1-

MOD_A)) ,0x0001);

// write_to_FPGA( (MOD_B*SIN_TABLE_B[sin_index]) + (2048*(1-

MOD_B)) ,0x0002);

// write_to_FPGA( (MOD_C*SIN_TABLE_C[sin_index]) + (2048*(1-

MOD_C)) ,0x0003);

}

void startup()

{

DATA _STORE = Ox0777;



write_FPGA_mode(0x0004);
CLR STUP_EN = 1;

while( DATA_STORE != 0)

{
write_sin_out(DATA_STORE);
send_out_delay();

//DATA_STORE &= 0x0888; write_sin_out(DATA_STORE);
send_out_delay();//TOGGLE this for bypass startup seq.
read_startup();
while( DATA_STORE != 0x0333 )
{
write_sin_out(DATA_STORE); send_out_delay();
read_startup(); DELAY_MS(100);
if( A50 == 1 ){ DATA STORE &= 0xOFFB;
write_sin_out(DATA STORE); send_out_delay(); }
if( B50 == 1 ){ DATA STORE &= 0xOFBF;
write_sin_out(DATA STORE); send out delay(); }
if( C50 == 1 ){ DATA_STORE &= 0x0BFF;
write_sin_out(DATA_STORE); send_out_delay(); }
}
while( DATA_STORE != 0x0111 )
{
write_sin_out(DATA STORE); send_out_delay();
read_startup(); DELAY_US(100);
if( A100 == 1 ){ DATA_STORE &= OxOFFD;
write_sin_out(DATA_STORE); send_out_delay(); }
if( B100 == 1 ){ DATA STORE &= 0xOFDF;
write_sin_out(DATA_STORE); send_out_delay(); }
if( C100 == 1 ){ DATA_STORE &= OxODFF;
write_sin_out(DATA_STORE); send_out_delay(); }
}
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while( DATA_STORE != 0x0000 )
{
write_sin_out(DATA_STORE); send_out_delay();
read_startup(); DELAY_US(100);
if( A150 == 1 ){ DATA STORE &= OxOFFE;
write_sin_out(DATA_STORE); send_out_delay(); }
if( B150 == 1 ){ DATA_STORE &= 0xOFEF;
write_sin_out(DATA_STORE); send_out_delay(); }
if( C150 == 1 ){ DATA STORE &= OxOEFF;
write_sin_out(DATA STORE); send_out_delay(); }
}
}
//
DELAY_MS(10000);DELAY_MS(10000);DELAY MS(10000);DELAY_MS(10000);
DELAY_MS(10000);
//
DELAY_MS(10000);DELAY_MS(10000);DELAY_MS(10000);DELAY_MS(10000);
DELAY_MS(10000);
finishstartup = 1;
// while(1);
SET STUP_EN = 1;
}
interrupt void adc_isr(void)
{
//CLOSE LOOP WILL BE ADD HERE//
// adcint_count += 1;
// Reinitialize for next ADC sequence
AdcRegs.ADCTRL2.bit.RST_SEQ1 = 1; // Reset SEQ1
AdcRegs.ADCST.bit.INT_SEQ1 CLR = 1; // Clear INT SEQ1 bit
PieCtrlRegs.PIEACK.all = PIEACK_GROUP1; // Acknowledge interrupt to
PIE

return;
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}
interrupt void xint1_isr(void) // GPIO9 -- CLOCK INTERRUPT
{
//  SET 63 =1;
if (startstop == 1) {
// SET_CHK = 1;
read_my_adc();
update_data_to FPGA();
if(firstloop>239) {close_loop_cal();}

// if(SYNC_STAT==0){sync_status = 0;}
// else if(SYNC_STAT==1){sync_status=1;}
// CLR_CHK = 1;

}

// Acknowledge this interrupt to get more from group 1

PieCtrlRegs.PIEACK.all = PIEACK_GROUP1;

//  CLR 63 = 1;
}
interrupt void xint2_isr(void) // GPIO8 -- Start/Stop Button
{
int2count += 1;
if(startstop == 0)
{
//FCl_start();
WR_CLR = 1;
CS CLR = 1;
RELAY1 OFF CLR = 1; DELAY_MS(1); RELAY1 ON_SET = 1;
DELAY_MS(500); RELAY1 ON_CLR = 1;
RELAY2 ON_CLR = 1; DELAY MS(1); RELAY2 OFF_SET = 1;
DELAY_MS(500); RELAY2_OFF CLR = 1;
write_to_FPGA(0x0000,0x0000);
write_to_FPGA(0x0010,0x0000);
if( finishstartup == 0 ){ startup(); }
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DELAY_MS(100);
RELAY2 OFF CLR = 1; DELAY MS(1); RELAY2_ON_SET = 1;
DELAY_MS(500); RELAY2 ON _CLR =1;

write_to_FPGA(0x0000,0x0000);
write_to_FPGA(0x0001,0x0000);
write_to_FPGA(0x0002,0x0000);
write_to_FPGA(0x0004,0x0000);
write_to_FPGA(0x000C,0x0000);
write_to FPGA(0x002C,0x0000);
XIntruptRegs. XINT1CR.bit.ENABLE = 1; // Enable XINT1
startstop = 1;

}

else if ( startstop == 1)

{
//FCl_stop();

// RELAY1 ON CLR = 1; DELAY MS(1);
RELAY1 OFF_SET = 1; DELAY_MS(500); RELAY1 OFF CLR = 1;

// RELAY2 ON_CLR = 1; DELAY MS(1);
RELAY2_ OFF_SET = 1; DELAY_MS(500); RELAY2_OFF _CLR = 1;

//

// write_to_FPGA(0x0000,0x0000);

// write to_FPGA(0x0004,0x0000);

/ write_to_FPGA(0x0000,0x0001);

// write_to_FPGA(0x0000,0x0002);

// write_to_FPGA(0x0000,0x0003);

// write_to FPGA(0x0000,0x0004);

//

// XintruptRegs.XINT1CR.bit.ENABLE = 0; // Disable
XINT1

// startstop = 0;

