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This thesis proposes an open-circuit fault detection method for a three-stage
cascaded boost converter. The three-stage cascaded boost converter can boost the low
input voltage generated from renewable energy sources about 20V up to the high output
voltage level of 400V, without extreme duty cycle for the converter switches. The
control strategy based on PI controller with one voltage-control loop and two current-
control loops is developed for the three-stage cascaded boost converter in order to
obtain the desired constant output voltage. The current weighting technique is
employed, providing the satisfactory performance under different operating conditions.
In addition, the fault detection method is proposed to detect the open-circuit switch fault
for the three-stage cascaded boost converter. Based on the behavior investigation of the
converter operating under normal and fault conditions, the fault detection technique is
developed for the open-circuit switch fault. The faulty switch can be detected correctly
and rapidly. By using the redundant switches, the fault-tolerant three-stage cascaded
boost converter is achieved. As a result, the satisfactory performance of the converter
can be obtained under the appearance of open-circuit switch fault. Simulation and
experimental results show that the three-stage cascaded boost converter provides high

step-up voltage conversion ratio of 20. The low input voltage about 20V is boosted to
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1,(A) Voamon (V)
a%ai A%aft 2 NEE mae adai adafi 2 NEE mae
0 0 0 0 0 0 0 0
0.282 0.281 0.283 0.282 0.043 0.0431 0.043 0.043
0.556 0.557 0.557 0.557 0.115 0.116 0.116 0.116
0.827 0.828 0.826 0.827 0.187 0.188 0.187 0.188
1.092 1.089 1.090 1.090 0.258 0.257 0.257 0.258
1.374 1.375 1.376 1.375 0.332 0.334 0.335 0.334
1.655 1.656 1.655 1.656 0.408 0.410 0.408 0.409
1.927 1.928 1.923 1.926 0.481 0.483 0.479 0.482
2.183 2.186 2.190 2.186 0.549 0.551 0.552 0.551
2.394 2.398 2.393 2.395 0.605 0.607 0.604 0.606
2.506 2.508 2.511 2.508 0.635 0.637 0.639 0.637
2.621 2.624 2.624 2.624 0.665 0.668 0.668 0.668
2.874 2.879 2.876 2.876 0.734 0.737 0.736 0.736
3.141 3.146 3.143 3.144 0.806 0.807 0.806 0.807
3.245 3.247 3.246 3.246 0.834 0.836 0.835 0.835
3.495 3.490 3.492 3.493 0.901 0.900 0.901 0.901
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y = 3.8*x + 0.095
3.5
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v =R

voltage Y/
sensor O(sensor)
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O(sensor)

A1319N 6.3 AT1NMINATDVUTUINEUAINTIVIVUTIAY

Vi (V) Vowensorr (V)
ﬂ%ﬂﬂ 1 ﬂ%ﬂ‘ﬁ 2 ﬂ%ﬂ‘ﬁ 3 m‘é’ﬂ ﬂ%ﬁ‘?’l 1 ﬂ%ﬂﬁ 2 ﬂ%\i‘ﬁ 3 Lﬂ?:lﬁl
0 0 0 0 0 0 0 0
20.05 23.79 23.99 22.61 0.133 0.137 0.137 0.136
38.40 41.09 35.56 38.35 0.232 0.240 0.221 0.231
59.97 65.54 68.47 64.66 0.352 0.394 0.421 0.389
80.34 81.75 81.81 81.3 0.477 0.491 0.493 0.487
99.67 105.12 104 102.93 0.586 0.639 0.632 0.619
118.83 130.39 122.33 123.85 0.696 0.798 0.735 0.743
139.56 140.21 137.89 139.22 0.840 0.842 0.826 0.836
162.32 163.44 170.26 165.34 0.982 0.985 1.009 0.992
179.53 184.70 183.09 182.44 1.091 1.099 1.098 1.096
206.97 211.06 205.43 207.82 1.244 1.252 1.242 1.246
219.10 22597 226.03 223.7 1.327 1.347 1.349 1.341
238.58 243.65 238.37 240.2 1.427 1.467 1.426 1.440
260.43 268.03 259.34 262.6 1.570 1.602 1.568 1.580
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1 d' =) [ ) [ 1 aa d‘ Y
aiun 1 IﬂiLLﬂﬁJﬂTﬂNi’e’ﬂ‘ﬁ'i‘Ui‘UL!.aZﬂ1u’Jﬂ!“]J'§1Jﬂ1ﬂ%§]f’)a°l/lllﬂ*ﬂ1ﬂﬂﬁuﬂa\1 ADC

o J A ] o A ) . . = 9
YousIAUIANA Vy nazuad Inaduduniionit i, uay i udasmalouldsunsy’ld

[T

N

=le

Voltage Vo = AdcMirror. ADCRESULTO;
Current_IL1 = AdcMirror. ADCRESULTT;
Current_IL3 = AdcMirror. ADCRESULT2;
Vo=((1.7e2*(Voltage V0))-0.26);;
IL1=((3.8*(Current_IL1))+0.095);;

IL3=((3.8*(Current_IL3))+0.095);;

/3UAATADAVOWITIAU V,
/FUAATRDAVOINTLIE i,
/3UAATNOAVDINTILL i,
/lsumeuansay V,
lFumeuamnIzua i,

/lsumeuanIza i,

1 H A o o o 4 ~ = 1 90’ v
N 2 Tﬂmmumywmmumiﬂmammmmmmuw% MAUANITDNUTNUD

Y
NITUE LAZITMIATINVUANUAANS DIULEAIAIT

// PI'V loop
err v=Vref-Vo;
Upv=kpv*err v;
Uiv=(kiv*Ts*err v)+Uiv_1;
Iin_ref=Upv+Uiv;

// Current weighting
Iref1=Iin_ref*0.85;
Iref2=lin_ref*0.15;

// PI Lloop1
err_i=Irefl-IL1;

Upi=kpi*err i,
Uii=(kii*Ts*err_iHUii_1;
Upi_i=Upi+Uii;

// P11 1loop2
err_i2=Iref2-1L3;
Upi2=kpi2*err i2;
Uii2=(kii2*Ts*err i2)+Uii 2;

Upi_i2=Upi2+Uii2;

/ATUIUAIANUAANAIAYDWTIAY V,
JATIUMIAIVYULLUT A IY
AAUIAMIAILANLIUBUNNTA

o Y a (%
/R TUIUNTSLUTDNDINNG 539U

! %’ v 9 [ !
//ﬂTifn\TL!TﬁUﬂﬂimlﬁﬁTWﬁUQﬂﬂﬁ%uﬁﬁ 1

! %’ v 9 [ !
//miaNumuﬂﬂmmmmugﬂﬂszuﬁﬁ 2

/RIUAINNUAANAIAVDINTELE i,
/AIUMIAINID T AT I
JAMIUMIAIUANIVUBUNNTD

Jenudyanusedsdmsuaie PWM

/RIUAANUAANAIAVDINTEE
JATIUMIAIVYULLUTAE I
/AUIAIMIAILANLIUBUNNTA

annudyonueesdmsuas PWM



/fupdate variable
Uiv_1=Uiv;
Uii_1=Uii;
Uii_2=Uii2;

//fault Detection
io new 1=IL1;

io new 3=IL3;
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//eWana1 Uiv_1
/ewWaNa Uii_1

//BWANA Uii 2

//BWANAT io_new 1

/BWANAT i0_new 3

slope _1=(io new 1-io old DAT*Ts-((T-1)*Ts));; JAIUIIAIANUTUUD i,_l

slope 3=(io new 3-io old 3)AT*Ts-((T-1)*Ts)); JAIUTIAIANNF UV | L2

slopesig_1=slope 1/abs(slope 1);

slopesig_3=slope 3/abs(slope 3);

total=total+1;

if (slopesig_1==-1){ sum_1=sum_1+1;

if sum 1>=10){ F_1=F 1+1;

if (slopesig_3==-1){ sum 3=sum 3+1;

if (sum_3>=10){ F 3=F 3+1;

if (slopesig 1=1){ sump 1=sump 1+1;

if (sump 1>=10){ F 1=F 1+1;

if (slopesig_3==1){ sump 3=sump 3+1;

if (sump 3>=10){ F 3=F 3+1;

if (Upi_i>=0.8){ G_2=G_2+1;

AAUAHIAANUTUUNAYA i,
JAnnamaIANuTulnaved i,
mignnugalu 1 aunm
a 1 o a . =]
/nsanaanusuilndves i, Muanu -1
Y o A 49! =\ =
HAIMELIN sum_1 INMAUNAZHHN
/M5 sum_ 1 HANAY 10 43WMIUINF 1
= S &
MNUUUN LU
a 1 % a - [P~ U T~ {
/MNsaNAIANNFUnavee i, NuAuTly -1
Y o A 49! =\ =
HAIMELIN sum_3 INNAUNAZHLN
JNNTN sum 3 1THAUNY 10 HAWNNMTUINE 3
A 2 4 &
INUUUN LT
a ' @ a . =]
/nnsanaInNNgulnaves i, Muauu 1
Y o A éj = =
HAINELIN sump_ 1 INUAUNAZHIN
a S DA Y o
/NI sump_1 TIUAUAY 10 4AIMINITUIN
A 2 4 &
F_1iNuaunagyig
a ' o a . =]
/nnsanaInNNsulnaves i, Muanu 1
Y o A g = =
HAIIINMILIN sump 3 NUAUNAZHI
a S DA Y o
/NI sump_3 MUAUAY 10 4AIVINITUIN
A X 4 &
F 3 uaunazyia
/3aN Upi i 110AANAT 0.8 1d ¥ 1msuan

