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NARONGDECH DUNGKRATOKE : AVERAGE CURRENT
ESTIMATIONS OF PV PANEL FOR GRID-CONNECTED INVERTER.

THESIS ADVISOR : WIROTE SANGTUNGTONG, Ph.D., 155 PP.

AVERAGE CURRENT ESTIMATOR / FIRST-ORDER SLIDING-MODE
OBSERVER / SECOND-ORDER SLIDING-MODE OBSERVER / SINGLE-

PHASE PV INVERTER

This thesis presents an estimation of the average current flowing from the PV
panel connected to the capacitor and the input side of a single-phase single-stage full-
bridge PWM inverter. Such an inverter has an output side connected to the inductor and
the AC grid. The average current estimator directly calculates the average current of the
PV panel whereas the first-order and second-order sliding-mode observers evaluate the
instantaneous current of the PV panel and then the averaging unit calculates the average of
the instantaneous current. The closed-loop control system consists of a voltage-source type
PV inverter, PV panel connected in parallel with capacitors, inductor connected in series
with AC grid, PWM unit, grid-voltage sensor, grid-current sensor, PV-panel voltage
sensor, voltage controller, grid-current controller, phase-locked loop, MPPT, and the
average current estimator or sliding-mode observer which replaces PV current sensor. The
phase-locked loop receives the AC-grid voltage and computes the sine of the angular
position of the grid voltage. The MPPT obtains the average PV-panel voltage and the
estimated average PV-panel current. The product between the average voltage and current
is the average power generated by the PV panel and MPPT uses the slope of the curve
between the mean power and voltage in order to increase or decrease the voltage reference

of the PV panel. The PWM unit compares the output-voltage reference of the inverter with



a high-frequency triangular carrier signal and then creates four gate signals driving four
IGBTs in the inverter. The closed-loop control system has the inner loop controlling the
grid current and the outer loop controlling the PV-panel voltage. The voltage controller
yields the grid-current peak reference. The product between the grid-current peak reference
and the sine of the angular position of the grid voltage is the grid-current reference. The
current controller yields the output-voltage reference of the inverter. The simulation results
and the experimental results show and confirm the effectiveness of employing the average
current estimator and the first-order and second-order sliding-mode observers in order to

replace the PV-panel current sensor.
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4 M 1 1 A 2 a
e V. > 0 uaz V < 0 a¢1dn v i liiinvuain@unie V Jvoua
e e, # 0 wldin V. < 0 ude V Imanad aunn e, > 0 uaz

e, > 0 %l V. — 0 uazV Imguimaaeiivinaimia waznnaumsi 4.7)

wldh & - 0 Hufle e = Cn(ky(sgn(ey))eq — Af)

9
o v o

Tauh (sgn(e,))e, ABMIAIUANTUYA (equivalent control) AIUUGIFUNATD UL THUANT
A v o 2~ = v @ A v @ & A 9 A
ROUBUADHHNTIAD TN N (stable) ArdunadnIug TvuanIsaeuouaunilall Tnseadan
e 1@ lugli 4.3 vazdesdiaunuminiissne N limsdsznaainszua i iy, Taam

AANaIAtioy

fsa
u + i(—i ) )
. ,1‘ iU _TXiutig [T |C, - @
R |K| Ci
n |
Isa
) ( ) dosa
e sgne k-son(ey dt v v,
+ y y 1 sa sa
Vsa ) sgn(?) ( > Kk +~® o = .
- +
Vsa
e e
y hy hl- y
ey haey 1 isa
L hy S

= 9 v o A v o &
qﬁl'ﬂ‘ﬂ 43 Iﬂiﬂﬁi'l\i"l]ﬂﬂﬁﬁﬁﬂlﬂ@]ﬁﬂ'lu$11’i1]@ﬂ']il,ﬁ@u’f]uﬂﬂﬂux‘]
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W [P d‘ W W
45  MFUNATOIUZIHNANFIADUOUA VDS

AUNITN (4.5) ADWATUANNITAT AAdUNAdD 1IN THUANITIAD U UAV TOIN
Uszanaanszua ihvaenilan lnasenvinuneiis 1 1asaa519 (Wirote Sangtungtong and

Narongdech, 2020)

dv 1 . & /
d;a - C, (iU +1g,) + he, +k ‘ey‘SQn(ey)
di, _ | "
i 2sgn(ey) +he, 4.1D

Taefl v Aemstszmafives v, uag i, Aemsdszanamves iy, k,ky,h,,h,fie
sa e sa iy © sa> N> N™25 1115112
AunuvesdIdunaniiiin uay e, = Vv, — ¥, fAoanuAananinanamlszina

1 [ d‘ 1 A an a 1
ATIAUNANATDULAIND TN Af = 0 uag n = 0 ANUNANAIATSHINTUNT

1 (4.5) uaz (4.11) Ao

: de )
@ d_ty = C—nei = —kl\/Hsgn(ey)

J de,
e = d_tl = —he, —k,sgn(e,) (4.12)
Taoi g = iy, — I, AeanwdAanwaaimannmslszuaainsyoaliiiiy woil

4 Y A ' . a
kl,”ey‘ sgn(e,) tazwatl kysgn(e,) ainInuamsmeusznin e uaz €, Tugaund

' Jd v { I 4 a
aovudenlendude] Tudldimsiziiadosnmvesnnuianain (4.12)

2
V = ZE—i‘ey‘ + g—znej + Zéﬁ e’ + %(kl\/w-sgn(ey) + he, — Cieij

n

\%
o

(4.13)

9 v
nniuwmeyiusvealassw@ey Tunifioudunar aldn
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v 2, . 2h, .
e = C—ney sgn(e,) + C—neyey + C_,feiei
d( le,[-sgn(e ))
1 y y . 1.
+ [k“”ey‘.sgn(ey) + he, - C_neij k, - +he, - C—nei

V = Zc—kzéysgn(ey) + ZC—hzeyéy + Feiéi

k € 1
+he, | 22— +hé - —¢é
é
— ieI LB he, — iéI
C. |2 |ey| C,
V o= ZC—kZéysgn(ey) A ZC—hZeyéy L éeiéi

2
+ %éy sgn(e,) + hlkléy\/msgn(ey) - (k:_lnéi \/H.sgn(ey)

k, . ! .
+ %ey,/|ey|-sgn(ey) +hle8, — Cieyei

n

ee
W1 adhnnluia

B SRR
(4.14)
. d( e, |-sgn(e )) .
Iﬂﬂﬁ \/msg ’ = l ey ’ ey‘ = ey'sgn(ey) 5 Sgnz(ey) =1
dt 2 ‘ey‘
dsgn(e,)

A P
waziio e, # 0 zldn —q -
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1 k, 1 s
_ _[ > TJ ] _( -k \/_sgn(e )j

4.15)
unue €, uag §, Naumsh 4.12) aslu V @.15) uazdaglaumslni agldn
V = —kl(k—j + é—znj leg].— hl[Zkl2 + ﬁ}‘ey‘ + lc(:—lzei sgn(e, )
A5 e e 2
3hl \/73gn(e ) — c: e’ 2C2 ﬁ
(4.16)

Lﬁmmﬂ ‘ey‘ = (\/@.Sgn(ey))z ’ ‘ey‘ > (\/H-sgn(ey))

e,

(\/H%e )) N ‘ﬂ \/7 e, = |o,|sance,)

nag ei\/@sgn(ey) = 5% i
el

esgn(e,) =
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_kl[k_zf N QJ(M-Sgn(ey)) _ hl[Zkf N é_z)(\/m_sgn(ey))z

C, ‘e )

|

+ kﬁ(\/@-sgn(ey)) kl(ﬂ C_zJ g —hl(hf+2—2]65

Cn ey‘ 2 ‘ y‘ )
AL M ee h ke
c, C, ‘e c:' 2c ‘ey‘

(4.17)

v - %[fsgn(e) ¢ el

- [Msgn(ey) € ei} —hl(hf + Q—i)ey + Ciiei

(4.18)



T _kl(k_j ’ é_z] ° 2ké2
le,|san(e,) n i "l yley|sance,)
v = L ey 0 _kl££ + h_zJ % ey
\/H N 2 C,) 2, A
k! 3hky K
., 2C, 2c? |
—hl(Zkl2 + kzj 0 0
e, |sone,) ” AR ALY
+ eey 0 —hl(hf - C_ZJ c eey
i . i _i i
L G, Ch |
(4.19)
188+ T
= ——8QE-8 QL <0 (4.20)
e
1Ly C 2C,
le,|san(e,) 2
lagh & = e, NQy 0 k, sh’ " h, | 3hik
) 2 ' c,) o
| | klz _3h1kl kl
2C, 2C, 2C?
_ Y «
hl 2k1 + 0 0
L :
ay Q. = 0 + -2 __1
i hl(hl an Cn
0 hy h
C, Co

) < a Jou v o w o 7
wuae Q, uaz Q, deuduwaingigiasinauinauinas 3azihln V. < 0 uaz

AFunaan1ue IHUANITao U UAL AT DTN IWITUFUAIAD (asymptotically stable)
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g, = 0 aldan V. < 0 uaz V azlidranasedsaeiiiosaunn [[E, = 0 luwms

d' = S 1 = [ d' 1 1 é Y
nV umaaad [[g|, wwNMaAaUrUIASINY wenawuldlugeszeznaimie alan

