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ABSTRACT

In this research, the control of the output voltage and frequencies in inverter
are presented. The inverter is controlled by using pulse width modulation (PWM)
technique. The proposed control employs a capacitor current feedback with a Phase
lock loop (PLL) compensator. The PLL compensator utilizes the capacitor current and
output voltage with a phase difference of 90 degree. This concept is similar to the dq
transform of the three phase variables. The proposed is high-precision control of
inverter for constant voltage and constant frequency applications, such as
uninterruptible power supplies (UPS). This method can be applied to greater output
of the inverter high precision and efficiency in order to control methods of PLL. The
results clearly demonstrate the effectiveness of the proposed control.
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Vs RN Ay W DLl i Rl e
Ay B o gy
Y58
V. 2 s | -
ve(®)= 73(1 —{TanRee ’_”‘C) ) ¢ (2-12)
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L. v 1 a o w o .
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P
tla
o= tan"(‘”—L) (2-18)
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1, = _a (2-19)

“ JeLy +rr
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o 0



19

! @ ¢ o Je) [« ot v a X
E‘l')‘uLLiGﬂUL’e)’WW!G\‘U’J‘Umz‘lﬂ?Jmz‘wuﬂugﬂ‘umﬂqniuﬂvljﬂiﬁ"lﬂ’]’im‘ll&lu"lﬂtﬂumu

S

sin not (2-21)
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n=135,. 1

3

) o Y] [ | Y I | 1 3 = o _ as
wagdwsu n =1 wwhldldadulssneuiuguauadssinidsass (RMS) Wy

v = o907, (2-22)

a2z

Wk )
V« //\gui" 7141
0 ¥ T of
Vo = \ 2z

P a « c e a ¢de [ Vas = o0 @
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« o o N o B ¢
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alrms” alrmis

UUAENNST (2-22) waz (2-23) adduluaunisi (2-24) agidaunisiiiu

V 2
P= 8 cos? S cosd (2-25)

2*J(@L) + R
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(2-27)

2.1.6 snfustiadluszuuisasduasians
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L 4

& o P a Iy o 1Y) v ' < P 1
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a o &
¥, A9 A1 rms YINUNUFIY

ulAwatauRaLiey (Distortion Factor: DF)
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ArudatmesA uAnsuYedndasdiu (drudsenaveriuslind1Aun

n:DFE, =v [v,-n")

Y ) < a s ¢ a A [y o
mngﬂﬂau fgﬁl]u'lfullﬁ\‘lﬂuL'E]'WW!C"\‘U@\??JUL’J@'SLﬁaiLLUUﬂL'ﬁaﬂﬂJﬂ\ﬂugﬂ‘ﬂ 2.11 wua
a ) .cl o ) v o . ¢ o4 a € o V o @
uauWﬂ%ﬂ‘Uaﬂéﬂ muiy,‘lﬁuamaEma‘miuaul,’mimasuUUﬂanﬂﬁ]ﬂslﬂLflu ?" Lasea1nIu

a < < I3 o 6 . | 4 [
suneimesuvuinuiadaslaluusewiu 7,

uwsiuening ¥, anansauaadtugdeynsuSeslaiu

V()= a,cos(not)+ ) b,sin(not) (2-31)
\ite
1 23'
a, == [v,()cos(not)d(ar) (2-32)
R,

b, =% f " v (O)sin(nat)d(ef) (2-33)



$H3IIAU
Vo
A
VL
N t
T2 T - 3a
-VL

A dl' ar a < L4 d o
JUR 2.11 JUARULIWUTBIBULIBIADIUUUANALY.
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=% <
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v & du- N Aud‘llo s 1 < Afd‘.’-
AIUU Eﬂﬂauaiy‘iquuiﬂﬂuﬂIﬂVl']ﬂ'\‘fxlﬂgﬂﬁuil'lﬁﬁﬂiﬂﬂau RN1Z81UBUAGARA ‘b

AedulsznoviildthiauslugueynsuySeslaidu

b,=2 [y, @sinnatyd(ar)
¥/

=2 [V, sin(nor)d(ar)
T

= 4, awmsun =135,..
nw

(2-34)

= v & < o @ a ¢ s 2 a 2/
Tasmsauld a,,b, Wudnsh arnaums dmivduneiineiuvuianuindazld

v,()= Z,;u 7

wazlunsdlvedulesinesuuuiausadagiidu

v,()= Zﬁw

' 1 0o @ a‘ Y =Y &<
A1 rms YasdIuUsENaUaUT n T89BuneswesuuufinuSAdAe

- 0'9V‘ damiun=135

Y 2

- (2-35)

- (2-36)

(2-37.1)
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wazluduefwasuuunusaine

,
nr Vv,

(2-37.2)

Vnz

° ars P ’ [y ) ' ) & a &
dwsu n = 1o AwssduensiBued (rms) vesdiulszneuiugiuresduliesines

wuuinEes
V=097, - (2-38.1)
wazdwsudunesmasiuuiuuad
V. =045V, (2-38.2)

Tasmsldfaunisil (2-28), (2-37), (2-38) Fuslpwmefensueiinddduit n 1wl
Teiiiu

n

L Gr AP LR 357, (2-39)
> 5,1

2.2 wénnsveunaaengy

a

[ - Aﬂl e € e = s & o
wadeagUAnlwsildlunisduasgidygrauniinandygyiaviadinnainiees

a LY P @ a A o (Y] a o o [Y]
seadaiaweuaindygaidudyaudunnvsenenidyanusd asvihvdy g

& da @ o ¢ o ‘:1 ey o ¢ o a N
aeteglurnudifeiu WasduaTelunldfenssdunszidygiaussiy (Voltage
Control Oscillator: VCO) sguuasmsduaseidygranzduanzidygnausswiuluviing
Wisuilsufiudyanaduns lnsasvihmslSsuisumauasinmsauaulidygruviasd
4 A U Q L4 1 5 U
waiinsimileuiu Tuunssinavveaadengy (PLL) anudiiusveaawmaiduavgniull
v o ) P o A 2 ‘ ddae v
Wineh dniludssinvdugaansaiasyimaBeundadls uiamudnduamedldtueass
\Aansdealnaiiuly

Ussinvvaaviadongy annsauvseentéidu 2 Ussandsil
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1. wadeaguuuuidadu (Linear PLL)
2. wiaforguuuuilnea (Digital PLL)

%ﬂumuﬁ%’aﬁ%‘lﬁWaﬁaﬂqﬂLLU‘UL%&Lé’u (Linear PLL)

2.2.1 guitugu
= | & > 4
~ venlaezunsuinanduguil 2.12 \Juguitugureaadengy vauediasasiildlunis
@ < a £y = ‘ <

dauaseiifiensnsaiuAuusny (VCO) mild fimnudlagnildsununisneuauaitasnigs

. o o ‘ - oo
AIUANUSIIU (vp)  Taefl v,  aunsafieziunszuadld luasesilSeudsumaiinnig

o Y a o u < Y ° 2 s ol
Wisuiilsudygrugdaiudygiunuainiesmuauussiuasinvladyguniinng
o ' o S o ] g [ [
IaguLUamUANLLANANWAN S DNABE YR IURANI9TENINNE (vy) LLaza]::gnaamulﬂm

a a4 o v o e v v w

293n383A1D Wphagldvinnisnsesrmanliddenisesnlvauliludyyruatuau

USIU v, Beenuduiusseninedygia v, uag v, @annseiasfissanididu v, =K, v,

FaazdanudWalunsesnuuuraneuausue e nadengu[18]

(PD) (LPF) (Vco)
K
v,(5)=K4.(5) () =Fs)v ) g.(s)=—=v(s) .
d’in : ﬂn(t) V4 (t ) i V, (t ) - 0t q’om(t )
¢,@)

o My |
UM 2.12 2e9sidafengUuitugu

fAUNING @, =d@,, /dt  ILIANIIANUEEND @, =dp,, /dt uaz

=1 o L4 4 o 5 <t ' -2 =t

vy, = (@, — @ —0) WVaRaUIAT eI INMIH U, Uuilmanauduiu 39
o g v o v v o & 3 - o ’ ) < o ¢