A 2 A &
G_2 AUV UNASTIUN
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if (sum_1==10|sump_1==10|jsum_3==10||sump 3==10){ H=H+1; /MTIVETDUNATINLA

if (total=10&&H==0){

iflG_2>=10){ F 2=F 2+1;

if (Upi_i<=0.8){ G _2=0;

if (F_1>=5){ F1=1;

if (F 2>=2){ F2=1;

if(F 35=5){ F3=1:

] 1A 1 o Ao Yy Y o
aza NiAwnnunsmua’l’ udnihmsuin B
A X 4 &
MLAUN AN
/HIWADUIYAMININUATY 10 90 (1 AVNIAT)
ez Himnu 0
/@539aY G_2 MUAWIANI 10 4F¥IMIUIN
A 2 4 &
F 2 muaunagriia
v
/M58 Upi i 1TANI08N31 0.8 AU G 2 92
N 0
/@398 U F 1 11UAUNY S 1WoudaIl1na
a 1 A A 4
ANMUAANTOINEIAT S,
/@398 U F 2 110AUNY 2 1tWoUEAII1NA
a 1 A A 4
ANUAANTOINAIAT S,
/39980 U F 3 110A DU S1WoudaIl1na

a 1 A a o
ANUNANTDINTINY 83

if (total>=10){ sump_1=0; sum_1=0; sump 3=0; sum_3=0; total=0; /87 total 1IANI 10

io old l=io new I;

io_old 3=io new 3;

MMIsaaang 9 1¥miny o
/OWANAT io_old_1

/BWANAT io_old 3

[ ~ A o o 9 o I
HagaIun 3 I‘]JﬁllﬂillﬂTHW“]iﬁTVii‘iJﬂﬁﬁiNﬁ’i‘gﬂ!lﬂm PWM Tﬂﬂwﬂuﬂizmumimﬂ“lu

4 P = 1 o A A kY J [
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V,,DT (V, -V,
in in 1-D =0
OT o[ Yoo Ja-oyr
V,,DT +(V,, -V, JA-D)T =0

V, DT +V, T -V, DT =V T +V,DT =0

Vi =Vo(1-D)=0

L. \i = i (ﬂ.l 1)
V., 1-D
= t t ) ¢ .
Tagh D=——o = ;4 —DTuag 1, = (I-D)T
ton +toff T :
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fhi’;]ﬁi”ﬂiwﬁﬁﬁ (D) DI VBUIIAU (M)
0 1.00
0.1 1.10
0.2 1.25
0.3 1.43
0.4 1.67
0.5 2.00
0.6 2.50
0.7 3.33
0.8 5.00
0.9 10.00
1.0 infinity
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MmyeanuUUenAIA AN eI ;

LY d' o 4 4 4 g’; a a =
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I:)in = Pout (n.12)
Vol =Vl (n.13)
A
Wo Vg = _'“D

V.

V.l =—"1 (n.14)

in" L 1-D o

" 1-D '

9
MNANNANIUT Y99IAINMIHNTUVBINITYARAD LB DS LU DATAY
1 it =DTuas t,.=(1-D)T (n.16

T:thon+toff 3 lon = ¢ty =(1-D) 16)
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L=YaMo=Vi)  4i3q L= P Vin (n.17)
f -V, - Al f-Al

A [~}
f)75@@ﬂl!ﬂﬂ!ﬁ@ﬂﬂ7¢l?!ﬂﬂ7jii’? ;

v a 1 a Jdo v o [ o 1
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i =i, (7.18)
w93 i, A 0-, i iesmsmmaunuilizy
1 tun
Vo (t=0) == [i n.1
V. =V, (t=0) C!uo dt (n.19)
iO 'ton

AV =2 (.20)
Wwo t_ =DT :VO —Vin .l

V, f

[

¥ a so o o & ¢ ¢ ¢ ¥ a 2
ﬁ]Sllﬂﬂ”l'W'li"lﬂmi’)iﬁ?ﬁi‘ﬂ@]’llﬂ‘ﬂ‘ﬂﬁzﬂ CUDINITYAANDULNIDIADITUUUAUAN AU

C _ IO (\/O _Vin) :ﬁ%a C —

_ (n.21)
f -V, AV, f-AV,

Tagf AV, AD MINTNONUDILTIAU V.

¢ P P " w ?
Nﬂ‘iyﬁﬂﬂ@m’mﬁLﬂ@ﬁLLUUGﬂQﬂ@ﬂuﬁmﬂlu (Two-Stage Cascaded Boost converter)
A @ o o ~ [ A [ 1% 4 9 U v A =)
o ’Nﬁ]ﬁl!ﬂﬁﬂwuﬂ1ﬁﬂ1Wﬂ1ﬂﬂ1ﬂ1ﬂwu§$ﬂﬂllﬁﬂﬂulﬂ1ﬁw¢l1ﬁgﬂﬂ’JH!ﬁQﬂUfJN‘I’!@ Iﬂﬁlll
Y Yy o % P P Y a = A /a g A < ~
Iﬂi\iﬁiNﬂf,ﬂflﬂ‘U’Nﬁ]iuﬁﬂﬂ@ul’lﬂﬁlﬁ@ilmﬂﬂﬁmu Lmumﬁquqﬂﬂimmaﬂmauﬂmmzu

v 9
BATVINTIAUNGINILDUAUAN udasIdasgl n.6
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Di; Diy
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A 9 o J 4 = 1T o 3’,
3’1J°VI 1.6 IﬂiﬂﬁiN’Nﬁ]iﬂuﬁ@ﬂ’ﬂuw’ﬂimﬂiLL‘]J‘]JLﬁfJW]EJﬂuﬁfN"Uu
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Y
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Vo 1 (n.22)

V, (1-D)(A-D,)

v W

HEAIANANNUT T2 INAIRINTHINNAUOAT VBT IAUVDITYAARDUIIDS

Y v
MO UULIE IR0 UADIVY AIAITIN 0.2

1 9
A1519% 0.2 i’]G]5TGUEJ”IEJLLSQﬂule’EN’Nﬁ]TU“ﬁGTﬂ’EJuL’J@gm@imﬂﬁﬂdﬁ@ﬂuﬁﬂﬁﬂ]u

fiﬁ’;ﬁﬂmﬂﬂﬁ (D,, D,) NI NVYIYUIIAU (M)

0 1.00
0.1 1.23
0.2 1.56
0.3 2.04
0.4 2.78
0.5 4.00
0.6 6.25
0.7 11.11
0.8 25.00
0.9 100.00
1.0 infinity
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§ o o 7 ¢ "W g
!.!,a3LﬁﬂuWNWllﬁﬂUlﬁﬂU@ﬂﬁﬁlﬂWﬂﬂU’N%iuﬁﬂﬂ@ulﬁ@glﬂﬂi!L‘UUGEJ\‘]ﬂfJﬂUﬁ"IiJGUu

R g { 1 o s s
(Three-Stage Cascaded Boost converter) “?NHJ‘L!N%3ﬁﬁﬂ13ﬂ’e)fJ’e)ﬂiJWWﬂN“]J”ﬁﬂﬂ@un@iM?)i

1 [

b4 9 H
HUVAUANUAZUVVIGTEIADNUADIVY %xﬁaﬂymﬂﬂﬁm%ﬁummmgﬂﬁ .7 Uagn19

= 3 v li'
FUNgUIATIVNBUTAIAIAITINN 1.3

LI 12 - D, Ll Dy

LR ikl ! ™ Rilks =
5 i + c i + | + +
w 78 V(WT ! S Vc:__CZ Sy Vcr:q v,

4 s 7 s ~ Vo g
qﬁlﬂ‘ﬂ .7 'J\Wi'i%ﬁ@]ﬂ’f]ﬂﬂﬂﬂ@ﬂiLlﬂﬂlﬁﬂ\‘i@]ﬂﬂuﬁ'mmu

{ [ @ J J 4 Y a
A1519% N.3 ﬂ”lﬁL‘]_r%fJ"UL‘ﬁEJTJ’EJG]?']GUEJ']fJLL'iQﬂu‘lJ@Q'JQ’ﬂﬁuﬁ@ﬂﬂun@ﬁl@]@illﬂﬂﬂﬂmu HUVITOY