A S o q 9
lel, > 0.V —> 0, Je|sone) > 0,e — 0uaz e —> 0 [Fouluiivili
wesnd Q; uaz Q, Wuwasadiivauan (Q, > 0 uaz Q, > 0) Ao
4k,h, > h’C (8k, + 9kC,) Tasii k; > 0, k, >0, h; > 0uaz h, >0

auyAn Af uaz n Jveuwa nanfe |Af| < Slﬂl‘ey‘ + 63‘ey‘ ag
| <8, +38,e,

Tagf 8, ,5, ,8, uag 5, AOAININDINTNAT

tazilennsanaumsi (4.20) 4l Af waz n wwlan

V o= —ﬁa QE - ETQE + (3hlk1 Af — g—n}\/@sgn(ey)
ey

[(hf Y JAf &n}ey 3 [CinAf - énjei

i 3 2Kk, Ki e
m([— ]Af\/ﬂsgn(ey) — 2—qu ei]

(4.21)

1 Af k2 2k k
Vo= 0L Ok + m((; + C—:jﬁsgn(ey) - EEJ

e

ot B oo (1 e, - e

n

+ n[—ﬁ e[ sane,) - ie + ée,j

(4.22)
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Af (K2 2, K,
— | = + =2 [le,|son(e,) - —e,
L[5+ T el - g
3hk 2h
+ Af (%,Mey‘sgn(ey) + [hf + C—Zjey - Clei]
h, 2
+ n(—c—n le,|sane,) - C—ney + C_nzei
1
< —=E"(8,A, +8,A,)E + & (84, + A,)E
el
(4.23)
fufueuiutvesiladFude Turlde
1
< ———ET(Q -84, —8,4,) —ET(Q, —8.A, —A)E < 0 (429
e
R / 4C, " v
Tagh A, = 0 0 0 1) 5 —% 0 (.
| 4C, il oz 0 0
] 2 _
ELLEY [i ¥ h—zjsl L L P T S U
2 2 "¢, 4 2C, 2C,
2
A, = [ﬁ + h—2]61 + %83 _ Kk 3, [hf + 2_?12]63 - i84 —iéis + %64 ,
2 ' C, 4 2C, C, C, 2c, '
L Mg L, 0
2C, 2c, * " C




35

J k) o K
2 2C,
2
Q = 0 K, sh + Ry} _3hk oz
2 C, 2C,
K 3k ko
2C, 2C, 2C?
_ - i}
h|2k? + == 0 0
Q, = 0 h| h? + h) W
? Cn Cn
2
: LYY
CI’] Cn

4

o I a v W o w
HuRe (Q — 8,A, — 8,A,) nag (Q, — 8,4, — A) deuilumaingigiasinavuan
=3 o Y 7 v @ A v W = = a
aung 1zl Vo< 0 sazddunaaniug IHuansaououauaoauianesnIng
1&@uUAY (asymptotically stable) o1 |[€]l, = 0 wldi V < 0 wag V iiaanaiedsn

aeiilosaund €, = 0 uvazii V fimanas [, w=daanausudertu denairm
Tlugeszeznamile 11831 g, —» 0,V — 0, Msgn(ey) —>0,e >0
uay & —> 0 mamdewluiiliweing (Q — 8,4, — 5,A,) 18z (Q, — 5,4, — A,)
Flumas ndsriauan ((Q, — 8A, —8,A,) > 0 wag (Q, —8.,A, —A;) > 0) Ao
BigunsaRatuld miznisduiivnsnefivagiadanusudeunn udnisiiorsan

8, = 8; =8, =0 uaz 8, = 0 azlasutouly

hfSi ka
k, > s - n
2k (5h°C, + 2h,) 2

-3, (4.25)

uag

. (5h’C, + 2h,)(k’C, + 25,)> — C hZ5,(6k’C, + 115,) B k/C,

k
? 4k12Cn (hZ - 2h12Cn) 2

_62

(4.26)
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wag h, > 2h’C. Taeh k; > 0, k, > 0, h, > 0 uaz h, > 0 ddouludnq
A dyd a v o A v W = = A .
Jdoulviliuese Mdunaaoug Tnuamsidousuauaesszligdosnm Wonszua b iy,
A o = = 3 A Y 1 Y A ~ A o 9
noasimsulasunasisaGuieununar AunuuIn K, szdealinuniisaneniinlinig
Uszanaanszua i i, Tanudeanaiados drdunagniug Tvuanisidousududol

Taseasraiuaaslugili 4.4

v ﬁ . T L (i u+ i)
A ‘I& I_-u —“®7IL' u + 'sa‘ 1 Cn

Cy —
Isa
Y d v, v
Veg +‘® y by y +‘® t % sa > sa
Vsa
ey ‘eY‘
0l — K
k. ‘ey‘sgn(ey)
ﬂ»sgn(-) sgn(ey) ko
kzsgn(ey) dfj )
ey hoey +k. dt 1| 'a
Lf hy > o =
S

= Y v @ d’ (9 [
gﬂ‘i’l 4.4 TAT9AS NUIAIFUNATDIUE [HUAN TR UBUAU T

4.6 a5

Q

v
A A 1

dy a ] v I~ [ v
untlesuerislsznaainszue livssumaninuseoniluniielszaiaa

nszue Iiimas drdunaaniuz TMuan1saausUAUNLY tazdrdunaaoius IMuans
Pouduauaod nirelszaaanszua lWdundssuianaundsveanszua lwihnlvason

AUHINI TAEnTe uadIdaunaaaIus IMuamsaa U UAUMaazdIdunaan1ue Tnuans

Y
v v o o

A oo ' £ A ~a
LE’IE’J‘L!’E)‘L!W]Jﬁi’N‘]J'§$3J"Iﬂm1ﬂ§8Ll,ﬁllwﬁ”l%ﬂ!%ﬂu\iﬂllﬁaﬂﬂﬂﬁﬂmeW’J ANUUAITIUNATDIULS

1 ) v

vzdoatlounszualihvazwitan 1dannisdszuiaaidavilediuiuandevo

Ana Y '

] a o w < |
ﬂ§$LLﬁ1Wﬂ1 LWiT%WH?ﬂ@ﬂ@TN@ﬂﬂTﬂQQTHqqq@ﬁdﬁf'ﬂlﬂNWWV] @]ﬂﬂﬂ”ﬁﬂ“ﬂafﬂlﬂﬂ

]
AA A

aszua lidumedidnldannsdszmaainionldannisdiuia wuledszuinan
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aszua Wi umassz lsussdunanaseuumaiinn ldannisda nszua Iiihn Tvadinae®n
9 o a a o J o ° ' ~ ~
Ta91nmsta tazaauzveamsadIag ludunesnes mnmuiaaundsvesnszua Ivlihn
A v W 9 [ ddd’ Y [
Tviaoennnuraid uazimdunaadoiuz oz lFusauaueumanIn laannisia nszua'lvdh
A A 9 [ a L a 4 d o 1
nsanla1nnsta uazaouzvoINsaIag ludunosmos hmnlszuaainszua 'l
& A A ' v @ A 2 = 9 o
VULHUIVDIULHINT NITADNAUNUVDIAITUNATDIULADIUADUN VD INT 1F UG
Y] ~ o 9 ~ J v ==} Y =1
Funagoiuznmininunum s sdanseud I 1veunand uazdrdunaadoiusil
Tassadunuanannnrulelszanauanszua Wi undes mizdrdunaao1uzAsUruUg

o ( 4 a
mu’;mmuﬂiﬁamzu‘uua’aullau’Nﬂﬂ
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0 d
ANAN1IVIADIADTUNITEY

51 umi
dy 1 = ) 4 )\ a 14 d A =
ummzﬂmmﬂmimamamumitu'iszmuamqﬂmmaunaimaiwmmmm
= A A 1 a = J J a a J . . o Yo
MR NFOUADNITALDF %Wmnmummuwymﬂ (MATLAB-Simulink) EATRF RN ST RN
4 a @ U A~ ] U A A 9
ﬁ'ﬂ?ﬂﬂﬁﬂ!i%ﬂﬂﬂ’)ﬂﬂﬂ’)ﬁﬂﬂﬂ\iﬂﬁ"l’l‘ﬂllﬁuﬁﬂ‘l]'i$3JTE'L!f"l1ﬂﬁ$LL’£T‘1Wﬁ"lmaf]!muﬂﬂ']iﬂl%'ﬁu
J o ~ A o 4 a AN v o
L“]ful“]f’ﬂﬁﬁﬂﬂﬁSLLﬁUlV‘MhVlhlﬁaﬂﬂﬂﬂ']ﬂLLNQW’J fl]']a@\iﬁﬂﬂlﬂ"lﬁﬂ!ﬁzﬂﬂﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂuﬁjﬁﬂlﬂﬂ
d‘ (% [ é d' 9 d o =r=1
ﬁ'ﬂ"qujﬁilﬂﬂ'lﬁla’ﬂuﬂuﬂﬂﬁuﬁLL‘VI“LH’Iﬂ"Iﬁ61611\1'll!L“])”LlL“]f’f)i?@‘lﬂ§$LLﬁ1Wﬂ1mﬂQLLNQWU uag
'd 2

° 4 a o 4 v !
%”Iﬁ’f)\iﬁfl”I‘Llﬂ”l'iﬂlﬁ$‘]J‘]Jﬂ’J”]Jﬂll’NﬂﬂﬁMﬂ’lﬁ\‘llﬂﬂﬁﬂWHZIﬁNﬂﬂﬁLaf’Ju@u{ﬂUﬁ@\‘llmuﬁf‘ﬂﬁal“f’)')