// Acknowledge this interrupt to get more from group 1
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PieCtrlRegs.PIEACK.all = PIEACK_GROUP1;
}
void read_my_adc()
{
AdcRegs. ADCTRL2.bit.RST_SEQ1 = 1; // reset SEQ1
AdcRegs. ADCTRL2.bit.SOC_SEQ1 = 1; // start S&H then conversions.
while(AdcRegs. ADCASEQSR.bit.SEQ_CNTR!=0){} //wait for conversions

if(firstloop<239){
iloada = 7.326e-4*(AdcRegs. ADCRESULTO0>>4);
iinva = 7.326e-4*(AdcRegs.ADCRESULT1>>4);
iloadb = 7.326e-4*(AdcRegs. ADCRESULT2>>4);
iinvb = 7.326e-4*(AdcRegs.ADCRESULT3>>4);
iloadc = 7.326e-4*(AdcRegs. ADCRESULT4>>4);
iinvc = 7.326e-4*(AdcRegs.ADCRESULT5>>4);
vsa = 7.326e-4*(AdcRegs. ADCRESULT6>>4);
vsb = 7.326e-4*(AdcRegs.ADCRESULT7>>4);
VSC = 7.326e-4*(AdcRegs.ADCRESULT8>>4);
offsetA0 += 7.326e-4*(AdcRegs.ADCRESULTO0>>4);
offsetB0O += 7.326e-4*(AdcRegs.ADCRESULT1>>4);
offsetAl += 7.326e-4*(AdcRegs.ADCRESULT2>>4);
offsetB1 += 7.326e-4*(AdcRegs.ADCRESULT3>>4);
offsetA2 += 7.326e-4*(AdcRegs. ADCRESULT4>>4);
offsetB2 += 7.326e-4*(AdcRegs.ADCRESULT5>>4);
offsetA3 += 7.326e-4*(AdcRegs. ADCRESULT6>>4);
offsetB3 += 7.326e-4*(AdcRegs.ADCRESULT7>>4);
offsetAd += 7.326e-4*(AdcRegs.ADCRESULT8>>4);
firstloop++;

}

else if(firstloop==239){
iloada = 7.326e-4*(AdcRegs. ADCRESULT0>>4);
iinva = 7.326e-4*(AdcRegs.ADCRESULT1>>4);
iloadb = 7.326e-4*(AdcRegs. ADCRESULT2>>4);
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iinvb = 7.326e-4*(AdcRegs.ADCRESULT3>>4);
iloadc = 7.326e-4*(AdcRegs.ADCRESULT4>>4);
iinvc = 7.326e-4*(AdcRegs.ADCRESULT5>>4);
vsa = 7.326e-4*(AdcRegs.ADCRESULT6>>4);
vsb = 7.326e-4*(AdcRegs.ADCRESULT7>>4);
e = 7.326e-4*(AdcRegs.ADCRESULT8>>4);
offsetAO *= 0.004167;
offsetBO *= 0.004167;
offsetAl *= 0.004167;
offsetB1 *= 0.004167;
offsetA2 *=0.004167;
offsetB2 *=0.004167;
offsetA3 *= 0.004167;
offsetB3 *= 0.004167;
offsetAd *= 0.004167;
firstloop++;

}

else if(firstloop>239){
iloada = (7.326e-4*(AdcRegs.ADCRESULT0>>4)) - offsetA0;
iinva = (7.326e-4*(AdcRegs. ADCRESULT1>>4)) - offsetB0;
iloadb = (7.326e-4*(AdcRegs.ADCRESULT2>>4)) - offsetAl;
iinvb = (7.326e-4*(AdcRegs. ADCRESULT3>>4)) - offsetB1;
iloadc = (7.326e-4*(AdcRegs. ADCRESULT4>>4)) - offsetA2;
iinvc = (7.326e-4*(AdcRegs.ADCRESULT5>>4)) - offsetB2;
vsa = (7.326e-4*(AdcRegs.ADCRESULT6>>4)) - offsetA3;
vsb = (7.326e-4*(AdcRegs.ADCRESULT7>>4)) - offsetB3;
vsc = (7.326e-4*(AdcRegs.ADCRESULT8>>4)) - offsetAd;
//scaling back

// iloada *= 5.6677643098;
// iinva *= 5.7746936708;
// iloadb *= 5.6677718668;
// iinvb *= 5.6157747154,

// iloadc *= 5.4653519635;



// iinvc *=5.6677718668;
// iloada *= 5.6677643098;
iloada *= 6.5;

iinva *= 6.5;

iloadb *= 6.5;

iinvb *= 6.5;

iloadc *= 6.5;

iinve *= 6.5;

vsa *=233.08430778;

vsb *= 231.57681994;

vsc *= 233.08178416;

}

void write_to_FPGA(int data_in,int FPGA_mode)

{
write_sin_out(data_in);
write_ FPGA_mode(FPGA_mode);
send_out_delay();}

void read_startup()

{
if( STUPO == 0 ){ A50 = 0; }else if( STUPO == 1 ){ A50 =1;1}
if( STUP1 == 0 ){ A100 = 0; }else if( STUP1 == 1 ){ A100 = 1;}
if( STUP2 == 0 ){ A150 = 0; }else if( STUP2 == 1 ){ A150 = 1; }
if( STUP3 == 0 ){ B50 = 0; }else if( STUP3 == 1 ){ B50 = 1;}
if( STUP4 == 0 ){ B100 = 0; }else if( STUP4 == 1 ){ B100 = 1; }
if( STUP5 == 0 ){ B150 = 0; }else if( STUP5 == 1 ){ B150 = 1; }
if( STUP6 == 0 ){ C50 = O; }else if( STUP6 == 1 ){ C50 = 1;}
if( STUP7 == 0 ){ C100 = 0; }else if( STUP7 == 1 ){ C100 = 1; }
if( STUP8 == 0 ){ C150 = 0; }else if( STUP8 == 1 ){ C150 = 1; }
if( STUP9 == 0 ){ A200 = 0; }else if( STUP9 == 1 ){ A200 = 1;}
// if( STUPO == 0 ){ STUPstatus &= OxFFFE; }else if( STUPO == 1 ){

