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ABSTRACT

This thesis presents analysis of voltage-compensation performance analysis of Dynamic
Voltage Restorer (DVR) using the Instantaneous Power Theory . DVR device is the compensation
device that use for injection the real power and imaginary power into the power system in order to
improve the voltage stability.

The purposed to simulation on Matlab/Simulink to a simple power system. The 22 kV(rms)
(1,000 kVA,3 ¢, 22 kV) main feeder is supplied to two identical distribution transformers (50 kVA,
22kV/380 V) each feeder is connected to load. The DVR is connected to a sensitive load as rated 50
kVA 95% power factor lagging and received power from grid at 22 kV(rms) . The injected voltage
calculated is performed on the 0o/ axis and transformed to ordinary axis (v _ ,. ) - As the modulation
index control is commanded to inverters for supplied the injection transformers at rated 6.66 kVA,
220/5,080 V which allowed to compensated load voltage.

Voltage sag simulated is presented to 0.6 pu. 150 ms. duration divided to 3 cases , as single
Line to ground fault , Double line to ground fault and Three line to ground fault .The first and the
third case result illustrated the %THD of load voltage is complied to the standard. The second
simulations results illustrated the % THD of load voltage is a little over the standard. The simulation
results illustrated the effectiveness of the proposed algorithms. And show that the DVR devices can

improve the voltage stability on the system

Keywords : Instantaneous Power Theory, DVR, Faults
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1 o @ 1 @ d a J @
mﬂ@ﬂﬁNLﬁﬁ]gWU’ﬂLl‘Nﬂuﬁﬂ‘]f’J"Ufl!Zi]%?f\'iWﬁﬂi%‘ﬂ‘Uﬂ‘UQﬂﬂiﬂ!ﬁN‘BHﬂ!L@lﬂﬁNﬂuqﬂ



ITI (CBEMA) Curve
(Revised 2000)

S00

400

200

Over-voltage

Voltage Tojerance Efvelope Condition
Applicable to Single-Phase
120-Volt Efuipment

200

¥

Percent of Nominal Voltage (RMS or Peak Equivalent)

= Acceptable . .
Power T [ E—

Unde}-voltage
Condition
| J | i

| . +
o0l ¢ D01 e Te e 100 i Steady
1us 1ms  2ms 20ms 05s 108 Stas
Duration in Cycles (c) and Seconds (s)

qﬁlﬂﬁ 2.1 Typical Computer Voltage Tolerance ( ITIC CURVE)

2.3 asgrumstasuuilaus i ¥e9 IEEE 1159-1995

o @ a a r{dy Y A Y = [
ﬁmﬁfluamawuwuﬁu"lﬂgaaﬂi%mW]5gmmsgﬂaﬂuuﬂam5mu VYO IEEE 1159-1995

el Twnasilumsinsgissooduaaslugii 2.2

I ¥

9

é Voltage Swell Over Voltage
o L10% =
ge] Normal Operating Voltage
2 90%
c - Under Voltage
)] [=
© 2
S @ Voltage Sag
) ﬂS
c £
°>9 5 . .
O 10% g Sustained Interruption

Instantaneous| Momentary Temporary
>
0.5 cycle 30 cycle 3sec 1min

Event Duration

319 2.2 asgrumsnlasunladnsau IEEE 1159-1995
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{ 1 [ Aa A ] a { I
m3lasuunilasasasu Inihilse@nsna (vims) utamsinansnlasunlasesmilu
[ Y
2 %24 A ¥ 3aeunasri9szesdu (Short Duration Variation) HA2$932 82817 (Long
Duration Variation)

v
(Y4

2.3.1 ¥19528TaU

e

1 1Y = = J [ Ld'd osj 1 =
F95zozdu aomslasunlasamseau i fliszeznaidwd 05 - 1@
a { : : o 3 T <
auvaavnnmadasuutasgalumsldsundawssdu lddnivaunsoutsesn Ididu 3
[ a a J A %
anuzamwganssumanamgnsaivesszuu Wi Asuseauldihan (Voltage  Sag  or
Voltage Dip) ugadu Trlinu (Voltage Swell or Voltage Surge) waz lilihéy (Voltage

: a uaz} [ z v ] a d 1
Interruption) Gd]ﬁﬂﬁlﬂﬂ‘ﬂ\i 3ANHUSUULUIBINTE YL nawmﬂmﬂmmmsmmm”lﬁ’ 3 %A