< v A ) o = =<
qmmfummsmﬂﬁzuﬁ”lv!ﬁmmumwa Naﬂﬁﬁ]Wﬁ’l’)\‘iﬁﬂTuﬂﬁﬂ!Glunﬂﬂiiufﬂwlﬁﬂﬂﬂﬂﬂ"lﬁ

'
@ Y a A

o 1 ] a A A o = @ < A A
WuA 159819890 kIR N gan1siulnaifesiugawuii il (159Aud190
mmzeay) Tuanuzegad taznliouiousz niausnud N uaz LA uATImaeNanas 0N
== o o ~ = ~ 9 A Aa o
uraiia wanstiassanIumsal lunnnsaivzudasnanszud i lvadhnsangeIns lud
fuusasunsaed uaznFoumevuszvuinenszua lddunaesn lvasenanureaiduay
A Ay y ! o o ¢ A =
nszua ldmasn Idnnnsdszaiaaiaz nMsdiuia. MITIaeIa0IuNIaiaznaITanng
[ [ d’ v @ d‘dl a o"d‘ [ 1
nurvlszanaainszua i dsuazdrdunaa 01Uz ANAINIT NN NN INVUAZUANAI

1 a J J A Aa J Jd A =
NAMNIT NN TUBINATUAY T UNB IR TN I FIAY)

o dd’Q %4 v v tﬂ'
5.2 Nﬂﬂ15ﬂ1ﬁﬂﬂﬁﬂ1uﬂ15m‘ﬂ!ﬂﬂﬁ]]ﬂﬂ1§1“ﬁfﬂ1uﬁu381J§$N1mﬂ1ﬂ§$l!ﬂ‘1wﬂ1!ﬂﬂﬂ
A [ a Jg [ Y
szuumsnlasugdwasauuaseriasiuwasau i unumsarugu waz ey
H ! { { o 4 H
vourielsznmmnszua lWiumashldlumssaosanumsal azuaadlalugln 5.1, 5.2
o w A [l 1 A A a S 1w 1 a 14
uag 5.3 mudny Wemilsdszanamnszud liumdelimmniimes nnuamines
a J J ' v ] { 1
vosdunosmesilafe (Af = 0) ﬂanﬁ@mmuﬂszﬁ;“luﬁﬂmﬁmmummmmmi} (AC =
1 ' ! a s s
0) wuedszanuanszua i undel C, = 1000 uF wazduneswes M@l C = 1000
1 a s q Y o '3 A o @
uF Amsilmesnlglunistiaesaniunisainaadluasngi 5.1 wanistiassanIunIl
Y 1 o dy 1 A A ==t
Imsdszananuazranouanonst msdszmnumnszua ldiunash lnasenainumaiia

(ia ayg) (average current estimator) I IndiRssiunTeineumiiunszua I undeves
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ddd’ 9 v - L% d‘
uRafian laannisia (sensor measurement) (Isaiavg) Gluﬁmuzagm uazuﬁmiugﬂ‘n 54

Y

S AaA ' & o J v Y Aa A A
mamwwGlcmf’nszﬂznmmwuﬂumi‘wmwmmmummmammw:1 (V )‘V]aﬂﬁﬂﬁnﬂ

ref

=

A 1 v A o ' <
uaAudla (Vo py) audeminlndifsstuaimngau (V) luaaiugdnng uaziouiiiiviz

Re

L] (%

MueAmssaudesiimuiutazanasegnaauiu Indifesiumnmuz au luaniuzegad

o 1 v Y a A A A A A o A A J
msmmﬂmmmumqmuﬁmsauzmmﬂﬂugﬂm 5.5 UARWINLIIAURAINANATON (actual

a v Y a Y AR a
voltage) (Vgy ayg) AAANLTIAUDNOY (voltage reference) Tudouzogad umINIINAaLDE

U

[

J o = - A Y A v o A A =)
NIMaNUmaY (P = Vga avglsa avg) NlnameanumMasnuunnga (P,,,,) HIouHIi

sa_avg
as o A Yy [ 3 aA A o A ' & A £
Agamsiinunlndifeeiugaouii uaiITussduNanasouvnzHia (V) NTAUNG7
A A A & . A 2 g 9 T A
sazupsiidlnszua liihn lvasenvmznils (iy,) Mlanuwanandesluanuzegaiiudaas
Tuzia 5.6 ussaunsawd (e) uaznszua i lvainiaed (i) Tyuaasaiulu

Vo oA Y A a AR Yo o w A A
ﬁa”luzaﬂmmmm”lﬂiugﬂm 5.7 ﬂimamq"lmumawmmaammmwmaammﬂu

U

anugegan szuumaasuzindinuamisatemasnumasianiaedld nsldau

U

Il 1 { { J v I
wihedsznaainszua ldhmasunuiwuyes danszua lihvowmeiid eianumiulyl
Y
4
A 1 1 A A a o A v 1 a 4
Wenuielszananinszua liimasiiamaiimes uanaannamisiimesves
a 4 4 = 1 A v = ~ [ 1
suneiwmaimaifed (Af = 0) nanaedunulszainTTeuDUYeIAININY 1Y
1 1 = 14 14
dszanmanszua lliumdell C, = 500 uF udduneimeslm@edll C = 1000 pF
1 1 a o { o 4 1
1wlda AC = 500 pF mmndwesnlelumstiaesaniumsainaasluaisish 5.2 wa
o o U 1 [ o
nssraesdnrunisalag IinisdszuianinaznansuauesiMilousuNan1531a09

s a T J a 4 1 A A
ADIUNITUNNAVINNITININUUDIATNITINIADT mi1J53mmmﬂimﬁ”lwﬁnaaw"lwaaaﬂ

o~

A é = Y v A A LY A ~Aa Ay Y
VINHRNIN (I )llﬂ’ﬂllGlﬂmﬂflx‘iﬂ‘ﬂﬁi@LﬂE)‘Um1ﬂ°]Jﬂiguﬁll‘ﬂlﬂ1lﬂﬁﬂﬂl@\1LLNQW’Jﬂ1ﬂ%1ﬂ

sa_avg

@ . (Y A I AAA o ' v Y A
M0 (igy ag) THANUZOIAT tazuaaslugUi 5.4 1BUNTRIUIEANTIAUDIDIVOINS
Y a

W3 (Vier) NndiResdumimnzgay (V) Tuaaiuzogas msimneassdudiedail

2

A A %

d' d' d' d’ 1 a (% 9 a
aussouginaalugilii 5.8 umaidinssdumasianaion (Vg 4,,) AAMULTIALD19D9 1Y

U

v
A A L=

o . % - r &
anuzegal uRsiiilusauianasouumznile (vy) uaziinszud I lvasenvaznile
(i) Tuanmzegarnuaasluzdn 5.9 ussauniawd (e) uaznszud i lvadniaed
- = [ LK% d' d‘ a AR Yo o W d‘
(i) Tyulaasenuluaouzegirnuanlugli 5.10 niaedilasumanumagnnimg
(Y o S A 1 [
#inasanarluaniuzegdd wan1ss1aesdnIunsaiNnAINNMS IFIURLIelsZIIUA
A AaA a S 1w 1 [ a 4 a 4 A
Aszua WA AN TA NI I UHAZLANAIINATNITINIADI VOIDUNBS 1A N

uanalunis1en 5.3
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1

I ~A+B

sa_avg
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A 1 a 14 a A 9 [l 1 A A
137190 5.1 ﬂ'lW'1'5111Lﬁ@ﬁﬂl@ﬂﬁ%ﬂﬂﬂ?ﬂﬂuﬂﬂﬂﬂﬂi‘ﬁ\i?l&ﬁu'}ﬂﬂﬁﬁﬂ'lﬂ!ﬂ'lﬂﬁ%!kﬁvlil\lﬂ'llﬂaﬂﬂ
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S

//{ Awverage Current Estimator
if (count == 0){
Vsa_k = Vdc;
}
if (count < 200) {
Sum A = Sum A + Iac*u;
count = count + 1;
}
else if (count == 200){
Sum B = Sum_A/;ji:
Vsa_kl = Vdc - Vsa_k;
Sum C = (Cn*Vsa_kl) /0.
Sum A = O
count = O;
}
Idc_est_avg = Sum B + Sum C;
}
// if Period MPPT = 80 ms ,
// bec 0 u Period MPPT =

if (MPPT_count Y
Vpv_kl = Vdc_avg;

Ppv_kl = Vdc_avg * Idc est_avg:’

e e e e

347}

2357

MPPT_count = MPPT_count + 1;
}
else if (MPPT_count < Y {
MPPT_count = MPPT_count + _;
}
else if (MPPT_count == )y {
Vpv_k = Vdc_avg;
Ppv_k = Vdc_avg * Idc_est_avg;
if ((Ppv_k - Ppv_kl1)>J)
else if ((Ppv_k - Ppv_kl)<0)
else
if ((Vpv_k - Vpv_k1)>3)
else if ((Vpv_k - Vpv_kl)<0)
else
Vdc_k = va_kl +
Vdc_ref = Vdc_k;
if (Vdc_ref > 37) {Vdc ref =
if (Vdc_ref < 28) {Vdc_ref =
MPPT_count = O}
}

sgn_Ppv
sgn_Ppv
sgn_Ppv
sgn_va
sgn_Vpv
sgn_Vpv

.35%*sgn_Ppv*sgn_Vpv;

o o o ()

|
'
[
[

m
w
ot

= vdc_

Ppv_

o
L}
<
(]

ref;
k; Idc_est_avg
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// First order Sliding-mode Cbserver
Vdc_est_k =
Idc_est_k =
if (Idc_est_
Vdc_est_kl =
Idc_est_kl