9 9
ADNUTOIVY LAZUUUITOIADNUT Y

fiﬁg]ﬁ'ﬂiwﬁ’”lﬁ BATIVIYUTIAY BATIVYIYUTIAY BATIVIIUITIAY
(D,, D,, Dy) VoI ARIIUAUAL Vo ARy Vo ARy
0 1.00 1.00 1.00
0.1 1.10 1.23 1.37
0.2 1.25 1.56 1.95
0.3 1.43 2.04 2.92
0.4 1.67 2.78 4.63
0.5 2.00 4.00 8.00
0.6 2.50 6.25 15.63
0.7 3.33 11.11 37.04
0.8 5.00 25.00 125
0.9 10.00 100.00 1000.00
1.0 infinity infinity infinity
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@ 7 7 "o Y Ao o a
ﬂ'lﬁﬁ'%ﬁ\‘]‘léﬂ“l/lﬂﬁﬁ]ﬂ'l\?%ﬁll"ﬁ@lﬂﬂun@imﬂﬂlﬂﬂﬁﬂﬂﬁ@ﬂuﬁWNﬂluﬁﬁﬁﬁﬂﬁUﬂN‘b’uﬂ

1 ] a 1 %’ o I o 1 Aa
ﬁ"l’é]ﬁ?llﬂ’lJL‘VIﬂuﬂﬂTﬁﬂ'J\‘lu'lﬁuﬂﬂﬁzllﬁlﬂu@nﬂ'lﬂﬂll ma“lé’fﬁmazmmmwummmNﬂ

wing azofeueialulnsnenInsaaes DSP §u TMDSDOCK28335 wuiludiilszuiana

Y
S o =2

o [ @ A, % a 1 a o A .
ﬁ"lﬁﬁﬂﬁ%l'lﬂﬁﬂlugﬂﬂlﬂ'lﬂﬂu 1azITATINIVANUAANT oWV VA INTY A9 NWAIIUY GTN

9 v 14

3 a Y] I'd Aa o % [ 1
W UNAAAUNVDIVTEN Texas Instruments Llﬁﬂﬂﬂ\‘lg‘ﬂ v.1 TaganbausNd1AyvoIvosa

9

luTnsaeuTnsames DSP §1 TMDSDOCK28335 fidsan 11l

51 v.1 vesaluTasnenInsames DSP ju TMDSDOCK28335

U

V)

auauiAfidFyvesneialulasnouTnsaaes DSP 4 TMDSDOCK28335

1. wulelszuranadynIuaInea 32 Ua 5995UN515ZUIANANINDY floating
point unit L8 fixed point unit

2. ddaanauniin 150 MHz Tunsdszunana w3e 6.67 s aevilaseudya o
N

3. wieanuilsznoudie
- EANNT52AN RAM 68 7 1a'lud (68 K bytes on-chip RAM)
- 118NN Flash 512 718 lUd (512 K bytes on-chip Flash memory)
- ¥ieANNI5EAN SRAM 256 A la'lud (256 K bytes on-chip SRAM memory)

4. woSaiTeuse XDS100 JTAG Emulator ez weiaiFeude RS232 unuugnd1miuy
150UV UIA1939 (real-time in system programming)

5. wosaulasdyaauewiaeniluAinea (Analog to Digital converter) 1Y 12 1@

U 16 FOITYYIUDUNG
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6. f¥udyanuanndulAanei (Quadrature Encoder Pulse) $117U 2 @

7. ePWM 12 Foadyanat (6 Tuga) drvisuad ndyniu PWM

8. Serial Peripheral Interface modules SPI NUIMU 1 %A (SPI-A)

9. Serial Communications Interface modules SCI 91471 3 %A (SCI-A,SCI-B,SCI-C)

a o ) v A A 9y o
10. GU'lf)1!‘1/!@]L!.a%!.f’)W]‘I/!ﬂﬁ'"lﬁi‘ULa’f)ﬂI‘lJﬁllﬂﬁﬁJLWﬂﬁl"]NTH%WLl'Ju 96 U

Tugamsa319dayn e PWM (enhanced PWM modules)
[ 4 @ a  J ad a Jd o w
Tugamsadedynna PWM e 14 lumstuyunaaiagluisesoannsotndiigs
= o s ' = Y o °
Favoin luIasnouInsaaes DSP §u TMDSDOCK28335 1 Tugaaiudya o PWM 11w
6 %A A0 cPWMI — ePWM6 UAAZYARINITAA10101ANA 14 2 191ANA A PWMxA 1DY
' Y
ePWMxB WufoamnIoad udyana PWM lanavua 12 dayans uaazyall lnuamstiuued
dyaunwnIMavee 3 Tnua Ao 1uAiUAU (Count Up mode) THUANUAY (Count Down
4
mode) tag 1uANI5T VU - 9 (Count Up-Down mode) d115Umsas1adayniar PWM vo9
A ~ L4 J o a @

Tuga PWM vz 1935115 001fi 011111005 (Counter Compare) VoA YR IMUIRN1 NUTDYA
A 1 A s A Y A o [ o o Y a 1
vsomluiivamosiodsistou lvdwisumsmvuagiuoudyara PWM ldliasinuanaig
nuazlinnudvesdynundeins @uamdvesdya I PWM ansaivua 1aaiesd

4 { a X ' ]
A1005 TBPRD (¢PWM Period Register) N1 16 U0 9 TBPRD 9208114539 00000 — 65535
~ o v Jo o a = J | (% a
TaglaNuauHUSNUITUUTYYIUUINNT 150 MHZz tag5vamasUiugadyyiauinn

HSPCLKDIV Waz CLKDIV aadums (v.1) Tasdyamignalseuieundvzgnasesnnigu

GPIO2_EPWM2A 1o naadngluidnsaidnnseiindmaa

TBPRD = 1 Fsvscrkour } (v.1)

2{ fom (HSPCLKDIV x CLKDIV )

v

AGIGAVDIAINUT YR IR

o

)}
o

TaeN  TBPRD

< @ a

HSPCLKDIV 0 éi5ugainuisigadayanauniin (high speed clock scalar)
CLKDIV Ao Anlsugadyaauitn (clock scalar)
- Ao ANUBVBITTUUAYAINN 150 MHz
A = o A v Y
Foms Av ANNAVRITYA I PWM NABIMIATN (Hz)
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(%% 3 aa ..
mial%’amiu@auﬂmﬁmununmuamaeﬂu,ﬂumﬂea ADC (Analog to Digital Converter)
4 14 J ) o
voialulasaouInsames DSP 1 TMDSDOCK28335 i lugadwisunisuilasuoun
I aa A 2 a [ Ao @ 1A =

asnifuAtmeaniinnuaziden 12 Ua Tasessudyaaueuraoniluseau lifu 3 v g
A o W ~ ] ] v W 1 Y o I 1 an @ A v a0 1
wesudyaaneglurssauainaudisimulasiiumainea duavi ldezliareg

9
1 ) [ @ ' a [ 13
5911719 04095 d115uTuga ADC Uvanua 16 ¥osdunadyara uuuiluneinye A

[ ]

FoId QY18 (ADCINAO — ADCINAT7) UAZNWDIAYA B 8F0Id 19415 UA U (ADCINBO —

ADCINB7) dmfuaudssanesinusilaidenls 3 ¥oeduaia Ao ADCINAO d115USY

o9

4 U =) 1 L3

Y
Y UUTIAUIIANATDINITYAAADUNDT DS LU sIAD A UAINIU ADCINAL FU

danunszud i, N Ivaruaumileni L, nag ADCINA2 SUFUaNUNTEIT i, N 1Har1UA?

D) e

=

o ¢ P ¢ ~ " w g Aq Y
IMUYIUT L, Gl‘L!'Ni]ﬁ‘]ajl’ﬁ@ﬂ@uL’J@imﬂﬂlﬂﬂlﬁﬂ\?@@ﬂuﬁ'lﬂsllu Iﬂﬂﬁllﬂ'lﬁ%i“lfiﬂﬂ']iuﬂﬁ\?

o

< an Y v
Fuanaueuiaonilufinea uaadldaaaums (v.2)

g o

V. . x4095
Digital Values = 'ags— (1.2)

TaeN  Digital Values o iadnoai laanmsuilas ADC

A %%

19 agngwmumﬁ’mmmam V)

analog
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Tilsunsumsa¥udaana PWM deveialulnsneulnsaaes
DSP 34 TMDSDOCK28335
IHHHHHHR HHRHHRAARAAAAAAAAARAARARARRRRRAAR AR AR AR
Tﬂmﬂium‘yﬁmﬁmmmmﬁ’mmﬁwmq%311"ﬁﬁﬂ’aum%maﬁmuGmssiaﬁuﬁm%u
Haz I MInTNTUANNAANTBLUAIATIIAI9e3

IHHHARRBHHAAHAHA AR R B HHAAHAHA BB RBBHARHHHAAAHR HHHHHHRRA

#include "DSP2833x_Device.h" /1vian headerfile 118 Examples Include File

#if (CPU_FRQ_150MHZ) /N38 SYSCLKOUT %A1 150 MHz

#define ADC_MODCLK 0x3 //ﬁ'q,lﬂjuimmﬁm ADC _HSPCLK = 150/(2*3) = 25MHz
#endif

#if (CPU_FRQ_100MHZ) /N38l SYSCLKOUT #A1 100 MHz

#define ADC_MODCLK 0x2 //ﬁmmimuiﬁﬂT ADC_HSPCLK = 100/(2*2) = 25MHz
#endif

/

7 v X {
mlszmedansuniouon (Mandunug uiiegly Headerfile)