E4
v A

Argiuaeil in  upVANANLIA (Instantancous)  HUUFIVYZ (Momentary)  HAZUUUFING

(Temporary) 3amnsnaglldaaisiei 2.2

v ' Y
a1319% 2.2 manasuudasausadu i eszeznardu

. » ¥IIILYLIAINIINA YUIAUTIAY
BINTL 821U (Short Duration)
(Typical Duration) (Voltage Magnitude)
nuununiule Sag 0.5-30 AU (10 HaaIuin-1 3un) 0.1-0.9 p.u.
(Instantaneous) Swell  [0.5-30 11 (10 Ha@IUN-1 T110) 1.1-1.8 p.u.
. Interruption [0.5 A1U-3 (10 Haaaun-33u19) <0.1 pu
HUDFIVE =
Sag 30 cycles-3s  (1-373UMN) 0.1-0.9 p.u
(Momentary) 7.
Swell 30 cycles-3s  (1-33UIN) 1.14-14 p.u
HUVFING Interruption |3 s-1 min (32N - 1 W) <0.1 pu
(Temporary) Sag 3 s-1 min (339 - 1 1) 0.1-0.9 p.u

2.3.2 9393382813
$195202012 Aonsildeundasuseduldi dsednina anvaiiainms
d‘ o ] A o a A =\
nlaguulasnsianuvedlvaavinalugnievaemsiimsaiarissuy Tasliszeziian

1 = ] Y ’Y v W A
1NN 1 UIN Tﬂammmumaaﬂ"lmﬂu 3 HAMTUAIYNUAIATTNN 2.3
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13199 2.3 manlasuudasausadu Iihgeszeznaien

GI)"J\H%EJ%L'J@WEITJ ﬂ}ﬁﬁigﬂglﬁﬂWﬂWilﬁﬂ VUIALTIAY
(Long Duration) (Typical Duration) (Voltage Magnitude)
Interruption, Sustained >1 min 0.0 p.u.
Under Voltage >1 min 0.8-0.9 p.u.
Over Voltage >1 min 1.1-1.2 p.u.

2.4 usaau Ithan¥ vz (Voltage Sag)

UIIRUANTIVAULAD TLAVLTIAUNAAAITENIN 0.1-0.9 p.u. 1NTLALLTIAULTEENTHA

9
Un@ nelugaanar 10 Tadaud (0.5 A1) B9 1 W9 tagdtsdszauauauguiTesilym

UYT2NoUAIY YUIAANNANVBIITIAY (Sag Magnitude) 11521 INIMTIAA ANUAANT DY (Fault)

] I 3 1 =S 4
Imbeluesiiudnse pu. a1 lunsina(Sag Duration) azmstaoula (Phase Shift)

aaaaalugin 2.3

Tl h
\/\/\/\

Vou

'4—

Duraion —— || F\

Iﬂf\

: Ml /\ i

fﬂr\,\

HHH’ \/H \
\ H\/\H’ ;H\ (\f\/\f\\(\{\./\/\

|
il

!

|

i
AN

\u T
»MJ\ )\uu B

Juw«j w

I

|
|

|

i
i

|
1

|
an

|

|

!
\u ‘U’ u/ \u/ Hu'

Magnitude

|

!’ \/

\/’

Time(sec)

JUN 2.3 U3AUANSIVUZIINANVHANTBIYHA 1 1la

1 1 4
VUIA e 32821901 Glul,mazmm‘igm"lﬁ’umiﬁmu@ Gdlff] VYUHIN LLE’IZiZEJ%L’JﬁWﬁLﬂWﬁH

v Y
Taen2 1 uanaafuaanisnae 1
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A ~ ~ s Y ) '
AT NN 2.4 ﬂ1iL‘]JiEJ“]JL“VIEJ‘]JllWI§§1umﬂﬂﬂ§1ﬂ§]ﬂ15muiﬂﬂu¢1ﬂﬂf’mg