Vdc_est_kl1 + Ts*(((Idc_est_kl
Idc_est_kl + Ts*(h2*ey):
k <0) { Idc_est_k = 0; }
Vdc_est_k;

Idc_est_k;

- Iac*u)/Cn)+(hl*ey) + (kl*sgn_ey)):

}

if (choose 1

|| choose
if (Ts_count < 200) {
Sum Vdc_est = Sum Vdc_est + Vdc_est_k;
Sum Idc est = Sum Idc_est + Idc_est_k;

Ts_count = Ts_count + 1;

=R

}

else if (Ts_count

Vdc_est_avg
Idc_est_avg
Sum Vdc_est
Sum Idc est

== 200){
Sum Vdc_est/200;
Sum Idc est/2900;

Ts_count = O;
}
}
// Find Idc
if (MPPTin count <
Sum Vdc = Sum Vdc + Vdc;
Sum Idc = Sum Idc + Idc;
MPPTin count = MPPTin count + 1;
}

else if (MPPTin count == 2

average and Vdc

) {

00) {

Vdc_avg =
Idc_avg =
Sum Vdc J:;
Sum Idc = O;
MPPTin count = O/

if (MPPT_count
Vpv_kl =
Ppv_kl = Vdc_avg * Idc_est_avg:
MPPT_count = MPPT count + .;

D
Vdec_avg: [/ VDEDY=

/4 BERSES, =

}
else if (MPPT count < 200){
MPPT_count = MPPT_count + 1;
}
else if (MPPT_count
Vpv_k = Vdc avg;
Ppv_k = Vdc_avg * Idc_est avg;
if ((Ppv_k - Ppv_kl1)>9) {
else if ((Ppv_k - Ppv_kl)<0) {
else {
{
{

B

/Y

sgn Ppw. = I;
sgn_Ppv iz
sgn_Ppv 07
sgn_Vpv 1;
sgn_Vpv iz
sgn _Vpv = O;
.35%sgn_Ppv*sgn Vpv;

—

if ((Vpv_k - Vpv_kl1)>0)
else if ((Vpv_k - Vpv_kl)<0)

else {
Vdc_k = Vpv_kl +
Vdc_ref = Vdc_k;
if (Vdc_ref >

[}
R

{vdc_ref

if (Vdc_ref < 2
MPPT_count

J ¢

)
)

I
-

{Vdc_ref 28;

3

i1

=
N
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44r voltage reference | |
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Sensor measurement
First-order sliding-mode observer
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/7

Second order Sliding-mode Observer
Vdc_est_k = Vdc_est_kl + Ts*(((Idc_est_kl - Iac*u)/Cn)+(hl¥*ey) + (kl*sqrt (abs(ey)) *sgn_evy)) ;
Idc_est_k = Idc est_kl + Ts*(k2*sgn ey + h2¥*ey):
if (Idc_est_k <) { Idc_est_k = 0; }
Vdc_est_kl1 = Vdc_est_k;
Idc_est_kl = Idc_est_k;
}
if (choose == . || choose == 2){
if (Ts_count < 200) {
Sum Vdc_est = Sum Vdc_est + Vdc_est_k;
Sum Idc_est = Sum Idc est + Idc est_k;
Ts_count = Ts_count + >;
}
else if (Ts_count == Z00){
Vdc_est_avg = Sum Vdc _est/200;
Idc_est_avg = Sum Idc est/200;
Sum Vdc _est = O;
Sum Idc_est = O;
Ts_count = 07
}
}
// Find average Idc an

in
if (MPPTin_count < ) {
Sum Vdc = Sum Vdc + Vdc;
Sum _Idc = Sum Idc + Idc:
MPPTin count = MPPTin count + 1;
}
else if (MPPTin count == 200){

Vdc_avg = Sum Vdc/2Z00;
Idc_avg = Sum Idc/:Z
Sum Vdc = 07

Sum Idc = 07

MPPTin count = O}

// if Period MPPT = 8 -
// because 200 use Period MPP

if (MPPT_count == 0){
Vpv_kl = Vdc_avg; /7 Vpv_kl = Vdc ref
Ppv_kl = Vdc_avg * Idc est_avg: // Bpv_kl = Ppv k; Idc_est_avg

MPPT_count = MPPT_count + 1;
}
else if (MPPT_count < )R
MPPT_count = MPPT count + 1;
}
else if (MPPT_count .= S30){
Vpv_k = Vdc_avg:;
Ppv_k = Vdc_avg * Idc est_avyg: r/

if ((Ppv_k - Ppv k1)>0) { sonPpv=_1; }
else if ((Ppv_k - Ppv_kl)<0) { sgn Ppv = -1; }
else { sgn_Ppv = 0; }
if ((Vpv_k - Vpv_kl)>0) { sgn Vpv = 1; }
else if ((Vpv_k - Vpv_kl)<0) { sgn Vpv = -1; }
else { sgn_Vpv = 0; }
Vdc k = Vpv_kl + 0.35%sgn Ppv*sgn Vpv:

Vdc_ref = Vdc_k;

if (Vdc_ref > 37) {Vdc ref = 37;}

if (Vdc_ref < 22) {Vdc_ref 28:}
MPPT_count = O;

(R

d‘ d’ v Y d' Y
g‘lJVI 6.24 adunagoiue ITnuamsiaousuavaesnlslumsnaaes
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Sensor measurement
Second-order sliding-mode observer
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(R R R R R R A R R A R
/I MCU: Sliding-mode observer MPPT for PV panel.

#include "DSP28x_Project.h" // Device Headerfile and Examples Include File

#include "config.h"

#include "Solar F.h" // Solar Library: SPLL, Data-Logger, INV controller

#include <math.h>

//

// Function Prototype & ADC Parameter [Do not edit]

//

// external function prototypes

extern void InitSysCtrl(void); // Enable to use InitSysCtrl()
extern void InitPieCtrl(void); // Enable to use InitPieCtrl()
extern void InitPieVectTable(void); // Enable to use InitPieVectTable()
extern void Gpio_setup(void); // Initial GPIO for mutiplex GPIO
extern void ADC_SETUP(void); // Initial ADC setup()

#if Flash_boot ENABLE
extern void InitFlash(void); // Boot form Flash fuction
extern unsigned int RamfuncsLoadStart;
extern unsigned int RamfuncsLoadEnd;
extern unsigned int RamfuncsRunStart;
#endif
#if Ext INT ENABLE
extern interrupt void xint1_isr(void);
extern interrupt void xint2_isr(void);
extern void xint_initial(void);
extern volatile Uint16 Program_mode;

#endif
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#if EPWMI1 ENABLE
extern void ePWMI_setup(void); / ISR Timing-Based
#endif
#if EPWM2 ENABLE
extern void ePWM2_setup(void); // Inverter drive #1
#endif
#if EPWM3 ENABLE
extern void ePWM3_setup(void); // Inverter drive #2
#endif
//' ISR Prototype statements , Program calculation loop.
interrupt void epwml _timer isr(void); // ISR (20kHz)
// ISR configuration & Grid & SPLL
#define GRID_FREQ 50.0
Frequency(Default 50/60 Hz)
#define ISR_ FREQUENCY 20000.0
#define T intigral 0.00001
#if NOTCH_FLTR_ENABLE
NOTCH_COEFF _F notch TwiceGridFreq;
NOTCH_VARS F Vac pu a;
NOTCH_VARS F lac pu a;
#define c1 0.1
#define c2 0.00001
#endif
#if SINEANALYZER ENABLE
SINEANALYZER DIFF wPWR F sin_analyzer;
#endif
#if DATA_ LOG_ENABLE

DLOG _3CH_F dlog_3ch;

// 50Hz Grid

// 20 kHz ISR Frequency

// Intigral times
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#define BUF_SIZE 200
float32 DBUFF_CHI1[10];
float32 DBUFF_CH2[BUF_SIZE];
float32 DBUFF_CH3[BUF_SIZE];

float32 dvall,dval2,dval3;

/ DLOG_5CH_F dlog_5ch;

I #define BUF_SIZE 100

// float32 DBUFF_CHI1[10];

// float32 DBUFF_CH2[BUF_SIZE];

// float32 DBUFF_CH3[BUF_SIZE];

// float32 DBUFF_CH4[BUF_SIZE];

// float32 DBUFF_CHS5[BUF_SIZE];

// float32 dvall,dval2,dval3,dval4,dval5;
#endif

#if SPLL 1PH ENABLE
SPLL 1ph F splll;
SPLL 1ph F NOTCH COEFF spll notch coefl;
#endif
#if VIC_PI ENABLE
CNTL _VC Fentl ve;  // DATA structure variable For Voltage controller
CNTL _CC Fentl cc; // DATA structure variable For Current controller

#endif

I/

// Variable Prototype [Can edit]

I/

// ADC constants ==> [Do not edit]
#define PI 3.141592654 // PI constants

#define ADC_A_Fullscale 3.00 // ADC full-voltage
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#define ADC_A_Offset 1.50
#define ADC_D_Fullscale 4095.0