STUPstatus |= 1;}
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// if( STUP1 == 0 ){ STUPstatus &= OxFFFD; }else if( STUP1 == 1 ){
STUPstatus |= 2;}
// if( STUP2 == 0 ){ STUPstatus &= OxFFFB; }else if( STUP2 == 1 ){
STUPstatus |= 4;}
// if( STUP3 == 0 ){ STUPstatus &= OxFFF7; }else if( STUP3 == 1 ){
STUPstatus |= 8; 1}
// if( STUP4 == 0 ){ STUPstatus &= OXFFEF; }else if( STUP4 == 1 ){
STUPstatus |= 16;}
// if( STUP5 == 0 ){ STUPstatus &= OxFFDF; }else if( STUP5 == 1 ){
STUPstatus |= 32;}
// if( STUP6 == 0 ){ STUPstatus &= OxFFBF; }else if( STUP6 == 1 ){
STUPstatus |= 64; }
// if( STUP7 == 0 ){ STUPstatus &= OxFFTF; }else if( STUP7 == 1 ){
STUPstatus |= 128; }
// if( STUP8 == 0 ){ STUPstatus &= OXFEFF; }else if( STUP8 == 1 ){
STUPstatus |= 256; }
}
void send_out_delay()
{
CS_SET = 1; asm(" NOP"); asm(" NOP"); asm(" NOP"); asm(" NOP");
WR_SET = 1; asm(" NOP"); asm(" NOP"); asm(" NOP"); ‘asm(" NOP");
MYDELAY();
WR_CLR = 1; asm(" NOP"); asm(" NOP"); asm(" NOP"); asm(" NOP");
CS_CLR = 1; asm(" NOP"); asm(" NOP"); asm(" NOP"); asm(" NOP");
}
void MYDELAY()
{
int Al = 5;
Al *=5;
}
void write_sin_out(int A)

{
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if((A& 1)== 1){SET 10=1;SINEA|= 1;}elseif((A& 1)!= 1
){ CLR_10 = 1; SINEA &= OxFFFE;}

if((A& 2)== 2){SET 11=1;SINEA|= 2}elseif((A& 2)!= 2
){ CLR_11 = 1; SINEA &= OxFFFD;}

if((A& 4)== 4){SET 12=1;SINEA|= 4;}elseif((A& 4)!= 4
){ CLR 12 = 1; SINEA &= OxFFFB;}

if((A& 8)== B8){ SET 13=1;SINEA|= 8 }elseif((A& 8)!= 8

)X CLR_13 = 1; SINEA &= OxFFFT;}

if( (A& 16) == 16 ){ SET 14 = 1; SINEA |= 16; } else if( (A & 16) I=
16 ){ CLR_14 = 1; SINEA &= OxFFEF;}

if((A& 32) == 32){SET_15=1;SINEA|= 32;}elseif( (A & 32)!=
32 ){ CLR_15 = 1; SINEA &= OxFFDF;}

if((A& 64)=="64){ SET_16 = 1; SINEA |= 64; } else if( (A & 64) !=
64 ){ CLR_16 = 1; SINEA &= OxFFBF;}

if( (A & 128) == 128 ){ SET 17 = 1; SINEA |= 128;} else if( (A & 128) !=
128 ){ CLR_17 = 1; SINEA &= OXFF7F;}

if( (A & 256) == 256 ){ SET_18 = 1; SINEA |= 256; } else if( (A & 256) !=
256 ){ CLR_18 = 1; SINEA &= OxFEFF;}

if( (A & 512) == 512 ){ SET 19 = 1; SINEA |= 512; } else if( (A & 512) I=
512 ){ CLR_19 = 1; SINEA &= OxFDFF;}

if( (A & 1024) == 1024 ){ SET_20 = 1; SINEA |= 1024; } else if( (A & 1024)
1= 1024 ){ CLR_20 = 1; SINEA &= OxFBFF;}

if( (A & 2048) == 2048 ){ SET_21 = 1; SINEA |= 2048; } else if( (A & 2048)
1= 2048 ){ CLR_21 = 1; SINEA &= OxFTFF;}
}
void write_ FPGA_mode(int A)
{

if( (A & 0x0001) == 0x0001 ){ GpioDataRegs.GPASET.bit.GPIO0 = 1;
FPGA MODE |= 1;} else{ GpioDataRegs.GPACLEAR.bit.GPIO0 = 1; FPGA MODE &=
OxFFFE; }

if( (A & 0x0002) == 0x0002 ){ GpioDataRegs.GPASET.bit.GPIO1 = 1;
FPGA MODE |= 2;} else{ GpioDataRegs.GPACLEAR.bit.GPIO1 = 1; FPGA_MODE &=
OxFFFD; }



if( (A & 0x0004) == 0x0004 ){ GpioDataRegs.GPASET.bit.GPIO2 = 1;
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FPGA_MODE |= 4;} else{ GpioDataRegs.GPACLEAR.bit.GPIO2 = 1; FPGA_MODE &=
OxFFFB; }

}

void DELAY_MS(Uint16 MS)

{

}

while(MS != 0)

{
DELAY_US(1000);
MS--;

void Init_FCl_drive()

{

EALLOW;

GpioCtrlRegs.GPAMUX1.all = 0x0000;// PIN 00 - 15 is GPIO
GpioCtrlRegs.GPAMUX2.all = 0x0000;// PIN 16 - 31 is GPIO

GpioCtrlRegs.GPBMUX1.bit.GPIO32 = 0; // PIN 32 is GPIO
GpioCtrlRegs.GPBMUX1.bit.GPIO33 = 0; // PIN 33 is GPIO
GpioCtrlRegs.GPBMUX1.bit.GPIO34 = 0; // PIN 34 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO48 = 0; // PIN 48 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO49 = 0; // PIN 49 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO58 = 0; // PIN 58 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO59 = 0; // PIN 59 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO60 = 0; // PIN 60 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO61 = 0; // PIN 61 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO62 = 0; // PIN 62 is GPIO
GpioCtrlRegs.GPBMUX2.bit.GPIO63 = 0; // PIN 63 is GPIO
GpioCtrlRegs.GPCMUX2.bit.GPIO84 = 0; // PIN 84 is GPIO
GpioCtrlRegs.GPCMUX2.bit.GPIO85 = 0; // PIN 85 is GPIO
GpioCtrlRegs.GPCMUX2.bit.GPIO86 = 0; // PIN 86 is GPIO
GpioCtrlRegs.GPCMUX2.bit.GPIO87 = 0; // PIN 87 is GPIO



EDIS;