WIATFIU

. TEC 1000-2-1-1990 prEN50160-1993 IEEE Std 1159-1995
dals

¥o Voltage Dips Voltage Dips Voltage Sags

YU (p.u.) 0.0-0.9 0.01-0.9 0.1-0.9

FNTTHLIA Y5 ¢ — few sec 10ms — 1min Y5 ¢ -1 min

2.4.1 mmqnmﬁﬂusaé’fuﬂn‘ff;’mmz
useRuanFvazaunsonaldnnnanvareiless aunadiuluajinfasn
ANUAANT D(Fault) TuszuusminensossuumodeaII oS nuazaa AuRa
WIRAUY 1 Wa@asdd (SLG) ANUAANI095 1IN wlanumld (LLF) ANURANT0952H I tWd
fumlaaadu (DLG) AnuAanseaszndne 3 ilaasdn (TLG) Taeria'ly) dnifalueniie mgy du
auuss e ianndad Aenssuvesuyud wumsineadawsegiame LazNaNTENY 911ANT
8719951092993 Indifea luszvudmineg aramsdnInLNANNRaNT oL 1 wlaaay

]
v A

g o a Y o
(SLG)LTJHE‘TTL‘VW]“W@ﬂT]TIﬂﬁlﬂﬂLLi\iﬂu@lﬂ%T’llmg [9]

Fault

Vsag /|/

Other Load

Sensitive Load

51U 2.4 manaanuransesluszuuiimie Wi ldinens sduandvas

1N31 2.4 VIAVBIWTIRUANFIVUL AINTOUNURIBTUMTULLTIAY Tagiile

Ulijﬁﬁﬂ’im??hﬂ‘i%uﬁiﬂaﬂ ’(,’fiJﬂTi"UuWQWGQLLiQﬁuﬁﬂ%’)ﬂJQWﬁfJ

=75  xV 2.1

VUIAVDILTIAUAN

&)
o
Il

1" Aa 4 1 1 4 [y} 1 1
AduiiLauFIoIaIIBNAUA BT IARDT I

1T a A 4 1 1 1 v o 1A a 4
ﬂT@ﬂJWLLﬂu"lﬁxﬂ’JNi}ﬂﬁﬂi’mﬂ‘]J@ﬂLL‘ViuQ‘i/lLﬂﬂV\lﬂﬁﬁ

N
Il
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Tagia lmsinaussduandrvaginnayuanizlaa (A@) S1md10 Asaunsi 2.4
Z, =R + jX, 2.2)

Z, =R, +jX, 2.3)

X5+Xf

R (2.4)

X
Ao =arg(V,,) = arctan (R—:) —arctan (

MINN 2.5 udasIauAnNTIvaEAuAeniveanioulasFunananszny
1199910ANUAANIDILVY 1 (aasdu sudnyazvoamnovosndontlaslui 3 malu
52UVINNUY

a a 9

M3 2.5 Assaudunaenivesrdeuasluvmzinannurans g

G

Transformer Connection Phase to Phase Phase to Neutral
(Primary-Secondary) \'A )Y V. Vo Vi, Va,
Ground wye - ground wye 0.58 1.00 0.58 0.00 1.00 1.00
Ground wye - unground wye 0.58 1.00 0.58 0.00 1.00 1.00
Unground wye - unground wye | 0.58 1.00 0.58 0.33 0.88 0.88
Unground wye - ground wye 0.58 1.00 0.58 0.33 0.88 0.88
Delta - delta 0.58 1.00 0.58 - - -
Unground wye - delta 0.33 0.88 0.88 --- --- ---
Ground wye - delta 1.00 0.50 0.50 g --- ---
Delta - ground wye 0.88 0.88 0.33 0.58 1.00 0.58
Delta - unground wye 0.88 0.88 0.33 0.58 1.00 0.58

Y] 1 1 AA o 1 9 I A
fethau Tunsdindnvazvesmsaevesrdeutaslihiunuy wye-wye #3o
1 [ = a1 d' S o [ [
delta-delta As s anala V_ uag V, a1 0.58 pu. Juvaizh V, 4A1 1 p.u. dmsumsae
I 1 1 1
yoandoutladlnfluiunny delta-wye 18z wye-delta Amssaumadamle v, fisn 033 pu.