#define ADC_D_Offset 2048.0

// Sensor gain ==> [Can not edit]
//#define Vdc_ref 28.0
#define Gain_Vdc 66.67
#define Gain_Idc 3.33
#define Gain_Vac 141.509
#define Gain_Iac 18.868
for HX-10NP
//#define Gain_lac 9.434
05NP
#define Vdc_base 200.0
200 Vdc
#define Idc_base 10.0
Adc
#define Vac_base 212.13
150 Vrms

#define lac_base 26.26

Arms for HX-10NP (28.28)

/MHdefine lac_base 14.14

HX-05NP

// Global variable prototypes ==> [Please edit if do you need more ADC channel]

int16 Vadc a0; // ADCINAO channel results
int16 Vadc al; // ADCINA1 channel results
int16 Vadc a2; // ADCINA2 channel results

intl6 Vadc_a3; // ADCINA3 channel results

/I ADC offset-voltage
// ADC full-scale

// ADC offset-scale

// Vdc reference

// Vdc Sensor gain (200V/3V)

// 1dc Sensor gain (10A/3V)

// Vgrid Sensor gain (150Vrms/1.06Vrms)

// Tgrid Sensor gain (20Arms/1.06Vrms)

// 1grid Sensor gain (10Arms/1.06Vrms) for HX-

// DC voltage range meansurement : 0 -

// DC current range meansurement : 0 - 10

/I AC voltage range meansurement : 0 -

/I AC current range meansurement : 0 - 20

//'AC current range meansurement : 0 - 10 Arms for
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// Global variable prototypes ==> [Please edit for define your variable]

float32 Vdc;
float32 Vdc_pu;
float32 Idc;
float32 Idc_pu;
float32 Vac;
float32 Vac_pu;
float32 Iac;
float32 [ac_pu;

float32 lac_ref;

float32 U ref P,U ref N;

Uintl16 LED_ Count = 0;

// DC Bus voltage

// DC Bus voltage [pu.]

// DC Bus current

// DC Bus current [pu.]

// Low-side grid voltage

// Low-side grid voltage [pu.]

// Low-side grid current

// Low-side grid current [pu.]
// 1grid reference = I*sin(wt)
// Reference signal for PWM compare

// LED counter

// Sliding-mode Observer gain and mean calculator values

#define k1 500
#define k2 500

#define h1 500
#define h2 1800
#define Cn 0.0005
#define Ln 0.005
float32 Vdc_est k=0;
float32 Vdc_est k1 =0;
float32 Idc_est k= 0;
float32 Idc_est k1 =0;
float32 ey;

float32 u = 0;

// Cn =500 uF
// Ln=5 mH
// Initial value of Vdc est
// Tnitial value of Vdc_est(k-1)
// Initial value of Idc_est
// Initial value of Idc_est(k-1)

// Error of Vdc

intl6 sgn ey, MPPT count =0, MPPTin count=0;

Uint16 count = 0, choose = 0;

Uint16 Ts_count = 0;
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float32 Vdc_avg, Vdc_est avg, Idc_avg, Idc_est avg;

float32 Sum A =0, Sum B =0, Sum C=0,Sum D=0, Vsa k=0, Vsa_k1=0;
float32 Sum_Vdc = 0;

float32 Sum_Vdc est=0;

float32 Sum_Idc = 0;

float32 Sum_Idc_est = 0;

#define Ts 0.00005

// P&O MPPT parameter

float32 Vdc_ref = 40; // Initial Vdc_ref = Voc
float32 Vpv_k=0, Vdc_k=0, Ppv_k=0;

int16 sgn_Ppv, sgn_ Vpv;

float32 Vpv_k1 =32;

float32 Ppv_k1 = 0;

int16 Tmppt_count = 0;

| HHAHHHH R Main
Function#H#HHHHHHHHHHHHHHHHHHHHH
void main(void)

{

/I

// Initialize System Control for F28335 [Do not edit]

I/

InitSysCtrl(); //Initialize System Control in DSP2833x_SysCtrl.c file

#if Flash_boot ENABLE

memcpy(&RamfuncsRunStart, &RamfuncsLoadStart, &RamfuncsLoadEnd -
&RamfuncsLoadStart);

InitFlash(); // call InitFlash in RAM (SARAM - L0)

#endif
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// Specific clock setting for HSPCLK = 25 MHz
EALLOW;
SysCtrlRegs.HISPCP.all = ADC_MODCLK; // HSPCLK =
SYSCLKOUT/(2*ADC_MODCLK)= 25 MHz
EDIS;
Gpio_setup();  // Initialize GPIO for mutiplex GPIO in GPIO_SETUP.c file
DINT; // Clear all interrupts and initialize PIE vector table
InitPieCtrl();  // Initialize PIE interrupts in the DSP2833x_PieCtrl.c file.
// Disable CPU interrupts and clear all CPU interrupt flags:
IER = 0x0000;
IFR = 0x0000;
// Initialize the PIE vector table in DSP2833x_PieVect.c.
InitPieVectTable();
// script for enable any Interrupts.
#if EPWMI1_INT ENABLE
EALLOW; // This is needed to write to EALLOW protected registers
PieVectTable. EPWMI1 INT = &epwml timer isr;
EDIS; // This is needed to disable write to EALLOW protected registers
#endif
#if Ext INT ENABLE
EALLOW; // This is needed to write to EALLOW protected registers
PieVectTable. XINT1 = &xintl _isr;
PieVectTable. XINT2 = &xint2_isr;
EDIS; // This is needed to disable write to EALLOW protected registers

#endif

// Initialize ADC Peripherals
InitAdc(); // Initialize ADC module

ADC _SETUP(); // Tnitialize ADC configuration
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// Initialize EPWM & ECAP Peripherals

EALLOW;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 0;
EDIS;
#if EPWMI1 _ENABLE
ePWMI _setup();
#endif
#if EPWM2 ENABLE
ePWM2_setup();
#endif
#if EPWM3 ENABLE
ePWM3_setup();
#endif
EALLOW;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 1;
synced

EDIS;

// Stop all the EPWM TB clocks

// Start all EPWM TB clocks

// Initialize External interrupt XINT1 On GPIO13, XINT1 On GPIO14

#if Ext INT ENABLE
xint_initial();

#endif

// Initialize SPLL Peripherals

#if SPLL_1PH ENABLE

SPLL 1ph F_init(GRID FREQ,((float)(1.0/ISR_FREQUENCY)),&spll1);

SPLL Iph F notch coeff update(((float)(1.0/ISR_FREQUENCY)),(float)(

2*PI*GRID FREQ*2),(float)0.00001,(float)0.1,&spll1);

#endif
// DATA NOTCH FILTER Initialize

#f NOTCH_FLTR_ENABLE
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/1
/1
/1
/1
/1
1
1

NOTCH_FLTR F VARS init (&Vac pu a);
NOTCH_FLTR F VARS init (&lac pu_a);

NOTCH_FLTR_F_COEFF_Update

(((float)(1.0/ISR_FREQUENCY)),(float)(2*PI*GRID_FREQ*2),(float)c2,(float)c1,&

notch_TwiceGridFreq);
#endif
/l DATA-logger Initialize

#if DATA LOG _ENABLE

DLOG 3CH_F _init(&dlog_3ch);
dlog 3ch.input_ptrl = &dvall;
dlog 3ch.input_ptr2 = &dval2;

dlog 3ch.input_ptr3 = &dval3;

dlog_3ch.output_ptrl = &DBUFF_CHI1[0];

dlog_3ch.output_ptr2 = &DBUFF_CH2[0];

dlog 3ch.output ptr3 = &DBUFF CH3[0];

dlog 3ch.size = BUF_SIZE;
dlog 3ch.trig_value = 60;

for trigger datalog
dlog_3ch.pre_scalar =20000;

dlog 3ch.status=2;

DLOG 5CH_F _init(&dlog_5ch);
dlog_5ch.input_ptrl = &dvall;
dlog_5ch.input_ptr2 = &dval2;
dlog_5ch.input_ptr3 = &dval3;
dlog_5ch.input_ptr4 = &dval4;
dlog_5ch.input_ptr5 = &dval5;

dlog_5ch.output_ptrl = &DBUFF_CHI1[0];

// Beginer value
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1
1
1
1
1
1
1
1

dlog_5ch.output ptr2 = &DBUFF_CH2[0];
dlog_5ch.output_ptr3 = &DBUFF_CH3[0];
dlog_5ch.output ptrd = &DBUFF_CH4[0];
dlog_5ch.output_ptr5 = &DBUFF_CH5[0];
dlog_5ch.size = BUF_SIZE;
dlog_5ch.trig_value= 0; // Beginer value for trigger datalog
dlog_5ch.pre scalar = 50;
dlog_5ch.status=2;
#endif
// SINEANALYZER Initialize
#if SINEANALYZER ENABLE
SINEANALYZER DIFF. wPWR _F init (&sin_analyzer);
sin_analyzer.SampleFreq = ISR FREQUENCY;
sin_analyzer.Threshold = 0.01 ;
sin_analyzer.nsamplesMin = ((1.0)/ (GRID FREQ + 5)) *
(ISR_FREQUENCY);
sin_analyzer.nsamplesMax = ((1.0)/ (GRID FREQ - 5)) *
(ISR_FREQUENCY);
#endif

/I

I/

#if VIC_PI_ENABLE

// Voltage controller Initialize

CNTL_VC F_init(&cntl_vc); // PI controller #1 initial

centl_ve.Kp =(0.1); // proportional

gain
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centl_ve.Ki=(1.0); // integral gain
cntl_ve.Ti= (T _intigral); // Pi integral time