Wil @, Al o, duluradenglagyimstsundurnudvesdegiataning

Val & 13 Qs A o« 1 < < 1 A ]
a,., THliawvinffuauae1eds a,, muwmﬂuauwagmmﬁwﬁ Ao sddinnnuasazlal

updUAMINALBUNGIADUNA A,
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222 sulszneuvsunadengy
2.2.2.1 19350539d8utHd (Phase Detector)
rsaTvasuaIsimthilunisasavaeuaLansaavasdyy B
a @ as d o e ’ ) Y = T
Suneiudyaae Vi IdaaT1einNIRIAIUANLIIAY (VCO) Fayuauuandawals
Wiy 6, uazussiufildamuasasgeauade v, Jweuduiussswing 6, fu v, 3z
& a v Aoy oy a I ) 0 9 v
Wuwvudadu waslunsdinlififyguduwn v, Wandaasanaasua sgvilieas
a o a . 4 =
asdeuNaRARLIIUBasyYUALAN (Free-Running Voltage : Vg) Tuun Mazdianiu
- ganndesfiuaruuanstaa 6, Wy — 7 /2 wReul18][19]
] - ] a 3 a s o v o
- dumwanssresviadunauavvae iwafinnnaesmvauLssiuasiiulady

6.=6,-0 (2-40)

A
gﬂum‘iﬁ]aﬂLLUUﬂ’J’]ZIJﬁ'MﬁJubSﬂJEN’Nﬁ]'iﬁli’J’il?ﬁJ‘UL‘Wafﬂsﬁﬁ]ﬁmﬂﬁﬂﬁﬂﬁ’]é’ﬂiﬁ‘umﬂﬁa
K, =dv, |de, | (2-41)
zv‘iﬂﬁlé‘\’awsmsaé—aauﬁauﬂﬁL%ué’mﬂuﬁ’aﬁl .
v, =K, 0. +V,, (2-42.1)
Taeil K, Ao é’mswma‘uamﬂimaaﬁ’ULWaLLasmmﬁ fivhedu ladrawsifiou

2.2.2.2 19935MIUANLIIY (Voltage Control Oscillator)
v o v A dg o
2995AIVANLTIRUIsTauanTRlun1sHEnAI LD Tnefial1udYe97I9RIAIUAN
wssriuRerintuBuduvaanssduaiuny (vo) wWu infmusdliusedudianuuasusgludag
o < a 3 [ o o W Yy
0-4 V uagnvInualLstuaunsafivendnaudldlugid 0-8 MHz Fullauseduiilaain
s ° 8 Y < I ° v v o o
2InTRdaumalinIAuANLssiuluszuumadengy Nezvinlaussiuniiaiug

v @ v -
LaEJ’JﬂUﬂ‘Uﬂ'J’]QJﬂE]'NEN[lm
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TumsufjdRnuuuvaunfinuasszuuadengy denisdengnnszvilasanaad®

. @ I o o =
Y99249T9TIVABULNALAZ919IMIUANLSIIY Tun1sderezliulunmuteultie o, =o, lay
ApunNUUsEUUALIINIIMIAIANULANAIUNE (6,) :MMeeTRTRdaua uagazdean

[Y) et V-vr-v @ - a s ' .Y .
U599 (v,) Pilarnuduiusiutuudedulidnnsmuauusiny kaseesnssgauiasm

anuuansnsenaldidulunuaunis19] Ae

Ao, =0, -0, (2-42.2)

bt}

o L S PR | [ L 9 1 = < 1 e < > |
LﬁJE]L“U']Q‘U'N‘UENﬂ’]ﬁﬁE)ﬂLLa’Jﬂ']LQaEJ‘UENﬂ’J’]lIﬂ @, WINNUAIUD @; I1ON

Anuuanasrsuaiindufssialiiiauuansraiaanasaulugud duifensidng

u

annzaen

]
<t

dwsunaautivenasruauusduiieglnddisanuiiminisieatiuazgn

<4 U . Y L7 A v 1 d"
L3803 ﬂ'\@ﬁli'ﬁlﬁﬂﬁ]‘Uaﬂ'l\ﬂf\]'iﬂ']llﬂlﬂ,ﬁ\'lﬂu (Ko) VILL‘VIUIﬂﬂ'JEJﬁNﬂ'ﬁC‘]'@lUU
K, =do,/dv, = dAa, | dv, (2-43)
' 4 A : P> o v &
LLazﬂ']ﬂ'J"lllL'UENLU‘UF]')']JJﬂﬁ"Iil'ﬁﬂ'VWSLTJEJuaﬁJﬂ'ﬁlﬂLﬂu
Ao, =K,v, - (2-44)

= [-] =) (74 « e/
Frvhlirnuivedygateminagnaualagusiy

o,=0,+Ao, = 0,+K v, (2-a45)

o o

DRI UB9RT VCO Tivtaidu siisusalian

Taeil K,

da a
AMUANDATEVDI2997 VCO

S
I
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2.2.2.3 guilawmas (Loop Filter)

guilawmedviensasnies Fuvimihilumsanvuavesdynusumuiintu
IR v, %‘?lqé’l’tyzyﬂmiuﬂ"‘:‘ﬁﬁ”’ummﬁué’zymmﬁ%ﬁwasiamsnammmﬁwamwsmuqu
- ugedy Lﬁaﬁﬁ]siﬁmimuQuLtéaﬁ’uwﬁmmmﬁﬁgné’famajué'w Tedasdinsnsesdynndila
feemseanty Tnensasnsesiialfifursasnsesanuiivh (Low Pass Filter) 3sasvihinisnses
: mmﬁﬁqqaan‘lﬂ[ls],[19] wagazylmdudyaailninssuanse

| iﬂumsaaﬂmewsnsmmmﬁazv‘hléiﬂanmﬁuﬁhLﬁuﬂézqﬁ'ﬂlﬂums (il

v‘imﬁ'ﬁﬁ’lumiaﬂﬁ’muzy'lmsun'auﬁlﬁuaauﬂsznawaqlwﬁ'mssuaaé’u usduUsznaulwdn
nszuanseaslifinanszny %aé'hLﬁuﬂizqﬁuazﬁaaﬁwuwmﬁlw@ﬁmwauasmmzauﬁwzﬁw
Wnmsnseatuledefiusednsnm

dmsunsuawasda ﬁ‘ﬁ’wamwsﬂsaawwa%‘wu:uUmu-ﬁﬂaﬁmsaL‘ﬁauiﬁﬁ'qaunws

F(s) = (S [& ] (2-a6)
s+,
Lﬁ'i)
.7 Rk
' (R, +R,)C
N
d)2 =
R,C

ld t ld 4 L4 1 1 <%
lnglwasvagi 1/(r, +7,) uazdliazagn 1/7, Weswnlnatesnindls Sudhy
NINIBWMUUAL- (lag-lead passive filter) watinundu@adusiun

- dmfunsaeditiiurenesnsewenivannsoBeuldsemms

F(s)=K, ( o iZz J (2-47)
S+ @,



30

|
R,C,

K,=-C,/C,

a, =

- - - YT} ° o ' | K] a ot ]

2snTuvULeniiviiaunsafimuaiuwidnauazdlsidegsdase Feasiinnw
e a 174 tar & (XY *
Wuldaeuuadgausuniuaztvegnuiisaaiiaud

o QU = . :ll o

dmiunanauausInulvenInTes [F(je)| 1 iduussnaunssuanse
: u = < "o
Adnswensaniiu FO) = 1 uasiimudgendaneeieaniu X,

saifu Tussuvveaadengu mdnsreeeviaunandunud
G(s)=K,F(s)K,/s (2-48)

31 F(s) 1y anansafiszunumldmersnsivgsveneasnsasnieal K, Al

L'iwxléﬁhquuuﬁmﬁwmszumﬂaﬁaﬂqﬂ[19] fa

5] TKIRKDEK € JIiS (2-49)
)l B
s IF({:o)I(

o—MWA 4 - OdB | ,
+ * : -20 dB/decade

R} :
Va Y E

P
> DY T+ 9B T . .