Ty V, iag V_ 571 0.88 p.u.
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2.4.2 ANHAUTVDINIIAUANT IV
i Y
usIUANT IV NN U NI ENAD (Balanced) tag liduaa (Un-balance) 01
1 a J o % o [ Y] o 1 [
Tuszniumanavead Mldvinaussauandvas lula limidu w3e shldmanuaiane
[ Y] o o o o 1 3 Y [
T 120 eeen Sadunssauandnvazuuy liaduaa (Unbalance Sag) Netlumnauaz anymey
[ M d%’ 1o o ] J s v 2K o
VBT UANF IV AT IUOENY Uszian, Aurusvesead, ginsaindesiu saudednyae

yoamsaovosndondlas i 3 andeodluszun i luszuulaihussduszaunaraii

e

wieuawus s Ivih 3 wla uuu wadvae aved annsoutsdnbuzvewswuangIvae 14
<3| A @ o v g 1 A
Wy 41sziam An A, B, C uaz Dlpsussduandivazuny A Jadluuyuauga aauuuuouy

Sadhunonliauga dwaaslugli 2.5

\Vc(pre) »
Vegpre)
\ Type A \ e Type B
\ \
\
\
\
—— \
V, —_—
bsag)/ Vasag) Vagre) / Vagag)  Vagre)
/
/
/ /
Vb(pre) / Vb(pre) //
Vc(pre)k kvc(pre)
\
\
Vc(sag) \\
\
\
——— ———
/ Va(sag) Va(pre) Va(sag) Va(pre)
vV, /
b(sagy™ ,
/ Type D
/ Type C Voo /. Voo

/
’ Vb(pre)

v
=1

g1 2.5 wlawosvesssduandrvaz Tuszuy

' 2 e~ & % l a a ' g
JUN 2.5 udaueans VoW IRUANTIVAIE FILIAIWMTIAANTINAANT 0T U
1 Y

Tuszuv Wi delivdeuasussdu i 3 wlaaiia madvne avegluszuy aniuduniia
@ o Y ~ 9 o % a o a a o’dy
vousssuantivary 1l 4 dsznnnlgdmsumsias iz luInesinusi

1. USIAUANFIVAULFUNAINANUAANT 0D 3 tlasiia A TagsialiRady

o o 1A % o 1 [ @ {
gunssiaudle Wi (End User Device) @ himanuszundmiite lanyazueussduivua

anasnnUnauuuaumasuag lulinsnse Taavesyn Awaaslugili 2.6 vazaumsi 2.5-2.7
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\V o(pre)

Vosa0)/ Vasag  Vagere

Vipre) /

~ J o o £ a a 1
E‘IJ‘VI 2.6 T T UTIAUANTIVULFUNAINANUAANT 0LV 3 W e

V, =V (2.5)
V, =—1V - jBv (2.6)
V, =—1V + jLBv 2.7)

@ o 5 a Aa 1 I [ M
2. UFIAUANFIVULFUNADINANVAANTDIUUY 3 auuu B 1 uisadguand)
A a Aa 1 a Y A £ & A A a d?’ ~ [ M
Y NINANINANUAANTDIAIAUITUABITUTUANUAANINATUINNNGA UTIAUANTIVULID
I 1 v Aa [~ @ b [ =Y { 4 @
B luszuuasiuaulasasudunaliusssuivineanamitanalaslumnailadunaas aa

uaraeluglin 2.7 vazawn1sn 2.8-2.10

\ Ve(pre)

———

/
/ Va(sag) Va(pre)

~ o [ o & a a 1 a 9 =
E‘IJTI 2.7 WEsosUsIAUANT IV FUNAINAIIUAANT DIAIAULTUIAY?

V, =V (2.8)
V, =-1V - jBv (2.9)
V,=—1v + j8y (2.10)
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1) o : a Aa [ a I ] o

3. USIRUANFIVULFURAINANUAANITBLVY 3 e ¥ila C WuusIduand

VAULNUNANNANVAANTBITE I8 IUTLUUNADa9AU (Double Line Fault) iainan1une
' ' 2 ™ o o ~ 0 Y A a 2y

WITOITTHINTWIU szauLsIauIzanasiidoudduazinaim lvuyudowainavudiy
3 ~ [ a 4 1 Y a a dy Y ) a a 1

uenn Wuszuuh laeasdunaunsone ldinagduunatail lamuny mnmannuAanso

a E)) = d? (% d' d'
HUVNAULITURYIUY muﬁmiugﬂ‘n 2.8 uazdunN1sn 2.11-2.13

VC(pre)k

/
% Vb(pre)