// Current controller Initialize

CNTL_CC F_init(&cntl_cc); // PI controller #2 initial
entl_ce.Kp = (100.0); // proportional gain
centl_ce.Ki = (10.0); // integral gain
cntl_cc.Ti= (T _intigral); // Pi integral time

#endif

#if Ext INT ENABLE

IER |=M_INT1; // Enable INT4
[XINT1],1 INT5 [XINT2]
#endif
#if EPWMI1_INT _ENABLE

IER |=M_INTS3; // Enable CPU
INT3 for EPWM1-6 INT
#endif
// Enable Peripheral Interrupt Expansion [PIE]
PieCtrlRegs.PIEIER3.bit.INTx1 = EPWMI1 INT ENABLE; // Enable
EPWMI1 _INT in the PIE: Group 3
PieCtrlRegs.PIEIER1.bit.INTx4 = Ext INT ENABLE; // Enable PIE group 1
INT4 [XINT1]
PieCtrlRegs.PIEIER 1.bit.INTx5 = Ext INT ENABLE; // Enable PIE group 1

INTS5 [XINT2]
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PieCtrlRegs.PIEIER4.bit. INTx1 = eCAP_INT ENABLE; //Enable PIE group 4 for
eCAP1 _INT

PieCtrlRegs.PIEIER4.bit. INTx2 = eCAP_INT ENABLE; // Enable PIE group 4 for
eCAP2 INT

// Enable global Interrupt and higher priority real-time debug event

EINT;

ERTM,;

// Background loop start:

for(;;)

//Wait for ISR Running

}
[] HHHEHHHHHAHRHAHAH A AA## TSR Program
HHHIHHHHHH AR

interrupt void epwml _timer isr(void){

/1

st sfe sk sk sk sfe ske sk st sfe sk sk st sfe sk sk sk sfe sk sk sk sk ske sk sk sfe sk sk sk sk sk sk sk sk sk sk sk sk sk ke sk sk skeoske sk sk sk sk sk sk sk sk sk sk sk skeoskosk sk skoskok skeoskoskok sk
sk sfe sk ke sk sfeosk sk sk sk sk sk
if (Program_mode == 1) // Switch B
{
/I ADC data conversion reading
Vadc_a0 = AdcMirror. ADCRESULTO;
Vadc al = AdcMirror. ADCRESULT1 - ADC D Offset - 19;
Vadc_a2 = AdcMirror. ADCRESULT2 - ADC_D_Offset - 6;

Vadc_a3 = AdcMirror ADCRESULTS3;

// Reinitialize for next ADC sequence
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AdcRegs. ADCTRL2.bit.RST SEQI1 =1; //Reset SEQI to initial state
I

/I ADC scaling conversion
Vdc_pu = Vadc a0/ADC_D_ Fullscale; // Calulate Vdc (pu.): 0.0, 1.0

Idc pu=Vadc a3/ADC_D Fullscale;  // Calulate Idc (pu.): 0.0, 1.0

Vac pu=Vadc al/ADC D _Offset; // Calulate Vac (pu.): -1.0,
+1.0

Tac_pu= Vadc a2/ADC_D_Offset; // Calulate Tac (pu.): -1.0,
+1.0

Vdc =Vdc _pu * Vdc_base; // Calulate Vdc : 0 - 200
Vdc

Idc =1Idc_pu * Idc_base; // Calulate Idc : 0 - 10 Adc

Vac = Vac_pu * Vac_base; // Calulate Vac : 0 - 150

Vrms [-Vac pk, +Vac pk]
lac =Iac_pu * lac_base; // Calulate Tac : 0 - 20 Arms [-

Iac_pk, +lac_pk]

#if NOTCH FLTR_ENABLE
Vac_pu_a.In=(Vac_pu);
Tac_pu_a.In= (Iac_pu);
NOTCH_FLTR_F run (&Vac pu a, &notch TwiceGridFreq);
NOTCH_FLTR F run (&lac pu_a, &notch TwiceGridFreq);
//NOTCH_FLTR Output: .Out

#endif

#if SINEANALYZER ENABLE
sin_analyzer.Vin = Vac_pu_a.Out;
sin_analyzer.lin = lac_pu_a.Out;
SINEANALYZER DIFF wPWR_F_FUNC(&sin_analyzer);

//SINEANALYZER Output: .Vrms, .Irms, .Prms, .SigFreq

#endif
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ey = Vdc - Vdc_est kl;

if (ey > 0) { sgn_ey = 1; H
elseif (ey<0) { sgn_ey =-1; }
else { sgn_ey =0; }

u=cntl cc.Out/100;

u=cntl cc.Out/34;
if(u>1) { u=1; }

elseif(u<-1) ¢ u=-1; }

// select number of estimator
// First-order sliding-mode observer = 1
// Second-order sliding-mode observer = 2

// Average Current Estimator = 3

choose = 2;

if(choose == 3){

/I Average Current Estimator

if (count == 0){
Vsa_k = Vdc;
}
if (count < 200) {
Sum_A = Sum_A + lac*u;

count = count + 1;
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else if (count == 200){
Sum B = Sum_A/200;
Vsa k1 =Vdc- Vsa k;
Sum_C = (Cn*Vsa_k1)/0.01;
Sum_A =0;
count = 0;

}

Idc_est avg=Sum_ B + Sum C;

else if (choose == 1){

/I First order Sliding-mode Observer

Vdc_est k= Vdc est k1 + Ts*(((Idc_est_k1 - Tac*u)/Cn)+(h1*ey)
+ (k1*sgn_ey));

Idc_est k =1Idc est k1 + Ts*(h2*ey),

if (Idc_est _k <0) { Idc est k=0; }

Vdc_est k1l = Vdc est k;

Idc_est k1 =1Idc_est k;

else if (choose == 2){

/I Second order Sliding-mode Observer

Vdc_est k= Vdc est k1 + Ts*(((Idc_est_k1 - Tac*u)/Cn)+(h1*ey)

+ (k1*sqrt(abs(ey))*sgn_ey));

Idc_est k=1Idc_est k1 + Ts*(k2*sgn_ey + h2*ey);




127

if (Idc_est_k <0) { Idc est k=0; }
Vdc_est k1l =Vdc est k;

Idc_est k1 =1Idc est k;

if (choose == 1 || choose == 2){

if (Ts_count <200) {
Sum_Vdc _est=Sum_Vdc est+ Vdc est k;
Sum_Idc_est=Sum Idc est+ Idc_est k;
Ts_count=Ts count + 1;

h

else if (Ts_count == 200){
Vdc_est avg=Sum_Vdc est/200;
Idc est avg=Sum Idc_est/200;
Sum_Vdc est=0;
Sum_Idc_est=0;

Ts_count = 0;

h
//'Find average Idc and Vdc
if (MPPTin_count < 200) {
Sum_Vdc = Sum_Vdc + Vdc;
Sum_Idc = Sum_Idc + Idc;
MPPTin_count = MPPTin count + 1;
}
else if (MPPTin_count == 200){

Vdc_avg =Sum_Vdc/200;

Idc_avg = Sum_Idc/200;
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Sum_Vdc =0;
Sum_Idc = 0;

MPPTin_count = 0;

/1 if Period MPPT = 80 ms , must change 200 to 1600

// because 200 use Period MPPT = 10 ms

if (MPPT _count == 0){
Vpv_kl =Vdc avg;
/I Vpv_k1 =Vdc_ref;
Ppv_kl1 =Vdc avg * Idc_est avg;
// Ppv_k1 =Ppv_k; Idc_est avg
MPPT count=MPPT count + 1;
H
else if (MPPT _count < 800){
MPPT count = MPPT count + 1;
H
else if (MPPT _count == 800){
Vpv_k=Vdc_avg;
Ppv_k=Vdc avg * Idc_est avg; 1

Idc_est avg , Idc avg

if (Ppv_k - Ppv_k1)>0) { sgn Ppv=1; }
else if (Ppv_k - Ppv_k1)<0) { sgn Ppv=-1;}
else {
sgn Ppv=0; }
if (Vpv_k - Vpv_k1)>0) { sgn Vpv=1; }

else if (Vpv_k - Vpv_k1)<0) { sgn Vpv=-1; }
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else
sgn Vpv=0; }
Vdc_k=Vpv kl +0.35%sgn Ppv*sgn Vpv;
Vdc_ref=Vdc k;
if (Vdc_ref>37) {Vdc ref=37;}
if (Vdc_ref<28) {Vdc ref=28;}

MPPT count = 0;

//Start SPLL module[In solar library, Texas instruments] >>>
spll1.AC _input = Vac_pu; // Set input for SPLL
SPLL Iph F FUNC(&spll1); // Call SPLL MARCO

// SPLL MARCO Processed >>> OUTPUT: .cos[1], .sin[1]

//Start Voltage controller module >>>

cntl ve.Vref = (Vde_ref); // Input: Vdc reference

cntl_ve. Vibk = (Vde); // ITnput: Vde feedback

cntl ve.Umax = (20);

CNTL_VC_F_FUNC(&ecntl_ve); // Call Voltage controller Function

/I'After CNTL_VC Processed >>> OUTPUT: .Out

Tac_ref=cntl vc.Out*splll.sin[1]; // Tac_ref = I*sin(wt)