' ] L logiofw)
U+12 . Y]

gﬂﬁ 2.13 2995n39en@dvuuuniu-i (lag-lead passive filter)



31

gecssnacaaces

1 lugn?lm)'

2=|

Ul 2.14 2993nsBsUBnTiH (active fitter)

) v <l o
waglussuvveawaionguannsafvsdeunuameiiteiduldidu

0,(s) Ks+ Ko,

= (2-50)
0.(s) s +(K+o)s+Ko,

g @ 1 Y & o v & [ -4 17 P
szt tumdrutuluauniniasaes ﬂﬁuu1u53'ﬂ‘l]LWﬁﬁﬂﬂQﬂﬂﬁ]SI‘U'Nﬂ'ﬁﬂi@ﬂﬂ

WWunsasnsasdunuiiaas

2.2.3 mawSysutheuia (Phase Comparator)
TunmsiSsuilsuinatuazivianisissuiisusuusundsnLasiuufInea Fauuu
fImeatuazilunvuatislnl dwvsunisiFsuiisumasdisieagldnisauiu (Multiplier)

Qs u o ) A 5 =y 73
vy udosdyguuditluiiulsasnsanuda[18] Mnnisauylvidyyiudes

L) (3

Fyanadanuuandnsiureaa Taedaygaduwndu v, sin@f) uasdygraemivaiy

v, cos(,t + $(t)) azvilildussiueninnnnnispuiuvesdygnavisaaatiuf19]

v, =V, sin(@,f) x 1;0 cos(@,t + ¢(1))

= 22 sin((@, - 0,)t ~ $(0)) +sin(@, + @, )¢ + $(0) (2-51)

T U -] 1 d 9 = o 20 = 124
LBWINRUY v, Qﬂﬂ'ﬂ.ﬂﬁﬂﬂ’)\ﬁ]iﬂia\‘iﬂ’ﬂuﬂﬁﬂ «Ua%m’iwwaﬁwaawaaaumime‘uu

gnidaeenty ssvilivieguauniseisil
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v, =22 Gin((o, -0, ) ~40) (2:52)

) o

wude ussuiuflsdduresrnuunnaruna (o — (@, + #@))uuusiusiviula

FEVNAYIUIIESY

2.2.4 Wadeaguuuuidadu (Linear PLL)
L=y o 5 o = < 74 A
Tumsinseimanssiveunadenguiu ssiinslanedluglladumdums

Gonmnul AinssvihaunseiassiuBuweaiidng vco dufiddugudiiufieagluannzden
mugUuuvresdaduiiwitbassdsuiiunndiignienl19]

miﬂizmmszumwaﬁaﬂqﬂwuL%«él'umngﬂﬁ 2.12 Msznauludnensasmsieaey
IMle993NT8eAINALeL9T VCO Faagviilimusuae Sladdurasssuuldifumuanns
il (2-50)

MIIATTRANBUAUBIMUUANY lntanydil v, (¢) =V, sin[o, +6,(1)] awnsn

L4
o

Fiasrzilasiail

o dunalinisiayundasuutrutiule 6,(6) = Ag-u(t) azvinld v, Linas

nisimmmaLWaLLaz*uum ﬁ'ﬂLLaﬂﬂugﬂﬁ 2.15

o drrmdinisisuniasuuututiule o ()=, +Ao-u@) zld
v,(£) =V, sinfo + Ao -] =V, sin[wt + 6,(1)] ey 6,(6) = Ao -+ ldaTudeyga
a9 (ramp) é’mam‘lugﬂﬁ 2.16n.

Y e o \ A da) Y
e a1AuadnITIdaYuRUaILUUaIn (ramp) a)l(t)=a)a+7-t azla
: t

¢ 2 v ; 2
v,(£) =V, sin j(wa+d—“’-t)dz - Vsinlog+22 L s 00=22.L &
5 dt d 2 d 2

uandluzuil 2.16%.
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i)

(D) R
1% ‘
AdD

T

>/
Y = Y
5UT 2.15 nswasuudaarauuuiuiule

vi(n v

ANNRNAADN . ,
VAV AATA'AY)

ol

Wi F'y
. ) -
Ao h XY Slope = Aw
T R 4
, 04
610> 4
Aoy 0 b p
T > - !
m (v

< = i & o
JU# 2.16 msasuwUasninud (1) wuutulule uag () wuvan

2.2.5 an1azaea (Locking Action)
Y a\lw o '3 dé v <t °
NANTILALIMULDMHATBINIINTAIAUAAWAT (v,) AEAUNITN (2-52) 0
nmsfisanlagld () =0 uae o, > o, Wwhliusiuameamse(v,) fiduduuin uas
Tumemssiuing o, <o, wibiussiuaniesnses(v,) fidntuau Flunsdivisaesiina
1 < d. -7 U . .24 AQ
fenguazegluanniglifen Aeaudivessvsaiuguusdu (vCO) fiAwinfumudidasy
. o 1 P |
(free-running frequency) u,mmewaﬁaﬂgﬂtifﬁgamwéaﬂ mmqnixmumsmwaéaﬂqﬂ
l:‘ [} =l J QU
wasuanannehifealyluanndensziSenia nsyuiun1sdu (Capture Process) uwas

d v 5 v oW o9 v < o o w o
Lﬂalﬂ'lgaﬂ'ngaﬂﬂu,aq uuﬂﬁﬂ35'"']114?\’3']11‘5\‘1]9\13\3"\]'iﬂ'JUf‘]‘llLLiﬂﬂu (VCO) danwninumalun
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o 9 v ) ' o v v o ¢
Rsvedygadunn Wl o, =0, dwaliruswiuildannasniss (v,) daudugue

[19] Ssmadngaamsdenatianansnuanulugunswiladeguin 2.17

Vi)

>
>
>
S
=
>

]
<
&
&
o
=

-
§
—~~
—~
A

L

=
L :

T 1

L I A ] [ I | ] o ]
a 4 3} . ta LX) L] L} r
DR AR A AR AL LT [
L ARl ol B R K o ol
Instamtancous values of v/

ey
o

dl -7 1] 4 [} 1
UM 2.17 zygyﬂfutwaéaﬂqiﬂumaLﬂaaua]Wﬂam'w‘l,uﬁaﬂ"l,ﬂqaquﬁaﬂ
pr N Fo P ° o9 v a1 o X @ '
nguil 2.17 efunelafe e v, 1 v, i v, fAwiudiy ndwntiy
[] 1 d U d‘l -]
srevaminlaglnInsasderalinnuiuaiesaunuusdiu (VCO) awgddy villvianu

1 1 L3 A
iaaanasutadenguidngannziendsgun 2.17

2.2.5.1 madeagUidaduluanisien
. ° | o ° o v f
lunmseuiumdimudvenisaon sudufinsdemsiuaruunnansauwa
nmsldasasnasuma mahnurenandsumaunaiavaglugie 90 89 way

[] a =4 @ < o [ o
6ﬁﬂﬁ]$ﬂ1€7ﬂLWNQQ§ﬂ1ﬂﬂﬂ 360 99A ‘U'I\‘]Iﬂi\‘ia'i']\‘]‘d’e]\‘lL‘NﬁaE)ﬂij’ﬂﬁ]31/]’1ﬂ’1§LLU\‘1ﬂ'J’lllﬂE)’é]ﬂN'l

ada T

A‘: ) 1 dl [} o ld
Fnsdituaiidasiivgjinn Fuhweaviadunnazegil 90 swn lunseliife —2-K 4K,
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o fetuarelauvanisaTnsvaaua
flvdyaadunadu v, (¢) =7, sinfoyf +6,()] uasdyniuaIniasaIuau
wsadtu (VCO) u v, =V, cos[w,t +6, (1)] w&ldduanaewinarenasasivdsuaiiu

v Al

- v,(O)=v,(t)-v,(t) = V,sin[ayt +6,(0)]-V, cos[a,t + 6, (t)]

4

;2 {sin[w t +6,(F) - agt —6,(H)]-sin[ot +6,() +o,t +6,(D]}  (2-53)

futafenguegluannieden viie o, = o, wld.

W,

2 (sinf6, () ~0,®)] ~sin[2at +6 O+6,00) (2-54)

v, ()=

rarfivesdusznoudynumndas (gnidalagisesnied) sxmbeaumatu

v,(t)~ Vlez -sinf6,() - 6,(®)] = %sm@ ®) =K, sinb,®) (2-55)

& 6,(f) Tirnten a¢ld v, () = K,0,() sy Snsmgnevesisasasivdsuinady

. ="
=

o ilsituaieloussasAIuALLIWY (VCO)

A o 2 Sl 1 U
— ATUAERUIBNIRTATUALLIIAY (VCO) Henviniu
0,(t) = o, + Ao, () = @, + K,V (f) (2-56)
< - W 1Y) ' -
Tneit K, Aednsvenaraninsmuniusdiu (VCO) fmhatu midew/Guiiix

Taad)

— WAYBNIIAIVANLIIAU (VCO) fiAwvindu
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6,(t) = [Aw,dt = K, |7, 0t (2-57)

vnsuadifegluguaruarensiuanesy (Laplace Transform) Wu

: K
8= > P
’ ’ s

. [ =) 14 Y <
o wudmemewadonguiiuduluannzienddlugui 2.18

0,(s)

—  flitudelounaveuadiongy H(s)=
: ©,(s)

F(5)©,(s)

0,(9)="2v ()= Ko Py, (9) =

KoKd
S A Y

=%F(s)[®l(s)—®2(s)] (258
H(S) i ®Z(S) /B KoKdF(s)

= (2-59)
Oy (s) s+ K K, F(s)

H.(s)=1- H(5) =——— (2-60)

s+ K K, F(s)

1+s7,

—  futadergUlirvvsnsosuumadn  F(s) =———2—
1+5(z, +7,)

KoKd(l+srz)

7, +7,

E 1+K K7, +K0Kd
T, +7, 7, +7,

H(s) = (2-61)

2 Y] o~ 1 +s57
— ﬂ'uWaﬁaﬂqtﬂ‘u'msnsmtwuu,anvnw F(s)= K"(l 2 )
+s7,
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KoKdKa(1+ST2]

(3!