EALLOW;
// GpioCtrlRegs.GPADIR.all
1111 1111 1101 1111 1111
GpioCtrlRegs.GPADIR.bit.GPIOO
FPGA_mode 0
GpioCtrlRegs.GPADIR.bit.GPIO1
FPGA_mode_1
GpioCtrlRegs.GPADIR.bit.GPIO2
FPGA_mode_2
GpioCtrlRegs.GPADIR.bit.GPIO3
GpioCtrlRegs.GPADIR.bit.GPIO4
GpioCtrlRegs.GPADIR.bit.GPIO5
GpioCtrlRegs.GPADIR.bit.GPIO6
RELAY 1 OFF
GpioCtrlRegs.GPADIR.bit.GPIO7
GpioCtrlRegs.GPADIR.bit.GPIO8
Interrupt ( Start/Stop Button )
GpioCtrlRegs.GPADIR.bit.GPIO9
Interrupt ( FPGA Clock Interrupt )
GpioCtrlRegs.GPADIR.bit.GPIO10
write_sin_out_0
GpioCtrlRegs.GPADIR.bit.GPIO11
GpioCtrlRegs.GPADIR.bit.GPIO12
write_sin_out 2
GpioCtrlRegs.GPADIR.bit.GPIO13
write_sin_out_3
GpioCtrlRegs.GPADIR.bit.GPIO14
write_sin_out_4
GpioCtrlRegs.GPADIR.bit.GPIO15

write_sin_out 5
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= 0x003FDFF;// 0000 0000 0011

= 1; // GPIOO is Output --

= 1; // GPIO1 is Output --

= 1; // GPIO2 is Output --

= 1; // GPIO3 is Output -- WR

= 1; // GPIO4 is Output - CS

= 1; // GPIO5 is Output — RELAY_1_ON

= 1; // GPIO6 is OQutput --

= 1; // GPIO7 is Output -- RELAY_2 ON
= 0; // GPIO8 is Input -- External

= 0; // GPIO9 is Input - External

= 1; // GPIO10 is Output --

= 1; // GPIO11 is Output --
=1; // GPIO12 is Output --

= 1; // GPIO13 is Output -

= 1; // GPIO14 is Output --

= 1; // GPIO15 is Output --



// GpioCtrlRegs.GPADIR.bit.GPIO16

write_sin_out_6 moved

// GpioCtrlRegs.GPADIR.bit.GPIO17

write_sin_out_7 moved

// GpioCtrlRegs.GPADIR.bit.GPIO18

write_sin_out_8 moved

// GpioCtrlRegs.GPADIR.bit.GPIO19

write_sin_out_9 moved
GpioCtrlRegs.GPADIR.bit.GPI020
write_sin_out_10
GpioCtrlRegs.GPADIR.bit.GPIO21
write_sin_out_11
GpioCtrlRegs.GPADIR.bit.GPIO22
GpioCtrlRegs.GPADIR.bit.GPIO23
GpioCtrlRegs.GPADIR.bit.GPIO24
GpioCtrlRegs.GPADIR.bit.GPIO25
GpioCtrlRegs.GPADIR.bit.GPIO26
GpioCtrlRegs.GPADIR.bit.GPIO27
GpioCtrlRegs.GPADIR.bit.GPIO28
GpioCtrlRegs.GPADIR.bit.GPIO29
GpioCtrlRegs.GPADIR.bit.GPIO30
GpioCtrlRegs.GPADIR.bit.GPIO31
write_sin_out_6
GpioCtrlRegs.GPBDIR.bit.GPIO32
write_sin_out_7
GpioCtrlRegs.GPBDIR.bit.GPIO33
write_sin_out_8
GpioCtrlRegs.GPBDIR.bit.GPIO34
write_sin_out_9
GpioCtrlRegs.GPBDIR.bit.GPIO48
GpioCtrlRegs.GPBDIR.bit.GPIO49
GpioCtrlRegs.GPBDIR.bit.GPIO58

= 1; // GPIO16 is Output -

= 1; // GPIO17 is Output -

= 1; // GPIO18 is Output --

= 1; // GPIO19 is Output --

= 1; // GPIO20 is Output --

= 1; // GPIO21 is Output --

= 0; // GPIO32 is Input -- STUPO
=0; // GPIO32 is Input - STUP1
= 0; // GPIO32 is Input -- STUP2
= 0; // GPIO32 is Input -- STUP3
= 0; // GPIO32 is Input -- STUP4
= 0; // GPIO32 is Input - STUP5
= 0; // GPIO32 is Input -- STUP9
= 0; // GPIO32 is Input -- STUP7
= 0; // GPIO32 is Input - STUP8
= 1; // GPIO16 is Qutput -

= 1; // GPIO32 is Output -

= 1; // GPIO33 is Output -

= 1; // GPIO34 is Output -

= 1; // GPIO48 is Output - EN_0O

= 1; // GPIO49 is Output - EN 1
= 1; // GPIO58 is Output —- EN_2
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GpioCtrlRegs.GPBDIR.bit.GPIO59 = 1; // GPIO59 is Output -
write_sin_out 1

// GpioCtrlRegs.GPADIR.bit.GPIO31 = 0; // GPIO32 is Input --
sin_index0

// GpioCtrlRegs.GPBDIR.bit.GPIO32 = 0; // GPIO32 is Input --
sin_index1

// GpioCtrlRegs.GPBDIR.bit.GPIO33 = 0; // GPIO33 is Input -
sin_index2

// GpioCtrlRegs.GPBDIR.bit.GPIO34 = 0; // GPIO34 is Input --
sin_index3

// GpioCtrlRegs.GPBDIR.bit.GPIO48 = 0; // GPIO48 is Input --
sin_index4

y 4 GpioCtrlRegs.GPBDIR.bit.GPIO49 = 0; // GPIO49 is Input --
sin_index5

// GpioCtrlRegs.GPBDIR.bit.GPIO58 = 0; // GPIO58 is Input --
sin_index6

ok GpioCtrlRegs.GPBDIR.bit.GPIO59 = 0; // GPIO59 is Input --
sin_index7

GpioCtrlRegs.GPBDIR.bit.GPIO60 = 0; // GPIO60 is Input --
SYNC_STATUS

GpioCtrlRegs.GPBDIR.bit.GPIO61 = 0; // GPIO61 is Input - SWITCH_2

GpioCtrlRegs.GPBDIR.bit.GPIO62 = 0; // GPIO62 is Output --
RELAY 2 OFF

// GpioCtrlRegs.GPBDIR.bit.GPIO63 = 1; // GPIO63 is Output -

Closed loop calculation duration check
GpioCtrlRegs.GPCDIR.bit.GPIO84 = 1; // GPIO84 is Output -- startup EN
GpioCtrlRegs.GPCDIR.bit.GPIO85 = 0; // GPIO85 is input - STUP1
GpioCtrlRegs.GPCDIR.bit.GPIO86 = 1; // GPIO86 is output -- CHK Hz
GpioCtrlRegs.GPCDIR.bit.GPIO87 = 0; // GPIO87 is input -- STUP6
// GpioCtrlRegs.GPBDIR.bit.GPIO63 = 0;