//Start Current controller module >>>

centl_cc.Vegrid = (Vac); // Input: Vac feedback
cntl_cc.Iref = (Iac_ref); // Input: lac reference

cntl_cc.Ifbk = (Tac); // Input: lac feedback

CNTL _CC F FUNC(&cntl cc); // Call Current controller Function

/I After CNTL_CC Processed >>> OUTPUT: .Out
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#f DATA_LOG_ENABLE

dvall= (spll1.sin[1]);

dval2= (Vdc_avg);

dval3= (Vdc_ref);

DLOG 3CH_F FUNC(&dlog 3ch);
dvall= (spll1.sin[1]); // not edit
dval2= (Idc_avg);
dval3= (Idc_est _avg);
dval4= (Idc);
dval5= (Idc_est k);

DLOG 5CH_F FUNC(&dlog 5ch);
#endif

//
// ePWM module update
U ref P=PWM CMPA H - (cntl cc.Out * 18.75);

U ref N=PWM CMPA H + (cntl cc.Out * 18.75); //24.7565

// Unipolar Inverter - ePWM Prepare Setup
if (U _ref P>PWM CMPA F)
{
U ref P=(PWM_CMPA F),
}
if (U_ref P<0)
{
U ref P=0;
}
if (U _ref N>PWM_CMPA F)
{
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U ref N=(PWM_CMPA_F);
}
if (U_ref N <0)
{
U ref N=0;
}
EPwm2Regs.CMPA half. CMPA =U ref P; /
ePWM2A,ePWM2B update
EPwm3Regs.CMPA half. CMPA = U ref N; /
ePWM3A,ePWM3B update

LED Countt++; // LED
blink 0.5 s
if (LED_Count == 10000)
{
GpioDataRegs. GPATOGGLE.bit.GPIO12 = 1;
GpioDataRegs. GPATOGGLE.bit. GPIO31 = 1;
GpioDataRegs. GPBTOGGLE.bit. GP1034 = 1;
LED Count=0; // Reset

LED counter

1

else

// Switch A, Program mode 0 (default)

EALLOW;

GpioCtrlRegs. GPAMUX1.bit. GPIO2 = 0; // OFF ePWM2A
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GpioCtrlRegs. GPAMUX1.bit. GPIO3 = 0;
GpioCtrlRegs. GPAMUX1.bit. GPIO4 = 0;
GpioCtrlRegs. GPAMUX1.bit. GPIOS = 0;
GpioCtrlRegs.GPADIR.bit. GPIO2 = 1;
GpioDataRegs. GPACLEAR.bit. GPIO2 = 1;
GpioCtrlRegs.GPADIR.bit.GPIO3 = 1;
GpioDataRegs. GPACLEAR.bit. GPIO3 = 1;
GpioCtrlRegs.GPADIR.bit. GPIO4 = 1;
GpioDataRegs. GPACLEAR.bit. GPIO4 = 1;
GpioCtrlRegs.GPADIR.bit. GPIOS = 1;
GpioDataRegs. GPACLEAR.bit. GPIOS5 = 1;

EDIS;

// Reinitialize for next ADC sequence

AdcRegs. ADCTRL2.bit.RST SEQI1 =1; //Reset SEQI to initial state

1

// OFF ePWM2B

// OFF ePWM3A

// OFF ePWM3B

// Clear GP10O2

// Clear GPIO3

// Clear GP104

// Clear GPIO5

EPwml1Regs. ETCLR.bit.INT = 1;

// Clear INT flag for this timer

/I Acknowledge this interrupt to receive more interrupts from group 3

PieCtrlRegs.PIEACK.all = PIEACK GROUP3;

1

// End of SourceCode.

I/
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ABSTRACT

The control system of solar-energy conversion into electricity incorporates a PV panel served
as D€ pewer supply and needs a sensor sensing solar-array DC current. The gontrol scheme utilizes
the avefagéiofsolar-array current for seeking a MPP of the PV panel. This paper presents the average-
current estirator which computes the mean current flowing-out ffom”a DC power supply and also
reviews the first-order.sliding=mode obsenver which evaluates.an instantaneous current that issues
from the same DC power supply. The proposed estimator and the previous cbserver are formulated
in order to further supplant such a sensor. When the PV panel is displaced by a single-phase rectifier,
performance comparison between the estimator and the observer will be facilitated. Simulation and

experiment results point out the closeness of the estimated and measured average currents.

Keyword: Average-current estimator, sliding-mode observer, DC power supply.
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Second-Order Sliding-Mode Observer for Solar-Array Current Estimation
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Abstract—This article focuses on the second-order sliding-
mode observer which online estimates solar-array current at
distinct diversified values of its one gain. The above observer is
incorporated into the control system of single-phase grid-
connected PV inverter and it supplants the PV current sensor.
The solar-array voltage, the grid current, and the status of four
switches configured in H-bridge are transmitted to the state
observer. Besides, the unique constituent based on super-
twisting algorithm is integrated into the observer so that the
solar-array current with high ripple is estimated certainly
under a ily brief ling-period. Ultimately, the
performance enhancement of the current estimations will be
studied when the one crucial gain of the observer varies.

Keywords-performance of estimation; second-order sliding-
mode observer; single-phase grid-connected PV inverter; solar-
array current observer

I INTRODUCTION

The proliferation of electricity generation from altering
solar energy has been recognized [1]. According to such an
electricity production in small scale or microscale,
photovoltaic (PV) modules are usually mounted on the
rooftop of a residential building. The electrical energy which
stems from sunlight is often transferred to utility grid
through a single-phase inverter running as conversion from
DC current into AC one. Feedback control strategy plays the
two important roles of nearly-maximum power delivery and
grid synchronization between grid voltage and grid current.
Several sensors were adopted to attain the closed-loop
control system that governed the single-phase PV inverter.
Anyway, modern control approaches incline to reduce the
number of sensors embodied in them because of saving cost
[2]. The recent research explicated the first-order sliding-
mode observer for solar-array current estimation [3]. This
observer also known as variable-structure observer was able
to replace the PV current sensor. However, the estimated
solar-array current lagged behind the actual one. Other
methodologies of PV current observer underlying control of
the H-bridge inverter were rarely reported. When the concept
of second-order sliding-mode being so-called super-twisting
was devised [4], it will motivate formulation toward the
solar-array current estimation executed by this technique.
The super-twisting algorithm can attenuate the estimation
lag. Another earlier research demonstrated the super-twisting

Wirote Sangtungtong
School of Electrical Engineering
Institute of Engineering
Suranaree University of Technology (SUT)
Nakhon Ratchasima, Thailand
e-mail: cewirote(@sut.ac.th

sliding-mode observer that estimated output capacitor
voltage of differential boost inverter based PV system [5].
The lag of the voltage estimation was absent. Second-order
sliding-mode control of single-phase voltage-source inverter
was dealt with super-twisting notion [6]. The output AC
voltage synchronized with its sinusoidal reference within
small steady-state error. The grid current injected from
single-phase grid-connected PV inverter was also handled by
second-order sliding-mode control [7]. The better quality of
the grid current was reached. The control law of second-
order sliding-mode manipulated single-phase LCL-filtered
grid-tied inverter [8]. The dynamic response of grid current
was improved. Consequently, it is worth to innovate the
solar-array current observer into second-order sliding-mode
manner and perceive performance of the current estimations
when the one principal gain of the observer differs.

Sol.
o8 Grid
voltage

Transfoemer
16/220V

Figure 1. single-phase single-stage grid-tied H-bridge PV inverter.

II.  THE OVERVIEW OF THE OVERALL SYSTEM

The pondered system shown in Fig. 1 is the single-phase
single-stage H-bridge inverter whose input is attached to PV
panel and a capacitor [3]. The output side of the same
inverter is tied to an AC grid through an inductor. The type
of such an inverter belongs to a voltage source inverter with
switching pattern of PWM. The four IGBTs that constitute
the inverter have switching sequence so that both DC voltage
and current are converted into AC forms. When the inverter
is able to supply grid current that synchronizes with grid
voltage, the electric power will flow from the PV array into
AC grid becoming a load with a unity power factor. The
oceurrence of the mentioned synchronization needs the
specific feedback control system. This scheme holds MPPT,
PLL, inner and outer control loops. The grid-current control
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lies in the inner loop while the DC voltage control is situated
at the outer loop.

The grid-current controller shown in Fig. 2 takes the
error between the grid-current reference and the actual grid
current. Then, the inverter voltage reference is determined by
the summation between the monitored grid voltage and the
output of the current controller. The phase-locked loop
(PLL) extracts the electric angular position out of the
monitored grid voltage. The grid-current reference is
achieved by multiplying the grid-current peak reference and
the electric angular position together. The DC voltage at the
input side of the inverter is regulated by the DC voltage
controller. It receives the error between the measured DC
voltage and the DC voltage reference. The DC voltage
controller will impart the grid-current peak reference to the
multiplier. These two controllers both are structured to a PI
one.

G

Figure 2. Control scheme of single-phase grid-tied PV inverter.

Maximum power point tracker (MPPT) seeks a
maximum power point (MPP) over numerous I-V
characteristic curves of PV panel. The MPP signifies the
operating point which prescribes that a PV panel generates
maximum power under an ambient condition. The perturb
and observe (P&O) method is the sort of the MPPT exploited
for an MPP prediction. The P&O utilizes the two averages of
the measurable solar-array voltage and current in order to
compute the average power arising. Later on it establishes
the slope of the power-voltage curve that relies upon the
average powers against the average voltages. The positive
slope will raise the DC voltage reference whereas the
negative one lowers it. Due to ripple of both the DC voltage
across the capacitor and the DC current emitted from the PV
array, the MPPT will evaluate the DC voltage reference near
the voltage corresponding to MPP.