2 +S[1+ K,K,K,z, J+ KKK,
4

H(s)=

(2-63)

Phase Dclccmr

d

) K, A
05y =—= V,(S)I K, VAs) =Fis)Y,(5)

4

l s
Uil 2.18 wuudnaewsunaienguiduduluanizden

— Iwalutilgandudiuses HEs) ansadguluzvuesunladliiy
; P P2 = a .
D(s)=5>+2cw,s +o,” loeft o, Aaauiossuyf (natural frequency) gz ¢ = A1
- unnts (damping factor)

— fwtadorguldiasnssawuumain

a, ‘ 2 :
sa)"(Zg—K I"( )+wn :
H(s) = o d (2-63)

2
s’ + 20,5+,

- z’ﬁLwaﬁaﬂqtﬂ%'saﬂiniaauwu,anﬁw

a, 2 ’
S“’"(zg”mJ+“’"
H(s)= ol d @ (2-64)

2
s +2m,5+,
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e o, = wey ¢=—271, +—-—r
s 2 K,K,K,

— & K,K, >0, vie K KK, >> o, frduiounesily

2 2
+
2¢co0,5+a, s (2-65)

war H,(s)=—

H(s)=
s*+ 20,5+, s?+2m s+ o,

1 = - Y o )
—  mseevaueswemswArutlatiauuuiutule (Phase step response)

6,(t) = Ad-u() = ®1(S)=AT¢

Ag Ags?
® =H (s)—=
Jilg e s s(s*+20,5+@,”)

Y
I8

2

0,(t)=S7"10,(s)]= A¢[cos 1-¢’o,t— sin l—gza)nt]e'g"’"' ,c<l1
=Ap(l-w e ™ , ¢c=1

= Ag(cosh g —la,t - \/gzg——_l-

sinhfl-¢* 1@ t)e™ " , ¢>1
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T v TT

0

-10

IE(jm) dB

2
A
TTrTr]yryry
|
|

-30

L

Ty

40 A PRI < A -

0.1 I

gy

a a <
gﬂw 2.19 N15ABUAUDAYIANOVDIH(S)

FatuAANRaNa U AL UANIZ AN (steady-state phase-error)

0,(0)\= lin(} sO (s)=0

' q‘ =~ O T
— ‘nseevdussiensiasulUasm maRuuTuTule (frequency step

response)

Aw

2
S

o,(t) = o, + Ao-u(t) "= q, 0(D=0o"t = 0O,(s)=

Aws® Aw

sH(s*+ 2o, 5+0,) s +20,5+ 0,

Aw
0.(s)=H,(s) = —

0.() =310, (s)] = ’2}—“’[

2
n

sinyl-¢’o,t e , ¢<I
1-¢

A
= —w((ont)e_g’”"' , £=1

10 100
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fulusanuiananveanaluan1izaifl (Steady-state phase error)”

o Ao .
7] =lims® () =——— : 2-66
e(fO)_ lims f(s} “X.KFO) (2-66)

— Susuveuradenguavgnimualasduilnavesilaidu His) Taevialusunu
reunafongUatviniuduAuveIaINTad+

o @ oo o a - 4 ' h
— WafongududunivileRe We Fis) = 1 .

C) K, K
AQME LY uag He(s)=1—H(s)=————S
e, s+K K, s+K K,

[/]

H(s)=

d i -\ 1 -7
Tuvugfirnnad -3 dB wuuminaaswiniu K K,

t o @w . & @ v oad & oa ' a = '
wnnd ivwadenguauduiviidiniseavauswamsidaguilamisin
a - [V t = o - = 1 o e ar
—  IngunAiadenguduauganimil agfivilalnanaznile@laandndaygu
sumuldazu Taglhivildanssanas (Ui 2.20) Fagsosdinisideumailaiiiy 90 8

(€ fietien) owilifszuuaiengulitatiosnm
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Open Loop Gain

- -20dBfdecade

0B

-2/ decade

JUTl 2.20 nmeusUBuIRIRvBNHaRDAgUSURUZS

2.2.5.2 ansdhganmazfeavesnadonguuuuiadu (Acquisition Process)

o (oadenguliegluannzion viliianudaainniliannsaiesld
wuudaeadadula

. ‘&qgﬂinﬂiﬁaﬂ (Hold rangé, Aw,) Resuanuidunailvladenguaninse
ShwnsaenuagmumsisuuUaswa(Phase tfacking) A

o dafin13don (Pullin range, Aw,) Aevrsnruddunpiiiadenguaunse

E ] -3 ¥
dhganmeienld

' A da P P
e 421380 (Lock range, Aw,) fetnanuddunaiivadenguanniauing

v

I [V 1 < ' da = @
anmzdealdmelutiswiamils seuhmuddunauasaudvesasaIuALLIiY (VCO)

1] (] A ¥ 1
e 919pIM3a0A (Hold range, Am,) Anmananudseidniiliradiia

1 .=t
NI —— IR —

SR
oy

o,(t) =0, Aoy, = 6,(t) = Ay, -t = @l(S)=A—f)
. s

0,.(s)=0,(s)H, (s) = AS? s+K ;( F(s)
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it ) = e .
o Ku Kz] F(O)
il 0, =+7/2 Ao, =+K,K,F(0)

dwiunasnseawiadn Ao, =K K,

dwsuiesnsaweniv Ao, =K K K,

LY e
4

| ¢ [ loldJ-in Range /
je=———Pull-in Range L
Z |
_:-.n../\auw n,-Amp 4
e
-— - =" Oin
) o+ Amp w0, + My

L7

U 221 Fasmudnsvin nuredaeng

o 9i3n15ane (Lockrange, Am,)

— \\amdliadenguludeswazivanddsunaiu o) =e, + Ao 2ld
V() =V, sin(@, pADE) _ WATLSINUEINAYIIRsAIUARLSIAY (VCO)  1Tu
v,(t) =V, sin(w,t) ssldusiduaninnvesisasnsivaeunailu v, (¢) = K, sin(Aar) +
aarUsENaUAINIAS

—  MEIINKINI99INTBIALARUEI I LTI UBUNAYBIIMUANLT IR Y
(vco) u v, (1)~ K,|F(jAo)sin(Aor) vh'lv”uﬁmmsuaqmm%ammﬁluﬁmzym
10 WMPYBI2993 VCO fdluguil 2.21

— 1 Ao > K, K, |F(jAo)| awiliwadenguliaunsadenld Funadongy
szdenldfdoiile K K|F(jAo)2 A0 Fedugaan1sdendefiaiviadu
Ao, =+K K, |F(jAo) ﬁﬂugﬂﬁ 2.23 IﬂaLWaéaﬂqﬂmmsmﬁaﬂqﬂ‘lﬁma‘luwﬁ'q

AuLIan (one cycle)
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o hamng@lviiimsiennieniuuudiovivensasnies wwld

— A msursesnsaannaav

Ao, =K. K |F(A0Y ~ K, K, —2—~+K,K, 2 (2:67)
7, + T, Tl
— Fusursasnsasuaniiv
Ao, =K, K, K,|F(jA0) ~£K K, K, (2-68)
(1

1
2 o [ o e ¥ 1 - ) LY =1
- ﬂ’\E]Gli’I‘UEﬂEJQU‘U?NL‘V‘lﬂﬁﬂﬂgﬂﬁﬂ'ﬁﬂﬂ %2:’191’2'1‘(1’3\1ﬂ']'i’s’li)ﬂ'd']“l’liU'N"x]iﬂiﬂx‘iNﬂ']

Wiy Aw, ~ 2w, uagnaildlunisden (Lockin time)  dlAnssanavindunils

auan T, =

Ju @,
1 < 3 .
e g239n1568A (Pull-in range, Aw,)
ag v o (¥ t da [ ::4'
— awyplivladengUliteauaslirnuidunaiiu @, =0, +Ae uazAIug
YasesAIURILsY (VCO) v @,
— Ui 2.24 uamwsiensidnderveunadenguiiesnn A, <Ad, i}
A g 4 L4 t d a : o g
mdvesdyyasuuIntesnimbvesdygrasiiuay ilidya e vinneans
muALIsRy (vCO) gniudrgmnud o, meludisaaifensidiaen (pull-in time) ¢

uandlusuil 2.25
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/' UV \K

(1)

>

= a ) < ) -
SUil 222 msueguandirnudtudyaraueinavesmuauusiy (VCO) die

Freq

4

(U]}

Aw> K K, |F(jAw)

uenc
Y ") =)

KoK F(jAw)

3 i 7 /\
ﬁfoz(r)/ \ AI’ 0 \ / \\

i rasns o8\ ‘e TAY

( "(;

\ . \ vi \ \ .
\ / \/ A / \._ /

A\ N W N

> 7

gﬂﬁ 2.