GpioCtrlRegs.GPAQSEL1.bit.GPIO8 =2; // XINT2 sync to
SYSCLKOUT only
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GpioCtrlRegs.GPAQSEL1.bit.GPIO9 = 2; // XINT1 qualification 3
samples

GpioCtrlRegs.GPACTRL.bit.QUALPRD1 = 20; // sampling
period is (2*¥20)*6.67ns =  us

EDIS;

EALLOW;

GpiolntRegs.GPIOXINT1SEL.bit.GPIOSEL =9; // Select GPIO9 as XINT1
source

GpiolntRegs.GPIOXINT2SEL.bit. GPIOSEL =8; // Select GPIO8 as XINT2
source

EDIS;

XintruptRegs.XINT1CR.bit.POLARITY = 0; // Falling Edge Interrupt
XintruptRegs.XINT1CR.bit.ENABLE = 0; // 1 = Enable XINT1 / 0 = disable
XIntruptRegs. XINT2CR.bit.POLARITY = 0; // Falling Edge Interrupt
XIntruptRegs. XINT2CR.bit.ENABLE = 1; // 1 = Enable XINT2 / 0 = disable
// initial relays
RELAY1 ON_CLR = 1; DELAY_MS(1); RELAY1 OFF SET = 1;
DELAY_MS(500); RELAY1 OFF CLR = 1;
RELAY2 ON CLR = 1; DELAY MS(1); RELAY2 OFF SET = 1,
DELAY_MS(500); RELAY2 OFF CLR = 1;
write_to FPGA(0x0000,0x0000);
}
L1TTTT1111TT1 1111711777777 T 1777177777777 7 7771771177711 7777 7777177777777
void InitSpiaGpio()
{
EALLOW;
/* Enable internal pull-up for the selected pins */
// Pull-ups can be enabled or disabled by the user.
// This will enable the pullups for the specified pins.
// Comment out other unwanted lines.
GpioCtrlRegs.GPAPUD.bit.GPIO16 = 0; // Enable pull-up on GPIO16
(SPISIMOA)
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GpioCtrlRegs.GPAPUD.bit.GPIO17 = 0; // Enable pull-up on GPIO17
(SPISOMIA)

GpioCtrlRegs.GPAPUD.bit.GPIO18 = 0; // Enable pull-up on GPIO18
(SPICLKA)

GpioCtrlRegs.GPAPUD.bit.GPIO19 = 0; // Enable pull-up on GPIO19
(SPISTEA)

//  GpioCtrlRegs.GPBPUD.bit.GPIO54 = 0; // Enable pull-up on GPIO54
(SPISIMOA)

// GpioCtrlRegs.GPBPUD.bit.GPIO55 = 0; // Enable pull-up on GPIO55
(SPISOMIA)

//  GpioCtrlRegs.GPBPUD.bit.GPIO56 = 0; // Enable pull-up on GPIO56
(SPICLKA)

//  GpioCtrlRegs.GPBPUD.bit.GPIO57 = 0; // Enable pull-up on GPIO57
(SPISTEA)

/* Set qualification for selected pins to asynch only */
// This will select asynch (no qualification) for the selected pins.

// Comment out other unwanted lines.

GpioCtrlRegs.GPAQSEL2.bit.GPIO16 = 3; // Asynch input GPIO16
(SPISIMOA)

GpioCtrlRegs.GPAQSEL2.bit.GPIO17 = 3; // Asynch input GPIO17
(SPISOMIA)

GpioCtrlRegs.GPAQSEL2.bit.GPIO18 = 3; // Asynch input GPIO18 (SPICLKA)

GpioCtrlRegs.GPAQSEL2.bit.GPIO19 = 3; // Asynch input GPIO19 (SPISTEA)

//  GpioCtrlRegs.GPBQSEL2.bit.GPIO54 = 3; // Asynch input GPIO16
(SPISIMOA)

// GpioCtrlRegs.GPBQSEL2.bit.GPIO55 = 3; // Asynch input GPIO17
(SPISOMIA)

//  GpioCtrlRegs.GPBQSEL2.bit.GPIO56 = 3; // Asynch input GPIO18
(SPICLKA)

//  GpioCtrlRegs.GPBQSEL2.bit.GPIO57 = 3; // Asynch input GPIO19
(SPISTEA)
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/* Configure SPI-A pins using GPIO regs*/

// This specifies which of the possible GPIO pins will be SPI functional
pins.

// Comment out other unwanted lines.

GpioCtrlRegs.GPAMUX2.bit.GPIO16 = 1; // Configure GPIO16 as SPISIMOA

GpioCtrlRegs.GPAMUX2.bit.GPIO17 = 1; // Configure GPIO17 as SPISOMIA

GpioCtrlRegs.GPAMUX2.bit.GPIO18 = 1; // Configure GPIO18 as SPICLKA

GpioCtrlRegs.GPAMUX2.bit.GPIO19 = 1; // Configure GPIO19 as SPISTEA

// GpioCtrlRegs.GPBMUX2.bit.GPIO54 = 1; // Configure GPIO54 as
SPISIMOA

//  GpioCtrlRegs.GPBMUX2.bit.GPIO55 = 1; // Configure GPIO55 as
SPISOMIA

//  GpioCtrlRegs.GPBMUX2.bit.GPIO56 = 1; // Configure GPIO56 as
SPICLKA

//  GpioCtrlRegs.GPBMUX2.bit.GPIO57 = 1; // Configure GPIO57 as
SPISTEA

EDIS;
}
void spi_init()
{
SpiaRegs.SPICCR.all =0x000F; // Reset on, rising edge, 16-
bit char bits
SpiaRegs.SPICTL.all =0x0006; // Enable master mode,

normal phase,

// enable talk, and SPI int disabled.