This grid-interfaced PV system must employ the four
physical sensors comprising the solar-array voltage and
current transducers as well as the grid voltage and current
ones. The electric variable of interest turns into the solar-
array current because the others become two feedback
quantities and one feedforward quantity but the mean of the
solar-array current is treated only as one of the two inputs
onto the MPPT. Thereby the solar-array current is possibly
regarded as the less critical one than the others. The usage

with the estimation of the solar-array current rather than
sensing the real current allows the MPPT to derive the
average value of the estimated current for the average-power
computation. After considering the solar-array current as one
state-variable, a way of reliable estimation for this variable
will be performed by state observer.

III.  THE PROPOSED SOLAR-ARRAY CURRENT OBSERVER

In the previous work the sliding-mode observer was
developed to estimate the instantaneous solar-array current
[3]. The observer was constructed to be first-order sliding-
mode. It gave the precise average-value of the estimated
current when compared to the average of the actual current
with low or moderate ripple. The second-order sliding-mode
observer is also available for solar-array current estimation.
At a very short sampling-period it somewhat reconstructs
accurately the current with high ripple. Its own proper gains
affect accuracy of the estimation. Its main element concerns
the dynamic model at the input side of the inverter. Using
KCL on the upper node of the capacitor expresses

dv,, 1
7 = ‘E(*IL'M + i) 1)
di

o 3y 5
2 n )
¥ =, ©)

where C represents the capacitance of the capacitor, v
denotes the voltage across the capacitor and PV panel, i,
stands for the solar-array current leaving out of the PV panel,
1 represents the rate of change of the solar-array current with
respect to time, 7, denotes the grid current passing through
the inductor, ;- stands for the current entering into the input
side of the inverter, and u represents the status of switches
arranged into the single-phase H-bridge inverter.

Whenever a high-side IGBT and a low-side one of
different legs in the inverter conduct on-state while the other
pair of IGBTs behave off-state and the solar-array voltage
appears at the inverter output, # = +1. When the two pairs
of IGBTs commutate their states and the voltage polarity of
the inverter output becomes reverse, # = —1. When both
IGBTs at either high or low side keep on-state, u = 0.y
denotes the plant output being the measurable solar-array
voltage. The second-order sliding-mode observer is
formulated as

d“;:a W : o
-y Eq—zl-u +i,) vhe + kl,”ey‘ sgne,) (4

ISU

2 & kysgnie,) + hye, (&)
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[+1 e, >0
sgn(e) = [ 0 ¢ =0 (@)

where v, stands for the estimated voltage across the
capacitor and PV panel, fa represents the estimated solar-
array current being released from the PV panel, e, denotes
the error of the estimation on voltage across the PV panel, k;
.k, , by , and h, stand for the positive gains of the observer,
and sgn(+) represents the signum function.
IV. THE ERROR BETWEEN THE PLANT AND THE
OBSERVER

The discrepancy between the plant and its observer is
written as

. de, 1 i
e, = 7: = Fe’ - hl";,- - A'“"

R de,
CR -
dt

sgn(e,) )

= M - he, — ksgnle) ®

where e, i, — 1, denotes the error of the estimation
on the solar-array current. Stability of such a mismatch
deserves to be analyzed further. Lyapunov function
involving the analysis is chosen as

. \2
+ %Ek;,’ey sgne,) + he, — %e, J > 0. (10

1 is supposed to be finite. This declares || < 8 whered
stands for a positive bound. Through differentiation,
substitution, and a long algebraic derivation, the time
derivative of the Lyapunov function manifests

. 1 3
Vo= ——E(Q, - 58k - E'QE < 0 (11)
ev
b Ay
Msgn(ey‘) c ¢ ¢
h
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The observer gains of k; , k, , 4, , and h, are adjusted

2:1 kQC
X 2=~ 5 and

sothat k, > —————— -
2UASHC + 2h) 2

(SHC + 2h)(kC + 28)" - SHC(6K'C + 118)  KC
alCh, - 2h'C) 2

ky >

with b, > 2WC, k, > 0, k, > 0, b > 0,and
hy > 0. The matrices Q - &A and Q, both retain
positive-definiteness. The ¥ gets negative-definite and the
is positive-definite. Thus the ¥ declines and the errors of the
estimation decay (¢, — 0 and e, — 0). The difference
between the plant and its observer is asymptotically stable.

The solar-array current containing predominant ripple
possesses a rather large 8 because its rising and falling
variations are speedy in each cycle. The two inequalities
suggested for gain adjustment imply that k, depends upon 8.
All the reasonable gains of the observer give rise to
consistently good performance of state-variable estimations.
However, the merely substantial k, gain satisfies such two
inequalities whereas the identical considerable &, gain leads
to the stiff estimation that goes numerically unstable [9]. The
huge k, gain is impossible for a practical application while
the two inequalities disobey the fair k, gain. They seem
unrealizable and ignorance of them does not reflect on
failure of the estimation. Nevertheless, they indicate that the
k, gain should be as much as possible. The performance of
solar-array current estimation owing to various k, gains will
be further examined through simulation and infinitesimal
sampling-period of the observer.

V. PERFORMANCE OF THE SOLAR-ARRAY CURRENT
ESTIMATIONS

The grid-linked PV control system conveys its key
parameters as follows: The numerals of 1000, 1000, and
6000 are assigned to the gains of &, , A, , and A, respectively.
The proportional and integral gains of the voltage controller
are tuned to 0.1 and 1, respectively while the proportional
and integral gains of the current controller are tuned to 100
and 10, respectively. The shift step of the MPPT is selected
at 0.35. The capacitor and inductor feature the capacitance of
1 mF and the inductance of 5 mH, respectively. The unipolar
pulse-width modulator includes the triangular carrier signal
with frequency of 20 kHz. The comparison between the per-
unit of the inverter voltage reference and the carrier signal
will produce four gate-drive signals. The AC grid equips
sinusoidal voltage at 16 V50 Hz The incident irradiance
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at 1000 W/m’ strikes the surface of the PV panel. The entire
control scheme accompanies with the sampling period at 50
ps except the MPPT and the observer. The sampling periods
of the MPPT and the observer are brought into 80 ms and 1
s, respectively. All the initial estimations of the observer
are predetermined at zero. The stepsize applied throughout
all the simulations is fixed at 1 ps.

e actual solar-array current
| ! |l estimated solar-array current]
7.95 7.96 7.97 7.98 7.99
time (s)

Figure 3. Actual and estimated solar-array currents at the &, gain of 1.

‘actual Solar-array current
estimated solar-array current

7.99 8

7.95 7.96 797
time (s)

Figure 4. Actual and estimated solar-array currents at the £, gain of 500

When the observer obtains the &, gain at 1, the estimation
of the solar-array current affords undershoot, overshoot, and
slight lag in regard to the actual current shown in Fig. 3.
Nonetheless, the shape of the estimation is commensurate
with the waveform of the actual one. At the k, gain of 500
the estimation shown in Fig, 4 resembles the preceding one
while minute ringing transpires. Thereafter, with the k, gain
of 1000 the ringing shown in Fig. 5 increases trivially.
Afterwards, at the k, gain of 3000 the ringing shown in Fig. 6
becomes softly more plain. Subsequently, with the &, gain of
6000 a retardation in the estimation shown in Fig. 7
diminishes while the ringing is upward prominent. At the &,
gain of 8000 the lag of the estimation shown in Fig. 8
disappears while the ringing is appreciable. With the k, gain
of 12000 the ringing shown in Fig. 9 is noticeable and at the
k, gain of 18000 the ringing shown in Fig. 10 grows
apparent. Therefore, the proposed observer is able to
estimate the solar-array current over diverse k, gains. A
greater k, gain renders faster estimation with more intense
ringing. Subject to this circumstance a trade-off between

fidelity of the estimation and the minor ringing content
notifies the k, gain of 6000.

current (A)

79 7.96 797 7.98 7.99 8
time (s)

Figure 5. Actual and estimated solar-array currents at the &, gain of 1000.

= actual solar-amay current

Y |— estimated solar-array current
7.95 7.96 797 798 799 8
time (s)

Figure 6. Actual and estimated solar-array currents at the £, gain of 3000.
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Figure 7. Actual and estimated solar-array currents at the &, gain of 6000.

current (A)
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Figure 8. Actual and estimated solar-array currents at the &, gain of 8000.
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tual solar-array current

: estimated solar-array current |

7.95 7.96 797 798 7.99 8
time (s)

Figure 9. Actual and estimated solar-array currents at the £, gain of
12000.

current (A)

e

ctual solar-array current
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Figure 10. Actual and estimated solar-array currents at the £, gain of
18000.

VL.  CONCLUSION

Although the solar-array current combines high ripple,
the second-order sliding-mode observer still estimates it
effectively. Stability of the deviation between the plant and
the observer is asserted by sufficiently vast &, gain.
However, the fine compatibility of the ringing content and
performance of the current estimation informs the
appropriate k, gain. When the estimation remains adequately
rapid and the ringing occurs within narrow limits, the
observer will be equivalent to the current sensor and then the

closed-loop control system can maintain its functionality. It
is anticipated that the foregoing observer with an extremely
short sampling-period will be implemented by a
sophisticated microcontroller.
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