Freq
4

a s I Y -
23 mMsueganiinualudyanuieVinauenIuALLseiy (VCO) We

KK, |F(jAo)z Ao

uency

A 1 -
JU7 2.24 Franariinsienvenadengy
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JU# 3.2 BUNDADSUIINULFNUSAT 1 a WUU 9 SEeu

]
s o

U7 3.2 HunnsBunesimesifuuind 1 wla 9 szdu fivmuiuianduneiines

s = ar a i3

a a ¢ - & =3 tes o e vt
Wuused 1 wla 2 92 Fessauusediueinatulrduegivussiuniluuwvaingliv
o ° & . | o u- el & - & ) o o
nszUEnse (DC source) 142U 4 Pauazduututesiawunsaindasitulunmadu
€ o = @ v o = ! &,
yesgunsaludazal Feszdunssrudunavediiiinszuanseiarusalsulluaunns
auduiuslaitu
Vv = Vet Vo +Viaes +Varea (3-1)
o e o & L L3 a L3 L3 s b g =]
Tnefienuduiusvouswiuemwalurnsduneiweivaesediy uandladmian
31

-~ Y ¢ a ¢ s Y]
M99 3.1 WEAWLIIAULDIWAYAINIIBULIDIUADT 9 FzaU

a LU u, u=u +u,
0<a<aq 0 ~ 0 0
o <asa, 0 E E
a,fasa 2E 0 - 2E
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o € o Y ¢ a ¢ 4 o
a‘qniu'vj,Lsaiwaagﬂﬂauuimmmvmm‘luauna‘smawmaswuuuumaLﬂ@\

(Cascade) finamaegluls] anunsadieuldluaums

n=1 7T k=

V. (of)= Z[ Zcos(na,,)ilsm(nwt) (3-2)

i1 Qs (=Y Q‘ d ) ’ o L
wazAdulszavs (k,) veseynsaBesluaums aunsadmualdlu

= —Zcos(nak ) (3-3)

T k=2
o
Wan=1,35,..
3 8/ a ¢ L3 5% < 174 a
Qﬂﬂi%ﬁ\‘]ﬂ‘u@\‘iﬂ'ﬁl‘mGﬁ]iEJUL’J’E]iLW@?W&ﬂUiSﬂULL‘UUﬂﬁﬁLﬂﬂ (Cascade) Aaldivaln

(3

Q. o o v ¢ o 1 a
naveglandygiauuy PWM - Adygrawadidunuudrdutu lneyguvesnnsainday

I T oV & o st o o d A4 oA 1w o & o v
Wy, o, 0,0, < TumsvhenSusliaddusviivilaiaihfusssiuiugidesms

o w a o - v of = p s
@) wazdumsidaasueiiaduuuinizandentd datumsuszananiivsslenidums
o oV as A:! L3 = [ ar a: 1 5 ] d o
ihlvldduuawmesinidy 3 wa Feansustinddudun 3 vedluwdasiaiuliannsafazinin
ganldl Sedndudesindnenduelinddudu 5, 7, 11 vasArAuRaNeusn fuetindsiu (THD)

a ¢ P2 4 X - v & . .
wnu gUuvunadnaansiuangluls] muRsuluvardtuausadsuldiludsaums

—”E(cos(a[)ﬂzos(az)+cos(a3)+cos(a4)) =V

cos(5a,) +cos(5e, ) +cos(5a; ) +cos(5e,) = 0
cos(7e,) +cos(7a, ) +cos(7a; )+ cos(7a, ) = 0

cos(11e; )+ cos(11a, ) +cos(11a; ) +cos(11e, ) =0 (3-4)

auns (3-4) ﬁaaumsﬁ'lé’mnnizmunﬁﬁﬂ%v'ue“mm‘ﬁnszmumiﬁ'lmml,%aé‘hLmﬁ
hilfluL%aLé’uﬁlﬁ”i%‘nﬁﬁ'lum%"ﬂwNé"sLammu‘i‘én'\waqﬁaé’fu sidu 3nIsmsuntgviann
Soulvluaunisil (3-4) ﬁgns’fm'«wLﬁulﬁ'jﬂlﬁﬁeiauﬂizﬂauaﬁuaﬁﬂﬁé'ué'uﬁ 5,7, 11 52u8g
fe TumsTaruszavsnmassdyanausiuievine eiadluguvesmafiniieuss

wetindsau (THD) FwandlugUaunmslaidu



49

Y H:

THD = 4| =2 (3-5)
H,
o 44
Toeh . H, f9 3uievsinnunnugu

<4 3 a o e d
H, fio vwavassueladdui n
a < ¢k 9 7 [ a 4 s (] (Y] = S
sasduneimeslilunmageutivaziiuvinsunesine sundsnsussruniiais
L7 = A 1 1
9 syfluLuuinuIad Mlsznausmeuvasitglwinssuanss (DC voltage source), gunTal

L7

Sannsafindindans

@ o

21 (MOSFET), aunsaitlasfiunseuatoundy (Freewheeling diode),
dl d 6 - ] = L4
19950599mAAMERAT (Low-Fitter) Uy LC nazlvaanuuluifudadulszian RL (Non-

. P> ] P ' = Y P
linear load) finnnudaziinasiolvan Fuiuldtadgun 3.3

2e18unodani 9 sA 1 ol

[rmmm————m—— e ——— - i neminlLC i,
s . ! — ' 1—
1 Q ] AN\ l | - ‘1’0
1 C = 1
v o | Re RENIRREY
i Q’_E—J;I : C ::: : :
iy £
v @ e} : Lo R4 1 | 3y
G = Q [} L4 d
VU7 Tran RL.

T e TR
e
-ty

5

P a < ccd 1w @
E‘U‘Vl 3.3 'N‘\]iﬂun'ﬂilﬁlﬂiﬂﬁﬁL‘U']ﬂU'Nﬁ]iﬂia\ﬂLLaSIﬂaﬂ

Tunsdiflinsmumnasunesiwesidinumumufisinvesduanty wasld
ms’fﬂﬁhLLsaé’uﬂauné'umanaﬂuasnszuammﬁ'JLﬁuﬂizﬁgmé’wﬂmuquuiaﬁuu,azm'mﬁ -
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Fyaafinealudduvesinduinsduneimed ehnisaiuauinsdunesinesls

© b4 A o ‘4 o Ca) Ql Q‘.’l 1
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Foyayes PWM Tuguuuuretaadnluduneasduniesined lnedrasmuaussuuiismaaninse

o
Weuduudenlaszunsuldnugud 3.4n

fmm e Dmm
- )
Y, nvsngosuulLC i Traai liduGady
duneimes PWM | > (LC Filter) | L, RL
9 szdy | vlar ) Triac :
(DC-AC Converter) ! (RL-Load)
4 T o 3
- . 3970
dyanamivgy
23933 unvines yam
uazAMd
(V/F measure)
asuinsames 1 1

=== T""----'- ------------------------- 1
] - ]
i yadudgygna ’ - aevsbasdgane | | S KARIVALUIIAL
' auRudueiine; L RN | ginBontiudsaon jwmamaa s
i | (Driver Logic (AtoD i wladong
' Gate) Converter) | | (PLL)
( = {

JUT 3.4n vdBATENINAIMUANBULIIBS B TIIMIA

anumaalLC

- . -]

et
; AN
o ot 1 R ]
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V.=V +V, +V, ’ . (3-6)
[¥] 0’." 7] 3 -~
ALY LIIAUDINR 1, D

V,=V,~Vp =V, o (3-7)
wazazausamanseualwihigidu

i =i+ - (38
[y} u'.;' do & <
AU ATBUATAINUYILY I, AD

i=i—i, (3-9)

-:I =4 1 Y] ' ar =) <
gﬂw 36 Uaaﬂaauwam.l,ﬁﬂul,mwgmﬂ‘unszuawmm*uﬂ'i::q

3.2 ﬁ"n%mﬁmﬂﬂﬁaﬁgﬂ (Phase Lock Loop compensation: PLL)

Twnwsveaadongy Anszuavesiuiulsey (1) uazruseruvasivan (Vo) asgn
‘3’9\?1"1LLazﬁwmiﬂauné'U‘LUé’aehwémfmsmij@:d Tasussiulevinnwesisasduedinesas
\Wunanmsuiudygnateninainainanseusuisiy (veo) Tussuuvadengy dau
NﬁlinsmmmﬁﬁﬂﬁuﬁwﬁmﬁwﬁLﬂuaa%iﬁuﬁmsma’%ﬁ%ﬁlumﬂnizuamag’lugﬂwmmaé’u
wazhludnsnsaeumaienauuandneeaa Mniuasvhnsdenuasinnn
muAlTmERsA e sBunesiines