/ external function prototypes

extern void InitAdc(void); lafFuivuan 1‘17%/ UTTUVDI ADC

extern void InitSysCtrl(void); e R ﬁ FUAHUAA Tvd; UIMUVD3 CPU

extern void InitPieCtrl(void); /AaAFUAMTAIY A4 Peripheral Interrupt Expansion
extern void InitPieVectTable(void); /AR F UM Peripheral Interrupt Expansion

extern void InitCpuTimers(void); R FuRuan 117‘:} UFIUUDI CPU Timer

Jdo o 9
extern void ConfigCpuTimer(struct CPUTIMER_VARS *, float, float); JWIAFUMHUA Iﬂ WNAITN U3 CPU

Timer

/

Alszmatansudirsuns ldau

/

I o .
void Gpio_select(void); //TJ EALN ﬂﬁ\i N¥U Gpio_select

d v
void Setup_ePWM(void); // TJ EALN ﬂﬁ\i NYU Setup ePWM

5’ /. . . . .
interrupt void cpu_timer0_isr(void); I TJ sEMANINTU interrupt void cpu_timer0Q _isr

o . . .
interrupt void adc_isr(void); // ﬂ EALN ﬁﬁ\i AU interrupt void adc_isr
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nlsemaaanls

/ Global Variables

unsigned int Voltage VRI;

unsigned int Current linl;

unsigned int Current_Iin2;

unsigned int Voltage Vout;

int i=1,sump_1=0,sump 3=0,sum_1=0,sum_3=0,sum0=0;

int G_2=0,F_1=0,F 2=0,F 3=0,H=0,total=0,total 2=0;
int slopesig_1=0,slopesig_3=0,slope_1=0,slope_3=0;
int A=0,B=0,flag=0;

float F1=0.0,F11=0.0,F2=0.0,F22=0.0,F3=0.0,F33=0.0;
float io_old_1=0.0,i0_old_3=0.0;

float io_new_1=0.0,io new 3=0.0;

float Voltage VR1,Voltage VR2,Voltage VR3;

float V_chl,V_ch2,V ch3,Vdc,IL1,IL3;

float Ts=1e-5;

float T=0;

float Vref=400;

float Z1=0,Vref1=400;

float Z2=15,Vref2=300;

float Z3=30,Vref3=300;

float err_v=0;

float Upv=0,Uiv=0,Uiv_1=0;

float kpv=0.000563,kiv=0.046502;
float lin_ref=0,Iref1=0,Iref2=0;
float err_i=0,err_i2=0;

float kpi=0.1695 kii=5.2549,kpi2=0.7032,kii2=43.5965;

float Upi=0,Uii=0,Uii_1=0,Upi_i=0;

mlszmeaanils Voltage VR1
lsgmaaans Current linl
lsemaals Current lin2

lsgmaands Voltage Vout

an

nlsemaandsang q a11suITNTATI99

an

mlsemaaindsane q d1suITNITATIN

L=

mlsemaaindsang q @1usuITNITATI0

nlsgmaandsang q @1MsuITNITATINVY

AlsEMAA T ADIULANURAANT D4
lsemaandsio old 11agio old 3

mlsgmaaanils io new 1118% io_new 3

)5EMAAIUT Voltage VRI Voltage VR2,Voltage VR3

)SEMAN ST V chi .V ch2.v ch3,VdeIL1,IL3

nlszmaaauls sampling time

nlsemaainds Time

nlszmadiuals Veef 1599181994

nlsemeaaas vrefl

nlsemaainds Vref2

nlsgmaainds vref3

Alsemaans err v

nlsemaaails Upy, Uiv iag Uiv_ 1
dmsugiauauus iy

nlsemaaanls Kpy uag Kiv

lsemaaands Tin_ref, Irefl 1ag Iref2

lsemaaanls err inag err i2

lsemeaainds Kpi, Kii, Kpi2 uag Kii2
ﬁm%’ugﬂmuauﬂszgmﬁ’mmgﬂ

mlsemaaands Upi, Uii, Uil 1uag Upi i
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float Upi2=0,Uii2=0,Uii_2=0,Upi_i2=0;

float M;

/

nlsemaals M

//main code

/

void main(void)

{

TnitSysCtrl(); //Tvian PLL, WatchDog, enable Peripheral Clocks

EALLOW;
SysCtrlRegs. WDCR= 0x00AF;

EDIS;
DINT; //WQ@ﬂ1iﬁ'l\ﬂu"UﬁNSHLQQ%I%JWGT
Gpio_select(); //ﬁ'lWHﬂWﬁWﬁ"U’ENSUTSUV!@/LE]'W{V!@]
Setup_ePWM(); /AmMuAMsNALE MY ePWM
nitPieCtrl(); /AMUAMISNAUF MY PIE table
InitPieVectTable();
InitAdc(); //T‘Vfaﬂméuﬁjuﬁlugmmmmmﬂm ADC
AdcRegs. ADCTRLI.all = 0;
AdcRegs.ADCTRLI1.bit ACQ_PS=7;
AdcRegs. ADCTRL1.bit.SEQ CASC =I; //cascaded sequencer
AdcRegs. ADCTRLI1.bit.CPS = 0; //divide by 1
AdcRegs. ADCTRL1.bit. CONT RUN = 0; //single run mode
AdcRegs.ADCTRL2.all = 0;
AdcRegs. ADCTRL2.bit.INT ENA SEQI =1; //enable SEQ]1 interrupt
AdcRegs. ADCTRL2.bit. EPWM_SOCA_SEQI1 =1; //SEQI start from
ePWM_SOCA trigger
AdcRegs. ADCTRL2.bit.INT MOD_SEQI =0; //interrupt after every end
of sequence
AdcRegs. ADCTRL3.bit. ADCCLKPS = 3;
//ADC clock: FCLK HSPCLK /2 * ADCCLKPS
// HSPCLK = 75MHz (see DSP2833x_SysCtrl.c)
// FCLK =12.5 MHz
AdcRegs ADCMAXCONV.all = 3; AMAUATIUIUFDIT YY1 3+1= 4 FDI
AdcRegs. ADCCHSELSEQI.bit. CONV00 = 0; //ADCINAO as 1st SEQ1
AdcRegs. ADCCHSELSEQ1.bit. CONVOI = 1; //ADCINALI as 2nd SEQ1
AdcRegs. ADCCHSELSEQI.bit. CONVO02 = 2; //ADCINA?2 as 3rd SEQ1

AdcRegs. ADCCHSELSEQ1.bit. CONVO03 = 3; //ADCINA3 as 4 SEQ1

lsemaaands Upi2, Uii2, Uii 2ua Upi i2
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}
/

EPwmS5Regs. TBCTL.all = 0xC030; // Configure timer control register

EPwmS5Regs. TBPRD = 2999;
= 20us/6.667 ns
EPwmS5Regs.ETPS.all = 0x0100; /Configure ADC start by ePWM3

EPwmS5Regs.ETSEL.all = 0x0A00; //Enable SOCA to ADC

EALLOW;
PieVectTable.TINTO = &cpu_timer0_isr;
PieVectTable. ADCINT = &adc _isr;

EDIS;

InitCpuTimers(); //basic setup CPU Timer0, 1 and 2

ConfigCpuTimer(&CpuTimer0,150,10);

PieCtrlRegs.PIEIER 1.bit INTx7 = 1; //CPU Timer 0
PieCtrlRegs.PIEIER 1.bit.INTx6 = 1; //ADC
IER |=1;
EINT,;
ERTM,;
CpuTimerORegs. TCR.bit. TSS = 0; //start timerQ
while(1)
{
EALLOW,

SysCtrlRegs. WDKEY = 0x55;  //service WD #1

// TPPRD +1 = TPWM / (HSPCLKDIV * CLKDIV * TSYSCLK)

/

{

EDIS;
}
Jd o
/NN Gpio_select
void Gpio_select(void)
EALLOW;
GpioCtrlRegs. GPAMUX1.all = 0; //GPIO15-GPIOO0 = General Puropse I/O

GpioCtrlRegs. GPAMUX1.bit. GPIO0 =1;  //ePWMIA active
GpioCtrlRegs. GPAMUX1.bit.GPIO2 = 1;  //ePWM2A active
GpioCtrlRegs. GPAMUX1.bit.GPIO4 =1;  // ePWM3A active
GpioCtrlRegs. GPAMUX1.bit. GPIO6 = 1;  // ePWM4A active
GpioCtrlRegs. GPAMUX2.all = 0; //GPI031-GPIO16 = General Purpose 1/0
GpioCtrlRegs. GPBMUX.all = 0; //GPI0O47-GP1032 = General Purpose /0
GpioCtrlRegs.GPBMUX2.all = 0; //GP1063-GP1048 = General Purpose 1/0
GpioCtrlRegs. GPCMUX.all = 0; //GPIO79-GP1064 = General Purpose 1/0
GpioCtrlRegs. GPCMUX2.all = 0; //GPIO87-GPIO80 = General Purpose 1/0