SpiaRegs.SPIBRR = 0x0000;

SpiaRegs.SPICCR.all =0x009F; // Relinquish SPI from
Reset

SpiaRegs.SPIPRI.bit.FREE = 1; // Set so breakpoints don't disturb
xmission

}
void spi_fifo_init()
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{
// Initialize SPI FIFO registers
SpiaRegs.SPIFFTX.all=0xE040;
SpiaRegs.SPIFFRX.all=0x204f;
SpiaRegs.SPIFFCT.all=0x0;

}

void write_ DAC({
int rdata;
// ===> DAC No.1
SET_SPI_0 = 1; // Enable data line A
SpiaRegs.SPITXBUF = D_outl;// Transmit data
while(SpiaRegs.SPIFFRX.bit.RXFFST !=1) { }// Wait until data is received
rdata = SpiaRegs.SPIRXBUF;// Check against sent data
CLR_SPI_0 = 1; //Disable data line A
// ===> DAC No.2
SET_SPI_1 = 1;// Enable data line B
SpiaRegs.SPITXBUF = D_out2;// Transmit data
while(SpiaRegs.SPIFFRX.bit.RXFFST !=1) { }// Wait until data is received
rdata = SpiaRegs.SPIRXBUF;// Check against sent data
CLR_SPI_1 = 1;//Disable data line B
// ===> DAC No.3
SET _SPI_2 = 1;// Enable data line C
SpiaRegs.SPITXBUF = D_out3;// Transmit data
while(SpiaRegs.SPIFFRX.bit.RXFFST !=1) { }// Wait until data is received
rdata = SpiaRegs.SPIRXBUF;// Check against sent data
CLR_SPI_2 = 1;//Disable data line C
//

}
void write_ DAC2(int dataoutl,int dataout2,int dataout3){
int rdata;
// if(dataout1>4095){dataoutl = 4095;} else
if(dataout1<=0){dataoutl = 0;}
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// if(dataout2>4095){dataout2 = 4095;} else
if(dataout2<=0){dataout2 = 0;}
// if(dataout3>4095){dataout3 = 4095;} else

if(dataout3<=0){dataout3 = 0;}
// ===> DAC No.1
SET_SPI_0 = 1; // Enable data line A
SpiaRegs.SPITXBUF = dataout1;// Transmit data
while(SpiaRegs.SPIFFRX.bit.RXFFST !=1) { }// Wait until data is received
rdata = SpiaRegs.SPIRXBUF;// Check against sent data
CLR_SPI_0 = 1; //Disable data line A
// ===> DAC No.2
SET _SPI_1 = 1;// Enable data line B
SpiaRegs.SPITXBUF = dataout2;// Transmit data
while(SpiaRegs.SPIFFRX.bit.RXFFST !=1) { }// Wait until data is received
rdata = SpiaRegs.SPIRXBUF;// Check against sent data
CLR_SPI_1 = 1;//Disable data line B
// ===> DAC No.3
SET_SPI_2 = 1;// Enable data line C
SpiaRegs.SPITXBUF = dataout3;// Transmit data
while(SpiaRegs.SPIFFRX.bit.RXFFST !1=1) { }// Wait until data is received
rdata = SpiaRegs.SPIRXBUF;// Check against sent data
CLR SPI_2 = 1;//Disable data line C
//
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Reactive Power and Harmonics
Compensation Using A Flying Capacitor
Multilevel Inverter

Pratompong Wijit', Sompob Polmai’
"?Department of Electrical Engineering, Faculty of Engineering
King Mongkrut's Institute of Technology Ladkrabang(KMITL), THAILAND
E-mail: pratompong.w@gmail.con, kpsompob@gmail.com

Abstract — The closed-loop current control is designed and
applied to force the inverter to inject the compensating reactive
power and harmonics into the system. A five-level inverter is
modeled and the phase-shifted pulse width modulation technique
is adopted for output voltage control. The simulation results show
the proposed flying capacitor inverter is capable of compensating
for load reactive power and load harmonics.

I. INTRODUCTION

Multilevel inverter are widely used in high-power
applications with medium voltage level due to their attractive
properties, such as their lower switching loss and higher
efficiency than the conventional two-level inverters [1-2]. The
applications of multilevel inverters are include motor drive
uses, static VAR compensator and power factor correction and
harmonics elimination [1-2]. Among multilevel inverter
structures, the flying capacitor inverter topologies are selected
due to their attractive advantages, single dc link, redundant
switching states and simplicity of control.

A variety of unwanted results in power systems are caused
by the rapid growth of nonlinear loads such as cycloconverters
and diode converters. Among these undesirable results,
harmonic pollution, increased reactive power and voltage
fluctuations are the most important. Harmonic pollution is
causes of overheating of transformer and electrical motors,
increased losses in AC power line, sensitive devices
malfunction and interference with communication system.
Reactive current is responsible for lagged power factor and
therefore give rise reactive power burden to power system[3].

Reactive power and harmonics compensations by using
flying capacitor multilevel inverter is investigated in this
paper. The five-level flying capacitor prototype inverter is
proposed, simulated and constructed. To eliminate capacitor
balancing problems and control inverter output voltage, the
phase-shift PWM technique is adopted [4]. The closed-loop
current control is proposed and applied to perform the
compensation of the nonlinear load reactive current and
harmonics. The investigation focuses on capacitor voltage
balancing and comparison between system current before and
after the compensation.

II. FLYING CAPACITOR INVERTER

A. Flying Capacitor Inverter Circuit
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Fig. 1. Five-level flying capacitor inverter circuit.

The five-level flying capacitor inverter is showed in Fig.1.
The outer capacitors called the dc link capacitors and the rests
called flying capacitors. Each capacitor voltage is equals to E,
or V,/4. There are 4 pairs of switching devices and each pair
cannot be conduct simultaneously. The inverter can produces
five voltage levels of an inverter phase voltage, depends on
combination of the conducted switches. Fig.2 shows the
inverter phase voltage and line to line voltage. Table I show a
lists of all switching states and all the combinations of phase
voltage levels that are possible for the five-level flying
capacitor inverter. The redundancies of switching state provide
a great flexibility for switching pattern design and available for
capacitor voltage balancing.
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TABLE L
VOLTAGE LEVEL AND SWITCHING STATES OF A FIVE-LEVEL FLYING

CAPACITOR INVERTER
Inverter Switching States

Voltage v, | i [ S: [ S5 [ Sa [ S/ [ S [ 85 [ 84
Val(4E) 1 1 1 1 0 0 0 0
1 1 1 0 0 0 0 1
1 1 0 1 0 0 1 0
3B 1 0 1 1 0 1 0 0
0 1 1 1 1 0 0 0
1 1 010 0 0 1 1
1 0 1 0 0 1 0 1
0 1 1 0 1 0 0 1
2E 1 010 1 0 1 1 0
0 1 0 1 1 0 1 0
010 1 1 1 1 0 0
1 0[0]0 0 1 1 1
0 1 010 1 0 1 1
IE 010 1 0 1 1 0 1
0[0]0 1 1 1 1 0
0 0[0]01]O 0 0 0 0

& = switch on, "0" = switch off

(b) The inverter line (o line voltage

Fig. 2. The inverter phase voltage and line to line voltage.