{ 4 @ ) & A a 1 1 {1 a
gﬂﬁ 2.8 LWﬁL%@iLLiﬂﬂu@ﬂ%jmmg“ﬁ\uﬂﬂiﬂﬂﬂ'J13JWﬂW5ﬂﬂ§$ﬁ310ﬁ181uigﬁﬂﬁ@]ﬂﬂﬂﬂu

V, =V 2.11)
V, =—1V - jBv (2.12)
V, =—1V + jLv (2.13)

@ o & a a 1 a 1< 1% )
4. L!,ﬁ\?ﬂuG]ﬂG]f’JsllmZG?\Hﬂﬂiﬂﬂﬂ’ﬂllWﬂW‘ileﬂJU 3 wla wiia D Lﬂut!‘iﬂﬂu@ﬂﬂﬂ
A a a 1 1 & J Y v A & a A
VUSNINATINANUNANIDITEHINWNTY GlNnJuwaﬁlmwmummﬂaﬂawum\lmmzmﬂuma@u
9
Y

=< o a o ] 1T v A [ Aa o Jd Y
aIUAIY Tﬂﬂﬂ']ulﬂfﬂglﬂﬂL!ﬁ\iﬂu@]ﬂ‘b"lsllﬂwwﬂll D 33Uﬂﬂ@ﬂllQUTﬂﬂWWHGNWLLﬂuﬁLﬂuW'ﬁﬁlW

[ A A = A 9 [ A A
usaauuazyuanmladus Imsnasunlasdne awaaslugli 2.9 vazaumsn 2.14-2.16

/
Vope Voo

J @ o & a a 1 1
Eﬂﬁ 2.9 W\Iﬁlcﬁﬂﬁllﬁ\iﬂu@qﬂ%’)mﬂ!gcﬁ\uﬂﬂ’iﬂﬂﬂ')uJNﬂWﬁﬂ\ﬁgﬁﬂﬁNfﬂﬂ
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V. =V (2.14)

V, =-1V - jBv (2.15)
V, =—1V + jBv (2.16)

2.43. MIIATILHANNIZAANIDI (Analysis of Fault)
annzianseafifa luszuuimhe i Taeia ldezuadiv 2 nquieane
HANT DU VANNIAT(Symmetrical Fault) TALA #9112 AANTILLY 3 A8AAIAY (Three Line
to Ground Fault) tlaza@n1zians oauy lauanag(Unsymmetrical Fault) 1aun anniziansed
nuunitaaneasiy (Single Line to Ground Fault) @nnzAanseauuussnaladiumladeas
AU (Double Line to Ground Fault) 1aza@n11zRans9uusen N anuive (Line to Line Fault)
msmamsasuazaszua fhvszifaaagiansesisduimldlaeldndnmsssnsznou

AUVINTUINDTAUINTF R 1AVVDIIIIT NA N UIMTINATNIZAANT DY

Z, §
| Vao i
S
Positive Negative Zero
Sequence Sequence Sequence
network network network

d' 4 o 1
719 2.10 eeAlsEnoVANMINTTLUVT 1MUY

Tugnzdndvzinszua Wi lvaruieaieludimndruivetie ) Tvan ua
A a Aa 1 A o 1 Ao ] a 1 ) Y 1
wemadnzAansesidwmialan nszud Il Tnaundumisanziansouilddiu
A o ] I A 1 1 [ 091’ [ A A
auqlusznudmihenarefhaiouunasnienssua aaiuaIulsenouveI9I NN
= o w d' o ] a 1 R A v 9 [ d‘d = o w d‘ o a
FEIRAY NEWHUIEN1IZHANT09 TINFNULAANVIIINTNIF G 1DV UATOIA T A

{ 9 [ @ ! o w J {
Tthawgda 210 dmSusssanldihnlinsFeedrauvesesnlsznouauinasildlums

9
’JLﬂiW%ﬁ’ﬁﬂTJ%NﬂWﬁﬂQﬁWqﬁ}%TﬂﬁﬂJﬂﬁﬁﬂﬁ
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v,1 o]z, o oTl,
V,|=|E|-]0 z 01, 2.17)
V,| o]0 o z,|1,

a E = 1.0/0° p.u.