/MYUA sampling time=1e-5=10*1e-6
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i
/

GpioCtrlRegs.GPADIR.all = 0;
GpioCtrlRegs.GPBDIR.all = 0;
GpioCtrlRegs.GPCDIR.all = 0;
EDIS;

Y
/WNINFY Setup,_cPWM

/

void Setup_ePWM(void)

{

EPwmIRegs. TBCTL.all = 0;

EPwm1Regs. TBCTL.bit. CLKDIV = 0;
EPwmlRegs. TBCTL.bit. HSPCLKDIV = [;
EPwm1Regs. TBCTL.bit. CTRMODE = 2;
EPwmlRegs.AQCTLA.all = 0x0060;
EPwmIRegs. TBPRD = 3750;
EPwmIRegs.CMPA half. CMPA = 3750/2;
EPwm2Regs. TBCTL.all = 0;

EPwm2Regs. TBCTL.bit. CLKDIV = 0;
EPwm2Regs. TBCTL.bit. HSPCLKDIV = I;
EPwm2Regs. TBCTL.bit. CTRMODE = 2;
EPwm2Regs. AQCTLA . all = 0x0060;
EPwm2Regs. TBPRD = 3750;
EPwm2Regs.CMPA half. CMPA = 3750/2;
EPwm3Regs. TBCTL.all = 0;

EPwm3Regs. TBCTL.bit. CLKDIV = 0;
EPwm3Regs. TBCTL.bit. HSPCLKDIV = 1;
EPwm3Regs. TBCTL.bit. CTRMODE = 2;
EPwm3Regs. AQCTLA.all = 0x0060;
EPwm3Regs. TBPRD = 3750;
EPwm3Regs.CMPA half. CMPA = 3750/2;
EPwm4Regs. TBCTL.all = 0;

EPwm4Regs. TBCTL.bit. CLKDIV = 0;
EPwm4Regs. TBCTL.bit HSPCLKDIV = 1;
EPwm4Regs. TBCTL.bit. CTRMODE = 2;
EPwm4Regs. AQCTLA.all = 0x0060;
EPwm4Regs. TBPRD = 3750;
EPwm4Regs.CMPA half. CMPA = 3750/2;

//default status
//CLKDIV =1
//HSPCLKDIV =2
/hap - down mode
//set ePWMI1A on CMPA up
//3750=10KHz - PWM signal
/Iduty1
//default status
//CLKDIV =1
//HSPCLKDIV =2
/lap - down mode
/Iset ePWMI1A on CMPA up
//3750=10KHz - PWM signal
//duty2
//default status
//CLKDIV =1
//HSPCLKDIV =2
/hup - down mode
/Iset ePWM1A on CMPA up
//3750=10KHz - PWM signal
//duty3
//default status
//ICLKDIV =1
//HSPCLKDIV =2
/lap - down mode
//set ePWMI1A on CMPA up
//3750=10KHz - PWM signal
//duty3
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d v
/ ﬁ\‘] NBU interrupt void cpu_timer0_isr

/

interrupt void cpu_timer0_isr(void)
{
static int up_down = 1;
EALLOW;
SysCtrlRegs. WDKEY = 0xAA; //service WD #2

EDIS;

if(up_down)

{
if(EPwm1Regs.CMPA half. CMPA < EPwmIRegs. TBPRD) EPwm1Regs.CMPA .half. CMPA;
else up_down = 0;

§

else

{
if(EPwm1Regs.CMPA half. CMPA > 0) EPwmI1Regs.CMPA half. CMPA;
else up_down = [;

¥

iflup_down)

{
if(EPwm2Regs.CMPA half. CMPA < EPwmI1Regs. TBPRD) EPwm2Regs.CMPA half. CMPA,;
else up_down = 0;

}

else

{
if(EPwm2Regs.CMPA half. CMPA > 0) EPwm2Regs.CMPA half. CMPA;
elseup_down = [;

}

iflup_down)

{
if(EPwm3Regs.CMPA .half. CMPA < EPwm1Regs. TBPRD) EPwm3Regs.CMPA half. CMPA;
else up_down = 0;

}

else

if(EPwm3Regs.CMPA half. CMPA > 0) EPwm3Regs.CMPA .half. CMPA;

else up_down = 1;

iflup_down)
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if(EPwm4Regs.CMPA half. CMPA < EPwmI1Regs. TBPRD) EPwm4Regs.CMPA .half.CMPA;

else up_down = 0;

else

if(EPwm4Regs.CMPA half. CMPA > 0) EPwm4Regs.CMPA .half. CMPA;

else up_down = 1;

}
PieCtrlRegs.PIEACK.all = PIEACK_GROUPI;
Voltage VR2 = (AdcRegs. ADCRESULT>>4);

V_ch2= Voltage VR2*3/4095;
Voltage VR3 = (AdcRegs. ADCRESULT2>>4);

V_ch3= Voltage VR3*3/4095;

Voltage VRI1 = (AdcRegs. ADCRESULT0>>4);
V_chl=Voltage VR1*3/4095;
IL1=((3.8*(V_ch2))+0.095);
IL3=((3.8*(V_ch3))+0.095);
Vde=((1.7€2*(V_ch1))+0.26);

/[F/==—===PIV loop=——=—
err_v=Vref-Vdc;

Upv=kpv*err v;

Uiv=(kiv*Ts*err v)+Uiv_1;

Iin_ref=Upv+Uiv;

f/=======PI | loop| ======—
err_i=Irefl-IL1;

Upi=kpi*err_i;
Uii=(kii*Ts*err_i)+Uii_1;

Upi_i=Upi+Uii;

/onanaNIZUe i,
/ANaNANIZIA i,

JBNWANAMTIAU V,,
/lsumeuanazud i,
jlfumeuninszud i,

/AISUMeVATIAU V,

/AMIUAINNVHANDIAVDWITIAY V,
/AMIUMIAIANIL VTR Y
/AUIMMIAIVANUUVIUNNTD

/AaNZLAg 0 INg s I

/Anunszuaeeesd ms ugUnigunszue

/Anunszuadeesd ms ugUnigunszue

ARUIUANNUAANAIAUDINTEUE |,
/AUIAMIMUANIUDTAT I
/AUIAMIAINUVUDUNNTD

/Anud s NoIdmMI Uas 1 PWM
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err_i2=Iref2-1L3;
Upi2=kpi2*err i2;
Uii2=(kii2*Ts*err_i2)+Uii_2;

Upi_i2=Upi2+Uii2;

Uiv_1=Uiv;;
Uii_1=Uii;

Uii_2=Uii2;

if (Upi_i>=0.9){ Upi_i=0.9};

if (Upi_i2>=0.9){ Upi_i2=0.9};

io_new I=ILI;

io_new 3=IL3;

slope 1=(i0_new_1-io old 1)/(T*Ts-((T-1)*Ts));

slope 3=(i0_new 3-io_old 3)/(T*Ts-((T-1)*Ts));

slopesig_1=slope 1/abs(slope 1);
slopesig_3=slope 3/abs(slope 3);

if(T>=4){

/AN NVAANAIAUDINTELA i, 4
JAUIBMIAIAULUTAT I
/ATUIUMIAIAVILUDIUNNT D

g yaNue wesd T uas 9 PWM

//OWANA Uiv_1
//OWANA Uii_1
//OWANA Uii_2

/A3 VIATNTNINY

imiualiainanswii Upi i lunu 0.9

Jiiualiainanswii Upi i2 luimu 0.9

/BWANA io_new 1

/BWANA i0_new 3
/AUIUMANUFUYDINTZE |,
AAUIUMANUFUUDINTZUA i,
JAnnuaANNY Ul nAveINIId i,
JauuaanuyulnAvesnsid i,

JAMUANAINITUATNTUANUNANT 04

if (slopesig_1==-1||slopesig_1==1|[slopesig_3==-1||slopesig_3==1){

total=total+1;

total 2=total 2+1;