Faifu m"mumnshwmMa“lugﬂuwﬁw%uagjﬁ'umsﬂ%’Umwﬁﬁﬁumau'\mﬂms
muquuaqé’uluiéumvlaﬁaﬂqﬂ FamsuFumarutvenasmuguussiu (VCO) luguues
wadeaguagldanmsuiummiul (Ko) vevsasaiuquussdiu (VCO) flunsufurnad

@ o v Ry o v & v o da & ot
ﬂaqﬂ%@QQQﬁ]iﬂQUﬂuuiqﬂuﬂﬂ fo LLa'Jﬂ']‘llE]\'il!ll‘mmE]Qﬂ']iﬂﬂg‘l‘mﬂuqlla'mﬂﬁﬂﬂ@ @ @33

aunsamiuldtaanauns(12] e

0 = j'a;‘(r)dzwo' (3-10)
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A single-phase PWM Inverter Controlling Based on PLL Compensation
With Nonlinear Loads

Winyu Sawaengsinkasikit', Kowit Pipek” and Vittaya Tipsuwanporn’

*3Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang,
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' Department of Electrical Engineering, Faculty of Engineer, Kasem Bundit University,
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Abstract: This paper presents a single phase PWM inverter to be controlled by PLL compensator with non-linear loads.
Its measured phase angles of voltage and current for reactive power compensation are performed, which capacitor
current and load voltage are feedbacked to PLL compensator. The PLL architecture has two interconnected control
loops, a magnitude controller and a phase angle controller, which provide the measures of magnitude, frequency and
phase angle of the input signal. Reference voltage for PWM inverter is calculated by estimated capacitor current on the
contrary to order control methods of PLL in which two estimations have been performed.

Index Terms: Phase Lock Loop (PLL), Non-linear loads

1. INTRODUCTION

The growing use of electronic equipment produces-a
large amount of harmonics in the power distribution
systems because of the non-sinusoidal currents
consumed by nonlinear loads. These harmonic currents
distort the grid voltages and end up affecting the power
quality [5]. As for increasing demands for the high
quality, reliability, and wusability , of -electric’ power
source, the utility interface operation of power
converters is often used in advanced power conversion
and conditioning systems such as the statice VAR
compensators, active power filters, uninterruptible
power supplies (UPS’),-and grid-connected
photovoltaic or wind power generation systems [3].The
phase lock loop (PLL) technique has been used as a
common way of recovering and synthesizing the phase
and frequency information in"electrical systems. In the
area of power electronics, the PLL technique has been
adopted in the speed control of eleetric motors [3].

This paper proposes a method to calculate reference
voltage of shunt active filter. The reference voltage is
estimated by the principle of feedback load voltage and
capacitor current. It describes the characteristics of the
single phase PLL systems and discusses:the proper
design method. Especially, the performance of the PLL
system is analyzed and the tracking errors are derived
form the nonlinear loads [1], [2], [3].For reactive
power compensation and achieving unit power factor,
PLL blocks are utilized in most schemes. Voltage
phase can be regulated by PLL compensator.The phase
tracking action is impossible between the detecting
points and thus the fast dynamic performance can not
be obtained. An improved method is the technique used
for the quadrature of the input waveform shifted by 90°

[3].

2. CIRCUIT DESCRIPTION
2.1. Circuit control
Figure.l [1] this circuit control was referred from
[1]. Shows the single-phase PWM inverter, which
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consists of the DC voltage source, four MOSFET
switches, L.C-Filter and non-linear loads type. The non-
linear load can be regarded as RL, RC or RLC loads
and there are effects-onchanges the frequencies.
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Fig.1 Single-Phase PWM inverter.

2.2. Control structure

In- control structure scheme proposed to control by
PLL compensator, the PLL compensator has two inputs
as load voltage and current capacitor to compensated
to-the structure. Figure.2 [1] this control structure was
referred from [1]. Shows the overall block of the
proposed control scheme to contain P type controller to
be used for G,(s) and G(s) in main loop and PLL
compensator.

In overall block diagram of proposed control
scheme, there are two gain controllers consisting of
G,(s) denoted the voltage gain control and G(s)
denoted the current gain control. There are P type
controllers to be used in the main control loop for
reducing the steady-state error [1].

3. OPERATION SYSTEM
3.1 Non-linear load type

PR0002/09/0000-0871 ¥400 © 2009 SICE
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Fig.2 Overall block diagram of proposed control scheme.

The load equivalent impedance could be in one-of
the inductance, capacitance and resistance. The non-
linear loads in this paper consists of RL, RC or RLC,
which are concerned about the problem of harmonics.
In many conditions, load can be changed from linear
load to non-linear load. For example R to RL, R to RC
or R to RLC, so the voltage inverter to feed a non-
linear load will change the magnitude, which depends
on the load [5]. In the condition of equivalent
impedance load affecting to the phase angle, the lead-
lag of the voltage phase is with current phase. The
inverter can work at any of the capacitive, resistive or
inductive state [4].

RL-Load

The relationship between the resistor and the

inductor can be represented as

Z=\(RY +(wLl) —w)

Where Z and oL denote the equivalent impedance load
and inductance load, respectively. The phase. angle
between the resistive load and the inductive load can be

expressed as
0 = tan _,(a)_L)
R

If the inverter in series works at inductance state, that
is, the voltage phase leads the current phase, and the
voltage arrives to zero when the current is negative [4]
shown in Fig.3.

P =Vicost

v I cost v
)
— Ioin =t
I S=Vi
[

Fig.3 RL-load Phasor Diagram.

(2)

Q=Visind

“8r2 <

RC-Load
The relationship between the resistor and the
capacitor can be represented as

Z =|(RY +(i)z

1
Where Z and E denote the equivalent impedance

3)

load and capacitance load, respectively. The phase
angle between the resistive load and the capacitive load
can be expressed as

If the inverter in series works at capacitive state, that is,
the voltage phase lags the current phase, and the
voltage arrives to zero when the current is positive [4]

shown in Fig.4.
! 1
=V
—_— A Isin) ——> 0=1Tsinf
/6) )
v Tcosh v P=1Tcosd

Fig.4 RC-load Phasor Diagram.

0'=tan (4)

3.2 PLL compensator

In this PLL circuit, the capacitive voltage and the
inverter output voltage are to be detected and
feedbacked to signal control circuits. The inverter
output voltage is detected in place of VCO output
signal, the lowpass filter acts as an integrator. By using
this procedure, the lock range of PLL and it enter upon



the tuning operation at any frequency can oscillate
stably of the inverter.

Since phase error in this model depends on
frequencies, VCO in the tuning loop should be express
simply with its sensitivity K,. If the free running
frequency of the VCO is f,, then 8° can be written as[1]

/
6" = jm‘(r)drwo* (5)
0

Where 0" is the phase angle of the voltage reference.
For the model, phase error can be also be expressed
the same given as [1]

Ab=0-0" (6)

The current through the capacitor in Fig.6 and it can be
written as

I = Iic @)
o C
The load equivalent impedance will change too, the
designed control circuit should realize the frequency
tracking automatically.

3.3. PI controller

PLL The second order loop is commonly used as a
good trade-off of the filter performance and system
stability. The Proportional-Integral (PI) type controller
is generally used for the controf blocks.

The proposed PLL compensator has two PI type
control blocks, Gy(s) and G,(s), for the regulation of
the magnitude and phase, respectively. The regulation
of magnitude in the compensator, which is given as [1]

V.=G,(s)-AV (8

Where AV denote the relationship difference between
output voltage and reference voltage is found as AV =

Vo‘ —V, and the transfer function of Gu(s) controller
is given as [1]}

G, (s)=K, (M] ©)
ST

v

Where K, and 7, denote the gains of the PI type filter
for the regulation of the magnitude.

Phase control is found as 8, = ja)c , where @, is

the relationship between frequency control and
frequency output can be express as [1]

=0 +0, (10)
The frequency output can be represented as

w,=G,(s)-A8 (11)
Where A0 denotes the difference phase angle between
v, and i in phase diagram.
The transfer function of G,(s) controller is given as

l+s7,
G,(=K,|—7L (12)

ST 7
Where K¢ and 1¢ denote the gains of the PI type filter
for the regulation of the frequency [1].