B. Flying Capacitors Voltage Balancing

One of the most important concerns about flying capacitor
inverter is the energy balance of the flying capacitors. The
unbalanced charging and discharging of flying capacitors
could leads to the uneven output voltage. There are many
solutions for capacitor energy balancing problem using PWM
techniques, such as Modified Carrier Redistribution PWM,
Saw-Tooth Rotation PWM and Phase-shifted PWM [5]. Phase-
shifted PWM is simply to implement and provides balanced
charging and discharging duration, which leads to maintained
flying capacitor voltages. Fig. 3 shows the current flow of each
flying capacitor. The flying capacitors have an average current
of zero each, which result in an energy balance over them.
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Fig. 3. Flying capacitor currents using phase-shifted PWM.

III. CONTROL SYSTEM DESIGN

The inverter circuits along with interface inductor or
interface transformer is called a distribution static compensator
(DSTATCOM). A DSTATCOM is one of the most effective
way to compensate reactive power dynamically and can
exchange both active and reactive power with the distribution
system, by varying the amplitude and phase angle of the
inverter voltage with respect to the system voltage. The
proposed DSTATCOM includes flying capacitor inverter and
shunt connected to the distribution system. The DSTATCOM's
performance depends on the control algorithm used to
determine the reference currents. For this purpose, The closed-
loop current control scheme is designed and applied to
command the DSTATCOM to inject the compensating
reactive current and harmonics current to the power system.

la
iy Nonlinear
V. Load
lo
3-phase Flying
Transformer Capacitor
Y A Inverter

Fig. 4. Three-phese flying capacitor inverter is shunt connects to the system.

Fig. 4 shows the flying capacitor multilevel inverter is shunt
connected to the power system though the interface
transformer and interface reactors. The general compensation
principle of the three-phase shunt inverter can be shown in
Fig.4 as
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i =i —i, (1)

mv

where i;,, i; and i; is the inverter current, the system current
and the load current, respectively.

i
'S

T dt wt

Viny

Fig. 5. The coordinates for the flying capacitor inverter

The three-phase supply voltage is expresses as
27
Veu =V, cos(at —?] (2)

where V,, and o is the phase voltage amplitude and angular
frequency, respectively. The coordinates of the relation
between inverter voltage and system voltage on synchronous
reference frame d-q are showed in Fig. 5. The voltage
equations on the stationary reference frame a-b-c are

inv,a

s,a = L + vinv,a
t
diinv b
V.S b = L dt’ + vinv,b (3)
diinv c
vs,c = L dt, +vinv,c

where i,4, imvp and i, are the inverter currents and vy, ,,
Vimy and v, . are the inverter phase voltages. The voltage
equations are transformed from the stationary frame a-b-c to
the synchronous reference frame d-q as follow

di,
_ inv,d .
vs,d =L - a)l’linv,q + vinv,d
dt
. 4)
_ L dlinv,q a)L .
Vx,q - dt + linv,d +vinv,q

Equation (2), the supply voltage, on the stationary reference
frame a-f are

Vig = v, cos(a)t)

5
Vop = v, sin(a)t) ©)

and the supply voltage on the synchronous reference frame d-q
are

(6)

The g-axis inverter reference current(i *,-m,,q) is determined by
the opposite of the g-axis load current(i, ,), to direct the g-axis
inverter current(i;, ,) to zero reference for unity power factor.
The d-axis reference current is derived from the proportional
and integral (PI) voltage controller for the dc link regulation.
The d-axis inverter reference current(i*i,w,d) is determined by
the difference between the d-axis reference current(i,) and
high frequency components of the d-axis load current(i’; ;), for
harmonic compensation without real power injection. From
equation (4) and (6), the transformed voltage equations on the
synchronous reference frame d-¢ are

di,
N inv,d .
V, =h——<aliy |

dt

+v

inv,d
(7)

diinvq .
O=L——=+ali,,  +Vv
dt ’

inv,q

To tracks the reference currents, the PI controller is utilized.
Equation (7) is the coupled system equation that doesn't work
well with PI controller due to rapid changes. The following
current controllers are added:

=wlLi.

inv,q

v +v, 4 +AV

inv,d inv,d

. ®)
=-wli,, ,+v,,+Av

vinv,q inv,d inv,q
where Av,,, and Av,,, are the outputs of the current

controllers.
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Voltage Controller

lL,q

Fig. 6. The control diagram of the flying cacpacitor inverter.
Avinv,d —%p (linv,d - linv,d ) + ij linv,d - linv,d {
Avinv,q —%p (linv,q ¥y linv,q) = ij linv,q - linv,q t

©)

With addition of (8), the coupled system becomes decoupled
system that easy to control as follows:

diinvd
0=L——=+Av,

inv.,d

dt (10)

diinv
0=L—"%+Av
dt

inv,q

Fig. 6 shows the control diagram of the flying capacitor
inverter. To seek the proper the proportion gain (k,) and
integral gain (k;) for the PI controllers, the open-loop transfer
function of the inverter is calculated. Fig. 7 shows the transfer
function of the flying capacitor.

i* KPLS +£] 1
inv,dg K IstR

& 'Eim'_.dq

Fig. 7. Transfer function of the flying capacitor inverter

The open-loop transfer function of the flying capacitor (G/(s)) is
given by

kp s+

kp
G.ls)= 11
f() Ls* + Rs (I

Current Controller Vl-nv’ 4
Current Controller Vl.nv’q

The open-loop pole (p) and open-loop zeroes (z) are as follow

pR (12)
=0,——
3 L

TABLE Il THE FLYING CAPACITOR INVERTER PARAMETERS

The flying capacitor inverter's parameters
43.5 mH
8.8Q; 4.5 mH

Interface inductor

Interface transformer

The open-loop poles have 2 poles, 0 and -183.33. When the
open-loop zero is more than -183.33 is preferable due to the
faster response of a second order system. Fig.8 shows the root
locus plot of the system when zero is -1000. The proportional
gain and integral gain is selected where the damping factor is
about 0.7. The k, and k; are 83.1 and 83,100 respectively and
these gains serve as guideline for controller tuning.