/ S1 fault

if (slopesig_1==-1){sum_I=sum_1+1;
if (sum_1>=10){ F_1=F 1+1;}}
if (slopesig_1==1){sump_1=sump 1+1;

if (sump_1>=10){ F_1=F 1+1;}}

/5 FABUANNUFUUNA
/AU total

/AUIUAN total 2

@ a 1 { a &
//ﬁi'mﬂﬂﬂ')'mﬂﬂ“l/‘liﬂﬁ“ﬁﬁﬂﬁ% Sl
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/ S3 fault

if (slopesig_3==1){sum_3=sum 3+1; mssuanuRans esiiadag S,
if (sum_3>=10){ F_3=F 3+1;}}

if (slopesig_3==1){sump_3=sump_3+1;

if (sump_3>=10){ F 3=F 3+1;}}

/ S2 fault

i (Upi_ i>=0.75) JasnvuANURaNI ssf ain T S,
if (Upi_i-0.8>=0){G_2=G _2+1;}

if (sum_1==10||sump_1==10|jsum_3==10|sump_3==10) {H=H+1;}

if (total 2==10&&H==0){if(G 2>=60){F 2=F 2+1;}}}

if (Upi_i<=0.75){G_2=0;}

if (total>=10) {sump_1=0,sum_1=0,sump_3=0,sum_3=0; /AWANAT sump_1, sum_1, sump 3, sum 3

fotal=0, total 2=0:} //BWANA total LA total 2

/[m====== fault status =======

if (F_1>=4){FI1=1,F11=1:}else (F1=0:} //ANULANUAANT 03UDIRINT S,

if (F_25=2){F2=1,F22=1,H=0;  lse {F2=0;} JAMUZANUAANT 04UDIA AT S,

if (F_3>=4){F3=1,F33=1;}else (F3=0:} /ANMUZANUAANT 03UDIAINT S,

io_old_l=io_new 1; /BWANA io old 1

io_old 3=io_new 3; /AWANA io_old 3
/j/=—===—Update DUTY —————

if (A==0){
EPwm1Regs.CMPA.half. CMPA = 3750-3750*Upi_i; //§WLﬂﬂﬁmuﬂJWm PWM ‘lJ’eNﬁa@‘f S
EPwm2Regs.CMPA half. CMPA = 3750-3750*Upi_i; /onang YU PWM uodd L’jm? S,

EPwm3Regs.CMPA.half.CMPA = 3750-

3750°Upi. i2; /S wand st PWM ve9aiag S,
EPwm4Regs.CMPA half. CMPA = 3750-3750%0;} /oWAN YU PWM v03d A 31,
j—=——— g NANUAANT DUV VAIAFIT A T———

if (T>=10&&B==0&& T<=15){A=1;

EPwm1Regs.CMPA half.CMPA = 3750-3750*0; /EWANT YU PWM YosadInd S,
EPwm2Regs.CMPA half. CMPA = 3750-3750*Upi_i; /ANAN wiytyml PWM Y0320 S,
EPwm3Regs.CMPA half. CMPA = 3750-3750* Upi_i2; //oWAN Wiytym! PWM vo3aind S,
EPwm4Regs.CMPA half. CMPA = 3750-3750%0;} //ﬁ’wmmﬁ'm,q,nm PWM vo3aind 81'
if(F11==1){ flag=1:} /ATINDANUAANS 3T EINT S,
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if (flag==1){ B=1;
v [ =y 4
EPwm1Regs.CMPA half. CMPA = 3750-3750%0; /pwand YU PWM ¥99810% S,
v [ =y 4
EPwm2Regs.CMPA half. CMPA = 3750-3750*Upi_i; /RWANT YU PWM UDNTINY S,

@ [ a J
EPwm3Regs.CMPA hal.CMPA = 3750-3750* Upi_i2;  /QWANTYNIY PWM Y30 I9¥ S,

@ [ a J
EPwm4Regs.CMPA half.CMPA = 3750-3750%Upi_i;}  /BWANTUYIU PWM UOIaIAY 31,

9
[

= ' ~

HT>T1&&T<T2){Vref=Vrefl:} /mlagunilasn vref asani
4 : % 4

HT>T2&&T<T3){Vref=Vref2:} /mlagunlasnt Vref agan2
v ) v
HT>T3){Vref=Vref3:} /mlasuualasan Vref asan

i
/

d v
//ﬁ\‘]ﬂ‘b'u interrupt void adc_isr

/
interrupt void adc_isr(void)

{

Voltage_ VR1 = AdcMirror. ADCRESULTO; /5UAIAINDAVOIUITIAU Vo
Voltage VR2 = AdcMirror ADCRESULTI; /3UAIATADAUDINTLLA i,
Voltage VR3 = AdcMirror ADCRESULT2; /3UAIATADAUDINTLLA i s

// Reinitialize for next ADC sequence
AdcRegs. ADCTRL2.bit.RST _SEQI = 1; /I Reset SEQ1
AdcRegs. ADCST.bit.INT SEQ1 CLR=1; // Clear INT SEQI1 bit
PieCtrlRegs.PIEACK.all = PIEACK _GROUPI;
/I Acknowledge interrupt to PIE
}
/

// End of SourceCode.

/
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#include <stdio.h>
#include "SumDiff.h"
#include <rtdx.h>
#include "target.h"

#include "math.h"

/

lszmaitansudivsuns 9au

/)
void add_sub_buffers(float *inputl, float *input2, float *input3, float *outputl, float *output2, float *output3, float *output4,

float *output5, float *output6, float *output7);

/

nlsemeanals

/
int

i=l,sump_1=0,sump 3=0,sum 1=0,sum_3=0,G 2=0,F 1=0,F 2=0,F 3=0,H=0,total=0,total 2=0,slopesig 1=0,slopesig_3=0,
slope 1=0,slope 3=0;

long n=0;

float F1=0.0,F2=0.0,F3=0.0;

float io_old_1=0.0,i0_old 3=0.0;

float io_new_1=0.0,io_new 3=0.0;

float output_1[1];

float output_2[1];

float output_3[1]=0.0;

float output_4[1]=0.0;

float output_5[1]=0.0;

float output_6[1]=0.0;

float output_7[1]=0.0;

float input1[1],Vref,Vdc;

float input2[1];

float input3[1];

float output1[1];

float output2[1];

float output3[1];

float output4[1];
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float output5[1];

float output6[1];

float output7[1];

float I,13;

float kpv=>5.63e-4,kiv=4.6502¢-2,kpi=0.1695,kii=5.2549,kpi2=0.7032,kii2=43.5965,Ts=1e-5;
float Upv=0,Uiv=0,Uiv_1=0,Upi=0,Uii=0,Uii_1=0,Upi_i=0,Upi2=0,Uii2=0,Uii_2=0,Upi_i2=0;
float err_v=0,err_i=0,err_i2=0;

float lin_ref=0;

float Iref1=0,Iref2=0;

int nbuf =1;

/

//defines RTDX channels

/
RTDX_CreatelnputChannel (ichanl);

RTDX_CreatelnputChannel (ichan2);

RTDX_CreatelnputChannel (ichan3);

RTDX_CreateOutputChannel(ochanl);
RTDX_CreateOutputChannel(ochan2);
RTDX_CreateOutputChannel(ochan3);
RTDX_CreateOutputChannel(ochan4);
RTDX_CreateOutputChannel(ochan5);
RTDX_CreateOutputChannel(ochan6);

RTDX_CreateOutputChannel(ochan7);

/

//main code

/

void main()

{
TARGET _INITIALIZE();
RTDX_enablelnput (&ichanl);
RTDX _enablelnput (&ichan2);
RTDX_enablelnput (&ichan3);
RTDX _enableOutput(&ochanl);
RTDX_enableOutput(&ochan2);
RTDX _enableOutput(&ochan3);
RTDX_enableOutput(&ochand);
RTDX _enableOutput(&ochan5);
RTDX _enableOutput(&ochan6);
RTDX_enableOutput(&ochan7);
while (1)
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/* Read inputs from host */
RTDX read( &ichanl, inputl, 1*sizeof(float));
RTDX read( &ichan2, input2, 1*sizeof(float));
RTDX read( &ichan3, input3, 1*sizeof(float));
/* Call function */
add_sub_buffers(inputl,input2,input3, output 1, output 2, output 3, output 4, output 5, output_6,
output_7);
/* Write outputs to host */
while (RTDX_ writing !=NULL )
{ /* wait for previous write to complete */
#if RTDX POLLING IMPLEMENTATION
RTDX_Poll();
#endif
¥
RTDX_ write( &ochanl, output_1, nbuf*sizeof(float) );
while ( RTDX_writing != NULL )
{ /* wait for previous write to complete */
#if RTDX POLLING IMPLEMENTATION
RTDX_Poll();
#endif
}
RTDX write( &ochan2, output 2, nbuf*sizeof(float) );

while (RTDX_ writing != NULL )
{ /* wait for previous write to complete */
#if RTDX POLLING IMPLEMENTATION
RTDX_Poll();
#endif
}
RTDX_write( &ochan3, output 3, nbuf*sizeof(float) );
while (RTDX_writing != NULL )
{ /* wait for previous write to complete */
#if RTDX POLLING_IMPLEMENTATION
RTDX_Poll();
#endif
}
RTDX_write( &ochan4, output_4, nbuf*sizeof(float) );
while ( RTDX_writing != NULL )

{ /* wait for previous write to complete */
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#if RTDX POLLING IMPLEMENTATION
RTDX_Poll();
#endif
}
RTDX_write( &ochan5, output_5, nbuf*sizeof(float) );
while (RTDX_writing != NULL )
{ /* wait for previous write to complete */
#if RTDX POLLING IMPLEMENTATION
RTDX_Poll();
#endif
h
RTDX_write( &ochan6, output_6, nbuf*sizeof(float) );
while ( RTDX_writing != NULL )
{ /* wait for previous write to complete */
#if RTDX POLLING IMPLEMENTATION
RTDX_Poll();
#endif
}
RTDX write( &ochan7, output 7, nbuf*sizeof(float) ); }