4. SIMULATION

4.1. Simulation conditions

The MATLAB/SIMULINK was used for the
simulation. The parameters for the simulation are
source voltage, resistive and LC filter as Vs =300 V,
R¢=10.035 Q, L¢=22 mH, C = 50 pF, respectively [1].
The frequencies of single PWM inverter works at 60
Hz. Both the current and voltage feedback loops were
controlled by P controller. The gains were given as
G, (s) = 0.6,G,(s) = 5.0[1].The PI type controller
were used for the PLL compensator as shown in Fig.2.
The PLL gains were as k&, = 0.1, 7, = 0.005, k =

5.0, and 7, =2.5 [1]. The non-linear loads were

connected series with each component as RL-load, RC-
load or RLC-load, it is shown in table 1.

Table 1 Component parameters of nonlinear load

Component | Resistor | Inductor | Capacitor
() (mH) (1F)
Value 50 200 470
i
“0 Vi V[T ic
Ger(s) LPF] =
Carntesian
P:l,ar
Vol Vo

o,
V, l————l c
< > cos |
Ve AV _
Gem(s)|
-+
Ve =V, cos@,. | 7

Fig.5 The propose of PLL compensator.




The parameters were referred from [1]. For
conditions of the simulation was change the equivalent
impedance loads by the resistor connected series with
the non-linear component such inductor or capacitor.
So the non-linear load can be regarded as RL-load, RC-
load or RLC-load. The simulation results of the
proposed control scheme was shifted the phase angle of
output voltage controlled by the PLL compensator. The
phase of the output voltage shifted has same angle in
the times. So it is effected to the inverter has increased
the real power and reduced the reactive power were
generated to loads.

4.2 Simulation results
RL-Load

In Figure.6a shows the tracking voltage signal
between reference voltage and output voltage, both
sides have difference phase angle as 6. After the
reference voltage was entered through the PLL
compensator, the phase of the voltage was locked
frequencies same the time shown in Figure.6b:

m

V & 4 e ] e 8

et

1200 1300 1400 1500 1600 1700 1800 1900 2000
Time(s) :

Blue = Reference Voltage Green = Output Voltage

Fig.6. Tracking voltage signal a) Before Compensation
b) After Compensation.

For different phase between the output voltage and
inductive current were 90°, the output voltage was lead
the inductive current shows in Figure. 7a. When the
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output voltage was shifted into same the phase in time
can be expressed in Figure.7b.
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Fig.7 Reference voltage and inductive current
a) Before compensation b) After compensation.
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Fig.9 Tracking voltage signal
a) Before Compensation b) After Compensation.

In Figure.8a when the output voltage has phase
different with the inductive current can be estimated
the real power have positive value and negative value,
which the inverter losses the reactive power to load.

Then the output voltage was compensated by PLL
compensator, it was shifted the phase into same the
time with the inductive current. After compensation,
the real power has positive value to decreasing
generation the reactive power of the inverter in
Figure.7b
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In Figure.8, show the real power was effected on
changes the frequency. The frequencies at 60 Hz, 30
Hz and 120 Hz can be expressed as the real powers
were about 1000 W, 1600 W and 600 W, respectively.
When the low frequencies were changed to the high
frequencies to real power has decreased the value.
Because the component were non-linear load to
effected by frequency.

RC-Load

In Figure.9a shows the tracking voltage signal
between reference voltage and output voltage, both
sides have difference phase angle as 6. After the
reference voltage was entered through the PLL
compensator, the phase of the voltage was locked
frequencies same the time shown in Figure.9b.

For different phase between the output voltage and
capacitive current were 90°, the output voltage was lag
the capacitive current shows in Figure. 10a. When the
output voltage was shifted into same the phase in time

can be expressed in Figure.10b.
i

L /0oL AN A AL/
v VR E R ANVARVARVARVAR

, ey el

B

i
-300:
1000

1050 1100 1150 1200 1250 1300 1350 1400 1450
Time(s)

Blue = Vge Green=1.*10

Fig.10 Reference voltage and capacitive current
a) Before compensation b) After compensation.

In Figure.10a when the output voltage has the phase
different with the capacitive current can be estimated
the real power have positive value and negative value,
which the inverter losses the reactive power to load.
Then the output voltage was compensated by PLL



compensator, it was shifted the phase into same the
time with the inductive current. After compensation,
the real power has positive value to decreasing
generation the reactive power of the inverter in
Figure.10b.

1000+

14}

1250 1300
Time(s)

oo 7050 1100 1150 200

Blue = Real Power

Fig.11 Real Power of frequency
a) 60 Hz b) 30 Hz ¢) 120 Hz.

In Figure.11, shows the real power was effected to
changes the frequency. The frequencies at 60 Hz, 30
Hz and 120 Hz can be expressed as the real powers
were about 1800 W, 3000 W and 600 W, respectively.
When the low frequencies were changed to the high
frequencies to real power has decreased the value.

-876-

Because the components were non-linear load can be
effected by frequency.

5. CONCLUSION

The analysis and design of the single phase PLL
system for the utility inverter have been presented in
this paper. The proposed control scheme is a capacitor
current feedback control with PLL compensation. The
PLL compensator utilizes a phase difference between
the output voltage and non-linear current. The output
voltage was tracked by PLL compensator to shifted
phase angle to same in the time with current. So it is
effected to power value, which increasing the real
power and reduced losses of the reactive power in
inverter. For the low frequencies was changed to the
high frequencies to real power has decreased the value.
Because the components were non-linear load can be
effected by frequency. Approximately unity power
factor “can also be achieved by reactive power
compensation {6]. ~This proposed control can be
reduced THD (Total Harmonics distortion) for any type
of non-linear load. That is with a periodic non-linear
load and a prompt reaction. in response to changes in
the value of the non-linear load [2].
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Abstract: In this paper, the control of the output voltage in a PWM inverter is presented. The single-phase PWM
inverter is controlled by using a sinusoidal-pulse width modulation (SPWM) technique, its feedback is controlled with a
Phase lock loop (PLL) compensator. The proposed intention is improved output voltage and decreased total harmonic
distortion (THD) of the inverter, based on Phase-lock technique and detected phase error of output voltage and
reference voltage. Moreover, this method can be applied to greater output of the PWM inverter and better reliability and

high-accuracy in order to control methods of PLL.

Keywords: PWM inverter, SPWM, PLL, Total Harmonic Distortion (THD).

I.INTRODUCTION

In recent years the demand for-electric power has
increased with the increase of population, and the
technology of a power electronics field. It has become
an important subject to stabilize systems. as distributed
power generation will spread in the future [ 1]. The most
popular among those, the conversion of the electrical
energy in case of the inverter. Inverters are being used
in greater numbers for a wide variety of industrial and
commercial applications [2].- Various researches on the
control of the variable frequency inverter have been
presented as low-cost, high-performance, and the
development was made in several areas [2]. With the
increasing demands for high-quality power sources, and
a reduction of harmonic distortion,-a PWM-inverter has
been used as a key element for a high-performance
power conversion system for critical loads [2].

In some applications, the desire to control the inverter
depends on the induction motor or several loads.
Because of the physics of the induction motor, the
preferred method of controlled it speed, is to vary the
frequency of the AC voltage driving the motor [2].
Moreover in the design several factor are mostly
concerned, such as reliability, output waveform quality,
efficiency, power factor, distortion factor, transfer rate,
phase synchronization, etc [3]. Digital sinusoidal pulse
width modulation (SPWM) techniques with digital
compensator are employed for the regulation of the
PWM inverter [3].

A power factor compensator has been proposed, for
the closed-loop regulation of the synchronism [6]. In
this paper, the design and implementation controlling of

=178~

the ‘output- -voltage and output frequency by SPWM
method; with controlling feedback Phase Lock Loop
(PLL) compensator. The~DSP-base PLL controlled
closed loop system is designed and the system stability
is- analyzed [4]. [6], its control circuit must have the
ability to trace frequency automatically and to meet the
need of load variation [4]. Furthermore, with the raising
of the inverter’s output frequency, tracking of the circuit
should be quicker and more accurate. Such as, a phase
lock loop (PLL) is widely used in induction heating
apparatuses [4]. So a based PLL-controlled system and
closed ‘loop ‘model ~basedon. DSP ' technology is

proposed in this paper {4].

2. SINGLE-PHASE PWM INVERTER
CIRCUITS AND PLL CONTROLLER

Fig.1, (Fig.1 referred from [8], [9]) shows the single
phase PWM'  inverter with RL-load, controlled by
Sinuseidal-pulse width modulation (SPWM) and a PLL
compensator. In the control structure scheme proposed,
control is by PLL compensator, in which the pulses are
generated by comparing a triangular carrier waveform
with a sinusoidal waveform to become the switching
modulating signal [6]. The PLL compensator controller
was measured the output voltage waveform of the
inverter to synchronize with the reference voltage
waveform that goes to the driver logic gate.

PR0O001/11/0000-1178¥400 ©2011 SICE
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Fig.2 Block diagram of proposed control scheme.