Root Locus
1000 T T = T

ods - - oz 086 076 g 055 035

ann |- > System G3 E R
: : L Gain: 834

oo [Pees Pole: -857 + 803 ]

: . Damping: 0.728
400 | Cooc Owershoot (9% 3.57 S
¢ Freguency (radis) 1. 32e+03 - .

0996 . -

Fe+03  35e+D3 Ze+DF /I.Semsi le+Dg,

Imaginary s (seconds)

500 Ko ged” b
o0 | : 4
oos- - naz 055 035
4000 L= L L L L il i L
3500 -3000 2500 2000 1500 1000 -500 0 500

Real &xis (seconds™)

Fig. 8. The root locus plot when zero is -1000.
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IV. THE SIMULATION RESULTS

In order to verify the performance of the proposed flying
capacitor with designed control system, a simulation is

levels. Fig. 11 shows spectrum of the system current
harmonics and THD; before and after applying the proposed
flying capacitor inverter.

provided. The proposed flying capacitor inverter is simulated 225 = ALY =EZW) R mE)
by PSCAD/EMTDC software. The power system parameters fg‘; T T T T T
and the proposed inverter parameters used in the simulation 1 | I
are given in Table III. 125 1
100
75 1
TABLE IIL. w0l
THE POWER SYSTEM AND THE PROPOSED INVERTER PARAMETERS 25
04
Parameters 01100 01150 01200 01250 01300 01350  0.1400  0.1450
System's nominal voltage 220 Vims . . . .
Y & Fig. 10. the dc link voltage and the flying capacitor voltage of the proposed
Fundamental system 50 Hz inverter during the reactive power and harmonics compensation.
L . 90%;
Resistive-Inductive Load 029mH
Nolinear Load (3-phase rectifier with resistive load) 95Q; 9mH 15 : Spec"lum DfSY?‘em C”"fm(ﬂeml e °°mlpensa“°”l) .
Invverter switching frequency 12k Hz 2 2l THDi = 22.12% |
DC link voltage 200 Vg %
DC link and flying capacitors 2200uf § % |
Proportional gain of PI controller 140 U'd - i = . T T i I E =
Time constant of PI Controller 12.03us i}
Spectrurn of System Current{After the compensation)
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interface transformer E 1L J
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interface transformer's ratio 100:450 % ol |
E
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The power system is loaded with a resistive-inductive load
and nonlinear load, 3-phase rectifier with resistive load. Fig.9
shows the system voltage and system current of the simulation
result. Harmonics and reactive current of the loads are
compensated after the inverter connected to the power system
at 0.1 second. The system current is in-phase with the system
voltage and harmonics current is suppressed. After
compensation, the total harmonics distortion of the system
current (THD;) is decreased from 22.12% to 8.53%.
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Fig. 9. Simulated system voltage and system current

Fig. 10 shows the dc link voltage and the internal flying
capacitor voltage of the proposed inverter during the reactive
power and harmonics compensation. Considering Fig. 10, it
can be pointed out that the flying capacitor voltages as well as
the dc link voltage are maintained at their desired voltages
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Fig. 11. Spectrum of system current harmonics and THDi before and after
compensation.

V. CONCLUSION

The closed-loop current control is presented and applied to
the flying capacitor multilevel inverter for reactive power and
harmonic compensation. The phase-shifted PWM is adopted to
balance energy for each flying capacitor. The performance of
the proposed closed-loop current control is shown through the
simulation results. The compensated system current is in-phase
with the system voltage and the harmonics current is well
compensated.
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	 5.2.2  ผลการทดลองการชดเชยโหลดตัวต้านทานกับตัวเหนี่ยวนำ
	รูปที่ 5.4 รูปคลื่นของกระแสระบบกรณีโหลดตัวต้านทานไม่สมดุล ก่อนและหลังเครื่องอินเวอร์เตอร์  5 ระดับชนิดฟลายอิงคาปาซิเตอร์เชื่อมต่อ (Time per div = 5ms/div)
	รูปที่ 5.5 รูปคลื่นของกระแสและแรงดันที่ฟลายอิงคาปาซิเตอร์ ระหว่างที่เครื่องต้นแบบอินเวอร์เตอร์ 5 ระดับชนิดฟลายอิงคาปาซิเตอร์ทำการชดเชย

	 5.2.3 ผลการทดลองการชดเชยโหลดไม่เป็นเชิงเส้น
	รูปที่ 5.6 รูปคลื่นของกระแสระบบกรณีโหลดตัวต้านทานไม่สมดุล ก่อนและหลังเครื่องอินเวอร์เตอร์ 5 ระดับชนิดฟลายอิงคาปาซิเตอร์เชื่อมต่อ (Time per div = 5ms/div)
	รูปที่ 5.7 รูปคลื่นของกระแสและแรงดันที่ฟลายอิงคาปาซิเตอร์ ระหว่างที่เครื่องต้นแบบ อินเวอร์เตอร์ 5 ระดับชนิดฟลายอิงคาปาซิเตอร์ทำการชดเชย
	รูปที่ 5.8 สเปคตรัมของกระแสระบบก่อนและหลังการชดเชย

	 5.2.4 ผลการทดลองการชดเชยโหลดร่วมระหว่างโหลดไม่สมดุล โหลดตัวต้านทานกับตัวเหนี่ยวนำและโหลดไม่เป็นเชิงเส้น
	รูปที่ 5.9 รูปคลื่นของกระแสระบบก่อนและหลังการชดเชยของเครื่องต้นแบบ อินเวอร์เตอร์ 5 ระดับชนิดฟลายอิงคาปาซิเตอร์
	รูปที่ 5.10 รูปคลื่นกระแสระบบก่อนและหลังเครื่องอินเวอร์เตอร์ 5 ระดับชนิดฟลายอิงคาปาซิเตอร์ เชื่อมต่อเข้าทำการชดเชย
	รูปที่ 5.11 รูปคลื่นของกระแสและแรงดันที่ฟลายอิงคาปาซิเตอร์ ระหว่างที่เครื่องต้นแบบ อินเวอร์เตอร์ 5 ระดับชนิดฟลายอิงคาปาซิเตอร์ทำการชดเชย
	รูปที่ 5.12 สเปคตรัมของกระแสระบบก่อนและหลังการชดเชย
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