}
/

//add_sub_buffers

/

void add sub_buffers(float *inputl, float *input2,float *input3, float *outputl, float *output2, float *output3, float *output4,

float *output5, float *output6, float *output7)
{
Vref=200;
I=input1[0];
[3=input2[0];
Vdc=input3[0];
/I P1 controller voltage loop----------- >>>
err_v=Vref-Vdc;
Upv=kpv*err v;
Uiv=(kiv*Ts*err_v)+Uiv_1;
Iin_ref=Upv+Uiv;
//Current Weighting-------------- >>>>
Irefl=Iin_ref*0.85;
Iref2=Iin_ref*0.15;

// PI controller current loop 1----------- >>>
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err_i=Irefl-I;
Upi=kpi*err_i;
Uii=(kii*Ts*err_i)+Uii_1;
Upi_i=Upi+Uii;

// PI controller current loop 2----------- >>>
err_i2=Iref2-13;
Upi2=kpi2*err i2;
Uii2=(kii2*Ts*err_i2)+Uii_2;
Upi_i2=Upi2+Uii2;

//----> update error value
Uiv_1=Uiv;

Uii_1=Uii;
Uii_2=Uii2;

//fault Detection//
n=n+1;
io_new_I=inputl[0];
outputl[0]=Upi_i;
output2[0]=Upi_i2;
io_new 3=input2[0];
slope 1=(i0_new_1-io old 1)/(n*Ts-((n-1)*Ts));
slope 3=(i0_new 3-io_old 3)/(n*Ts-((n-1)*Ts));
slopesig_1=slope 1/abs(slope 1);
slopesig_3=slope 3/abs(slope 3);
if(n>100000) {

if (slopesig 1==-1||slopesig_1==1||slopesig_3==-1||slopesig_3==1){

total=total+1;
total 2=total 2+1;
if (slopesig_1==-1){
sum_l=sum 1+1;
if (sum_1>=10){
F I=F 1+1;
}
}
if (slopesig_3==-1){
sum 3=sum_3+I1;
if (sum_3>=10){
F 3=F 3+1;
)
¥
if (slopesig_1==1){
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sump_l=sump_1+1;
if (sump_1>=10){
F 1=F 1+1;
}
}
if (slopesig_3==1){
sump_3=sump_3+1;
if (sump_3>=10){
F 3=F 3+1;
}
¥
if (output1[0]>=0.75){
if (output1[0]-0.8>=0){
G 2=G 2+1;
¥
if

(sum_1==10|jsump_1==10||sum_3==10||sump_3==10||output2[0]>=1){

H=H+1;
H
if (total 2==20&&H==0){
if(G_2>=60){
F 2=F 2+1;
H
)
H
if (output1[0]<=0.75){
G_2=0;
H
if (total>=10) {
sump_1=0;
sum_1=0;
sump_3=0;
sum_3=0;
total=0;

}
if (total_2>=20){

total 2=0;

}
if (F_1>=4){
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return;

else{

F1=0;

}

if (F_2>=2){
F2=1;

H=0;

F_1=0;

}

else{

F2=0;

¥

if (F_3>=4){
F3=1;

¥

else{

F3=0;

}

io_old 1=io new 1;
io_old 3=io new 3;
output3[0]=F1;
output4[0]=F2;
output5[0]=F3;
output6[0]=slopesig_1;

output7[0]=slopesig_3;
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Abstract
This paper presents the mathematical modeling of a three-stage

ded lized S
boost using g Sp

(GSSA), which is time-invariant model. Power converter models are
normally time-varying due (o the switching actions of power electronic
devices, In this paper the elimination of the switching actions
presented in order to achieve the time-invariant model which can be
wsed 10 analyze and: design the controfler of the system without the
complexity. The mathematical model of the three-stage cascaded boost
converter derived from GSSA is validated in comparison with the
simulation results carrying in MATLAB&SIMULINK. The comparison
results show the good agreement in both models. In addition, the model
generated from GSSA can be calculated faster than the simulation
model used in MATLAB&SIMULINK.

Keywords: Three-stage Cascaded Boost Converter, mathematical
model, GSSA (Generalized State-Space Averaging)
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Abstract
This paper proposes the control strategy of a threc-stage cascaded
boost converter based on the PI Controller for renewable energy system
licati The proposed ller consists of one voltage-control

Joop and two current-control loops. In addition, the current weighting
technique is proposed for both current-control loop in order to achicve
the desired output voltage level. In this paper the design of the

and the inds is d in order to reduce the voltage

and currcat ripples. Simulation results show the effectivencss of the
proposed control strategy to obtain the constant desired output voltage
under the various operating conditions.

Keywords: Three-Stage Cascaded Boost Converter, PI Controller,
Rensewable energy system
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Abstract—This paper proposes a fault detection technique for
a three-stage cascaded boost converter with open-circuit switch
fault occurrence. The proposed fault detection algorithm is based
on the behavior investigation of the three-stage cascaded boost
converter under normal and fault operating conditions. The PI
controller with one outer voltage loop and two inner current
loops is employed to control the operation of the converter under
both healthy and faulty modes. The slopes of two inductor
currents and two controlled signals generated by the current
loops of the PI controller are applied to the proposed fault
detection strategy in order to identify the faulted switch. There is
no additional sensor needed for fault detection. The simulation
results are shown to validate the effectiveness of the proposed
fault detection technique under different open-circuit switch
fault operating conditions.

Keywords—open-circuit switch fault, fault detection, three-
stage cascaded boost converter, reliability, fault tolerant system

I. INTRODUCTION

The step up DC-DC converters have been increasingly
employed in many applications such as renewable energy
systems and electric vehicles in order to boost up the relatively
low input voltage to the desired higher levels of the output
voltage. The conventional boost converters are widely used in
general applications because of its simplicity. However, they
are unsuitable for the applications that the high step-up
conversion ratio is mainly required. Due to the step-up ratio
limitation of the traditional boost converter, the multi-stage
cascaded boost converter plays an important role to increase
the step-up conversion gain. Unfortunately, when the number
of cascaded stage increases, the number of power switch also
increases. As a result, the system reliability usually reduces due
to the power switch failures. When the open-circuit switch
fault occurs in the multi-stage cascaded boost converter, this
converter can operate continuously with the deteriorated
system performance. Therefore, the fast switch fault detection
and the comect identification of the faulty switch are required
to implement in the multi-stage cascaded boost converters,
providing the fault tolerant system capability.

Recently, there are several fault detection techniques
proposed for dec-dc converters to detect the open-circuit switch
fault. In [1] the source-to-ground voltage of the MOSFET is
measured to detect the fault occurring in a buck-boost
converter. The current estimation of the dc-link current using
the information of the controller is used to detect the fault in
interleaved converter [2]. In [3-4] the fault detection technique
for de-dc converters is based on the inductor current, the input

and output voltages, generating the predictive current emulator.
In [5] the fast fault detection method for boost converters used
in the PV systems is based on the shape of the inductor current.
In addition, the diode voltage can be used as the detection
signature in fault diagnosis method for nonisolated dc-dc
converter [6]. In [7] the control variables and capacitor voltage
are used to detect the fault in a photovoltaic dc-dc converter.

In this paper, the open-circuit switch fault detection
technique is proposed for the three-stage cascaded boost
converter used in renewable energy systems. In order to
regulate the output voltage of the converter the PI controller
with one outer voltage loop and two inner current loops is
designed. The electrical behavior of the three-stage cascaded
boost converter under normal and fault operating conditions is
investigated. The proposed fault detection algorithm based on
the measured inductor currents and the controlled signals will
be described in detail. The simulation results are presented to
validate the effectiveness of the proposed fault detection
strategy applied to the three-stage cascaded boost converter
under different faulted switch operating conditions. .

II. THREE-STAGE CASCADED BOOST CONVERTER

The structure of the three-stage cascaded boost converter
system is shown in Fig. 1. As it can be seen, the considered
system consists of three main parts: three-stage cascaded boost
converter topology. the control strategy using the PI controller
and the open-circuit switch fault detection algorithm.