Fig.2 was discussed the detail from fig.1, «(Fig.2
referred from (8], [9]) fig.2 showing block diagram
controlling PWM inverter by Sine-PWM method based
on phase lock loop technique. The function generator
was generated sinusoid signal and it was detected zero
crossing point by the zero crossing detector to-obtained
the square waveform. Also it was fed to the phase lock
loop, which it was compared phase angle between
capacitor current and output voltage for the difference
of the voltage. After phase lock loop compensator was
generated suitable the square waveform of amplitude,
frequencies and phase, respectively. It was passed to the
integrator circuit and summing circuit of the triangular
carrier signal from feedback path to given the triangular
carrier signal, which it was compared with the sinusoid
to obtained the switching modulating signal.

Fig.3 shows the inverter circuit, which consists of
LC-filter and RL-load. We can be obtained the capacitor
current and output voltage.
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lnverter

Fig.3 Block diagram of PWM inverter.

3. MODELING AND DESIGN

3.1 Sinusoidal — Pulse Width Modulation (SPWM)

The pulses are generated by comparing a triangular
carrier waveform with a sinusoidal waveform to become
the switching modulating signal. The modulating signal
is_sinusoid of amplitude A,;, and the amplitude of the
triangular carrieris A¢[5], so the ratio defined as

Ax

= 1
«n.-dc (1)

m, as the-amplitude modulation index. That controls
the amplitude-of the applied output voltage.

For the frequencies of the triangular carrier is fe and
the frequencies of the switching is fsy. So we can get
the frequency modulation index (m¢) from ratio the
frequency of the switching per the frequency of the
triangular carrier [ 3] defined as

far
My == (2)
£k

However, a higher carrier frequency does result in a
large number of switching -per cycle and hence in an

increased power loss. But high switching frequency is
helpful by decreasing the harmonic of output voltage.

The desired voltage is achieved by controlling the
pulse width modulation. In Sine-PWM technique, the
sinusoid signal‘is.compared with the triangular carrier
signal” obtained to the modulating signal. So the
triangular carrier signal was caused a variation in the
PWM pulse train effect to the output voltage. In this
technique, both the amplitude and frequencies of the
triangular carrier signal was regulated by phase lock
loop (PLL) compensator. Moreover the reference
sinusoid signal is used to vary the desired frequencies of
the output side.

3.2 Phase lock loop (PLL) controller

Shows a typical PLL compensator are consist of the
three basic functional blocks as phase detector, filter and



voltage control oscillator (VCO) [8].[9], an operational
principle of phase lock loop can be illustrated in Fig.4.

Vy 0
. Phase Detector —» Filter ——
le—
Fig.4 Phase lock loop (PLL) component
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Fig.5 PLL compensator blocks in dq dimension.

Fig.5 (Fig.5 referred from [8], [9]) showing the load
voltage and capacitor current were proposed control.in
this method. Using the detection frequencies and phase
of the PLL control, which the modulation index for the
estimated waveform can be calculated in dq transform.
In dq conversion, de dimension denotes the phase
difference between the capacitor current and the output
voltage can be represented.as V.. Also V., denotes the
magnitude difference between desired voltage and
output voltage in ge dimension. Since V. and V. can
be approximated the phase difference is’ zero. It is
intended to “locking state” or “phase’.synchronism?:
These two signal are then combined together  to
generated proportional the triangular carrier signal.

Fig.5 shows the relationship between the output
voltage and capacitor current. In the case of zero
crossing point detector, the phase difference was
estimated by the quadrature two phase waveforms. The
capacitor current can be represented as [8]. [9]:

.(_’ﬁi

e (3)

Where C, ic and Vo denote the capacitor, capacitor
current and output voltage, respectively. Let
v, = ¥.Zasé so the capacitor current can be written as

(81. [9]:

‘c = —mCV,S’tM (4)

The quadrature and direct variables can be

transformed by convert matrix as[8], [9]:

{:;qv) - {6?39" —smﬂ“)(‘r}:) )
@ singd*  cos@~ /\Vg,
Where v;; = ¥;Cos6 and vg, = —¥,Siné
Then (5) can be written as:
Voo = Vo C050C036" + ¥, SindSing™
= Cos{@) * I (6)
s = VoCos8Sing~ — V,SindCos6"
= WSin(d) ¥ 0 (7)

So we can be obtained the compensated voltage (Vc)
from the dq conversion as [8], [9]
v, = V.Cos8, (8)

Phase- lock loop (pll) is a feedback loop which locks
two waveforms with the same frequencies, but it was
shifted phase. The fundamental use of this loop is in
comparing frequencies of two waveforms and then
adjusting the frequencies of the waveform in the loop
must been equal to frequencies of the input waveform.

The PLL compensator has two PI type control blocks,
b (5] and G z(5) for the regulation of the magnitude
and phase, respectively. The: gains control of PI
controller can be equation as [8], [9]:

Grlshm itr f“‘ oy (10)

In"(9), (10) Ggxisiand Gyp(5) also denotes gains

parameter and 1,, 1y denotes time constant of the PI
controller for PLL compensator [8], [9].

4. SIMULATION AND EXPERIMENTAL
RESULTS

4.1 Simulation results

The simulation system and experimental system
parameters of the sine- pwm (SPWM) inverter has been
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analyzed using Matlab/Simulink and the powersystem
toolbox. The parameter of the components were used in

the simulation are shown in table 1. The frequency of

the output voltage was 50 Hz in all simulation and
experiments.
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Fig.6 Single-phase PWM inverter controlled by PLL compensator.

Table 1 Simulation and experiment parameters.

Vde | Rf Lf Cf | Rload | Lload | fc fs

(V) | (@) | (mH) | (pF) [ (€2) | (mH) | (Hz) | (Hz)

YOO i wave

Fraguarsy Campansaed
Thangule
Vg Carwnny

60 1 40 33 50 100 50 . |.1080

The control system as ‘shown ' in Fig.6, there are
consist of the PWM inverter, RL-filter; RL-load, PLL
tracking and sine-PWM switching frequency block. In
the proposed scheme, a single phase PLL was used to
generating the triangular waveform. Fig.7 shows the
PLL compensator block diagram, which the capacitor
current (Ic) was compared phase with -output voltage
(Vo) to generated the switching frequency of the
triangular signal. Fig.8 shows the block diagram to
generated pulse signal to driven the PWMv inverter by
the triangular waveform was compared “with “the
sinusoidal waveform.

Figs.7-8 the PLL compensator within PLL subsystem
block and Sine-PWM generator within SPWM
subsystem block, both side were proposed control
scheme in Fig.6.

Fig.9 shown the triangular waveform was compared
with the sinusoidal waveform and the results are
corresponding with the switching waveform.

A d PLL Compenstor Block
Fig.7 PLL Compensator blocks diagram.

= w8 — 0
2% 2y S "—!-T—‘ S Stewrt

Zero Crossing = SPWM Block
Fig.8 Sine-PWM blocks diagram.

Fig.10 shows the output voltage (Vo) and load current
(Io) in top of Fig.10, the output voltage (Vo) and
capacitor current (Ic) in bottom of Fig.10. Fig.11 shows
the waveform of the output voltage (Vo), load current
(Io) and capacitor current(Ic).
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Fig.10 Top) Vout and.lo.

Bottom) Vout and Ic.

Blue = Vout

Green = lo*15

Fig.11 Vo, Ic and lo.
4.2 Experimental results

The experimental waveforms are given in Fig.12-17
shows the experimental waveform of the proposed
control scheme with the RL-load. Fig.12 shows the
triwave from PLL was compared with the sine wave to
generate the pulse logic. In fig.13 shows the
experimental results, there are consist of the capacitor
current (Ic), output voltage (Vo) and load current (10).

Figs.14-15 illustrates the reference voltage was equal
the output voltage and the reference voltage was
unequal the output voltage, respectively. Fig.16 shown
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two waveforms were detected the different phase via
zero crossing point.
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Fig.12 The tri wave was compared with sin wave
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Fig.13 Experiment results of Vo, lo and Ic.
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Fig.17 Percent THD of output voltage (Vo).

Fig.17 shows the Total Harmonic Distortion (THD) of
the output voltage was compensated and" filtered by
capacitor current (Ic) of capacitor filter (CH).

5. CONCLUSION

The results of the single-phase Sine-PWM invérter for
improving the Total Harmonic Distortion (THD) have
been presented in this proposed. The output voltage and
current waveform have been nearly pure sine waveform
similar performance to the reference voltage it can be
approach to achieved the constant voltage and
frequency. In Addition, the PWM inverter has reliability
and high- precision control based on the phase lock
technique. Moreover, this method was well performed
analysis for decreasing the distortions to relate the
modulation index correspondingly.
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