The configuration of the three-stage cascaded boost
converter as shown in Fig. 1 is similar to the conventional
boost converter in series connection. Vzy is the input voltage,
generating from the renewable energy source such as PV
modules. Therefore, the relatively low input voltage,
approximately 20V-50V, is supplied to the converter. ¥ is the
output voltage. R is represented as the load. Sj, S> and S; are
the power switches. D, D> and Dj are the power diodes. iz, ir>
and iz3 are the currents flowing through the inductors, Lj, L>
and L3, respectively. vey, v and ves are the voltages across the
capacitors, C;, C; and Cj respectively. These capacitor
voltages depend on the duty cycles, d), d> and d, activating the
switches, S}, S> and S3, respectively, as follow:

1 1 1
‘o1 = @) ive Vea = aapler o Ty e (0]

1
Vo =ve3 = m"z\' 2)
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PI Controller

Fault Detection
Fig.1 Multi-input boost converter for renewable energy system

In order to select the appropriate size of inductors and
capacitors, the converter parameters can be designed as
follows:

Sph A ®3)

L7 fsAvey TN AL

_ph @ @
Tdvgy 2 = T,

ot e 5)

37 fiAvey T3 T fsAT,

Where ave,.Ave,.Avq; are the ripple voltages across the

capacitors, C;, C> and Cj, respectively. The ar, LA
the ripple currents flowing through the inductors, Lj, L, and Ls,
respectively. The s, is the switching frequency. Finally, the

converter parameters are designed as

A are
13

L = 15ui, L, = 18750, L, = OuH, C, = C, = C, = SO0uF (6)

III. CONTROL STRATEGY

The control scheme of the three-stage cascaded boost
converter with the proposed fault detection strategy is shown in
Fig. 1. The PI controller is employed to regulate the output
voltage of the converter at the desired level. In order to achieve
the satisfactory performance of the three-stage cascaded boost
converter, one outer voltage loop and two inner current loops
with current weighting technique are proposed in this control
strategy. The inductor currents, iz; and izs, and the output
voltage, Vo, are measured to compare with referent currents,
irgn and irgp, and referent voltage, Vier, respectively. The current
weighting technique provides the proper referent currents for
both PI current loops. These referent currents can be calculated
by using the weighting factors, X;and X5, as shown below:

e 1=Xtrer + trera = Xlygr @)
UTE) 1
v L17L2 % L3
Xy St X = er—— i
1 N+t 2 1ty ( )

As can be seen in Fig. 1, the controlled signals, P;and P»,
provide by the first and second PI current loops, respectively.
The switching signals for S;and S> are identical due to the first

PI current loop while the switching signal for Ss is generated
by using the second PI current loop. The gain parameters for
voltage and current loops can be expressed as

Kpy = N R > Ky = K"’ncmml ©
2wy, (L +Ly) oy (L)
Kpn ==y K=y (10
)
Koo = 24 Ly _ ) an

) s Ky ==
pic VL\' 2 VI.\'

IV. PROPOSED FAULT DETECTION STRATEGY

In order to develop the appropriate fault detection
algorithm the behavior of the three-stage cascaded boost
converter during normal and faulty modes is investigated.
Based on converter behavior investigation the proposed fault
detection algorithm can be presented in Fig.2. As it can be seen
in Fig. 1 and Fig. 2, the measured currents, iz; and iz3, and the
controlled signals, P;and P>, act as the inputs of this proposed
fault detection strategy. After that the slopes of these two
currents are calculated and then normalized in order to scale
down the level of the slopes. In healthy mode each normalized
current slope keep changing every switching period. In faulty
mode the normalized slope maintains constant. Therefore, time
evaluation of each normalized slope needs to be observed to
compare to the fault cycle (FC). This FC is the defined
switching period. It is used to indicate the fault behavior where
the normalized slope keeps unchanged. In addition, the
controlled signals, P; and P, will be compared with the
defined threshold level (7h) obtained from the converter
investigation. By applying the proposed fault detection strategy
shown in Fig. 2 to the converter, the fault signals, Fj, F> and
F3, are used as the fault indicators for the switches, Sj, S> and
S3, respectively. The status ‘0° or ‘1’ represents the healthy and
faulty mode operation, respectively.

ToputsIpvein PLP2

I Slope calculation  §7,,5i, l

| SlopeNormahzahon Nsiy,, ’Vsi“[

lTunee\“aluauonofslope t_ Nsiy,t_Nsiy,

0y

F =0 (F=1
F|g 2 Pmrposed fault detection algorithm

V. SIMULATION RESULTS

The behavior of the three-stage cascaded boost converter
under normal and fault operating condition has been carried out
using MATLAB. The designed converter parameters and the
designed parameters of the PI controller are employed in the
simulation with the input voltage of 20V and the load of 1 kQ.
The switching frequency is chosen at 10kHz.
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In order to validate the effectiveness of the proposed
control strategy the converter needs to be operated in many
conditions. Fig. 3 shows the performance of the converter in
normal mode with different referent voltages. As can be seen,
the output voltage can be satisfactorily controlled both transient
and steady states. The output voltage is regulated at the desired
level with a small ripple. The currents flow continuously
through the inductors.

400} =
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300}
250}
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Fig 3 Converter performance in normal mode operation

In order to validate the effectiveness of the proposed fault
detection strategy, an open-circuit fault is created by removing
one switching signal sending to the converter at the time 7 = 4
s. Fig. 4 shows the performance of the converter under both
healthy and faulty modes where the open-circuit fault occurs in
S;. It is obviously seen that the unacceptable ripples appear in
inductor cuments and capacitor voltages, leading converter
degradation. This situation may damage the remaining healthy
switches, especially switch S Moreover, the power loss
increases significantly, resulting in converter efficiency
reduction. It is necessary to detect the fault quickly. Due to the
use of two PI current loops the current iz3 can be controlled
both healthy and faulty modes.

Fig. 5 shows the observed signals used in the proposed fault
detection algorithm. In healthy mode all fault signals state as
‘0. The normalized slope of current iz; keeps changing in each
switching period. After the fault occurred, this normalized
slope maintain constant longer than the defined fault cycle of 3.
The controlled signal P; keeps increasing and then higher than
the threshold level of 0.75. As can be seen in Fig. 5, the fault
signal F; indicates that the open-circuit fault in S is detected at
the time of 4.004 s, about four switching periods after fault
occurrence. The status of remaining healthy switches are ‘0°.

Heally mode Fautymode
-
3 2
1 2 3 f 5
o] v
1 2 3 4 5

ver
258
vy

i1
o8

1 2 3 ] s ]
o 20|
= 9

1 2 3 £l s
T —

of L s
1 2 3 4 5
Time (s)

Fig 4 Converter performance with open-circuit fault in S;
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Fig 5 Open-circuit switch fault detection of S;

Fig. 6 shows the performance of the converter when the
open-circuit fault occurred in S>. In faulty mode the converter
can continue to operate at the desired level of output voltage
without unacceptable oscillations in currents and voltages of
the converter. There are significant changes in iz> and vey,
whereas the currents, iz; and 773, remain the same compared to
the operation in healthy mode. In this case it is quite difficult to
detect the fault because there is no high ripple in both
measured currents. As it can be seen in Fig. 7, the normalized
slope of current iz; keeps changing in each switching period.
The controlled signals, P; and P>, play an important role to
detect the fault and identify the failed switch. By applying the
proposed fault detection strategy, S> is identified as the faulted
switch and the fault is detected at the time 7 =4.007 s.
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Fig 6 Converter performance with open-circuit fault m S»
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Fig. 7 Open-circuit switch fault detection of S

Fig. 8 presents the performance of the three-stage cascaded
boost converter under an open-circuit fault of S3. After the fault
occurrence at the time 7 = 4s the output voltage decreases and
then recovers back to the desired level of 400 V. The capacitor
voltages, ve2 and ves, increase significantly during transient and
maintain constant at the steady state with higher levels,
approximately 100 V and 400 V, respectively. The voltage
stress across the capacitors increases twice, resulting in
converter degradation. The currents iz; flows through the first
inductor normally under both healthy and fault operations of
the converter. The remaining inductor currents, iz> and iz,
decrease to the lower level with some ripples.
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Fig 9 Open-circuit switch fault detection of S;

Fig. 9 shows simulation waveforms of the slope of current
iz3 with its normalized value. In comparison between healthy
and faulty modes the normalized slope provides different
behavior signatures. In faulty mode this normalized slope
stays constant whereas this slope keeps changing periodically
during healthy mode. In addition, the controlled signals, P;
and P», are also different under normal and fault operating
conditions. During faulty mode P, keeps rising continuously
while P; keeps constant at the similar level compared to
healthy mode. As it can be seen in Fig. 9, the open-circuit
fault is detected at the time 7 = 4.004 s. The fault signal F;
states that S is the faulty switch. Therefore, the accurate
switch fault identification can be achieved.

VI. CONCLUSION

This paper has been presented the open-circuit switch fault
detection strategy for the three-stage cascaded boost converter.
The behavior of the converter under normal and fault operating
conditions is investigated. The proposed fault detection
strategy requires the measurement of two currents flowing
through the first and the third inductors of the three-stage boost
converter. The controlled signals provided by two current loops
of the PI controller and the slops of the inductor currents are
considered to detect and identify the open-circuited switch.
There is no extra sensor required to detect the fault. The
simulation results indicate that the open-circuit switch fault can
be detected quickly and the faulted switch can be identified
correctly by using the proposed fault detection strategy. The
experiment set up will be prepared as the future work in order
to confirm the satisfactory performance of the proposed open-
circuit switch fault strategy.
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Abstract
This paper proposes the behavior investigation under open-circuit
switch fault of three-stage cascaded boost converter with its controller.

The current ¢ ion mode is The behavior of

three-stage cascaded boost converter under normal and fault operations

in different cond; is studied. The

ped PI controller
is employed to conirol the output voltage of three-stage cascaded boost
converter. In addition, simulation results show the behavior of three-
stage cascaded boost converter under healthy and. faulty operating
conditions. This open-circuit switch fault behavior investigation will be
able to use in the development of open-circuit switch fault detection

technique in future research.

Keywords: Three-Stage Cascaded Boost Converter, Behavior
Investigation, Open-Circuit Switch Fault, Fault Detection Technique
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