) 9 1 1 [} td'd = o o o’/’ 9
AU (2.17) mlinsui mamawsaau IfnimsGeedrduiuazdos
nswmnseue lihatimsSesdbucl,,, 1, 1, Mdenou uadesszanauei nszue TWihadl
~ o U =) ] 1 =S 1 ] 1 % =) 1 [ L:'d
MIFeaduveIanziansouaazlssaniar vy avumsmstuansaau Tnddna
maGeadeu vaznszua lihnimsseedisuudni ldunualuaunis (2.18) wazaunis

2.19) faz'lausegu Ifwag nszua ihanzifagnzians oaivmea

v, 1 1 170V,
V,[=|1 a® a ||V, (2.18)
V.| |1 a a*||Vv,
L] 11 1],
I, |=|1 a® a|ll, (2.19)
L] |1 a a|l,

® ganzAanIewULNuaneadAU (Single Line to Ground Fault)
a 1 d! 1 a a d? Lﬂ' % ) 9 d! v W % (%
annMzAanIoUUH R dasasauNaY DT A UH TN FURa LAY

AUNTOABUINTDAVDITLUUNINTADAIAY

las =0 ch:O
Y \

(a)

19



Zer0 Positive Negative
Sequence Sequence Sequence
network network network
lao ‘ |a\1§ 10/—0 N | ke |
<t —hrm s =P WY =5 MM N
ZO Vao § Zl Va1 ZZ Va2
la1 3
—>
(b)

d‘ a 1 d! 1 a
E‘IJ‘VI 2.11 ’Nﬁ]iﬂ'iﬁgﬁﬁfﬂ’l%NﬂWiﬂQLLUUﬁuQLWﬁﬁﬂaﬂﬂu (SLG)

1In3UN 2.11(a) HAAIIDTANYAVOITWAIVULINATNIZHANT DD
v o 1 A A = Y o Y I 1 a
meainle A ADNAUNIYA F mmsmmﬂmwmuuﬁa%mgﬂ 2.11(b) waasldimunvueing

a ! dy
ganeransoslszani

(2.20)

1T a A o a

Mvua Z, = Mouiiuaugyazinaanizianses, E_awaumsi (2.17) = 1.00° p.u.

b4
1 v A

o Y A ~ o w a a 1 =
‘1/]151??ﬂizl,LﬁVlV\Iﬁ1‘1/]1Iﬂ1i!iﬂﬂﬁ1ﬂﬂﬂ1m3lﬂﬂﬁﬂ1’38N@]W‘iﬂﬂllﬂ1ﬂ\1u

=1+ +1 (2.21)
a0 al a2

af

NNFUNT (2.19)

l LN
2
s |=11 a alj|l, (2.22)
2
I 1 a a“ ||,

vngd 2.1 Mldismswiwaifeanzianies = 1= 0 dwnszualiihi

e a varzinaan1IERANT 84 ) wlddaaunsn 2.23

Iy =l +1y+1,, (2.23)
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NFUNT (2.20)

l,, =3l,=3l_,=3l,

af al

(2.24)

o 1 Y] § a a 1 1 d
g 2.11) MlMsmawiussduile a vazaaangiansos (V) lduilu

Vaf =Zf Iaf

unuNauMIn (2.24) aalu aums (2.25) 1214

Vaf :Bzf Ial

Vaf :VaO +Val +Va2
VaO +Va1 +Va2 — 3Zf I al

o E, luawms 2.17)= 1.00° pu.

V., 0 Z A0 &
V, |=[10200]-| 0z, 01,
Vs 0 0o 0 Z,|1,

E7
Ml muhaznagneiang 035NNl

VaO :_Zolao
Val :fL.O—ZlIal
Vaz = _Zzlaz

usaau T ama b vag e ¢ mldanaums 2.18)
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(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)



V., ] [1 1 17V,
V, |=|1 a® al||V, (2.33)
Ve | |1 a a|V,

V, =V, +a’V, +aVv,, (2.34)
V, =V +aV,+aV,, (2.35)

® annzAanIauUsEHIAHanuwe (Line to Line Fault)
a 1 1 @ a d? A ) Y &2 o W
anngAansowuUszHNAanumanavuileaea nhdo uaUnHITuAd

@ o Y a @ dgl
Aum Iiinan1san199s U

F
a
b
C . ry
Iaf:() Ibf |cf='|bf
Y
Zf
. /5
(a)
|aO =0
Fo
Vag ZO

(b)

319 2.12 29sTuyadnzHans oauusErNaanume (LLF)
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~ a Aa [ ' Y] A o ]
3U7 2.12 (a) taaamsiiaanzians oauus g Naladumla AdLa F
sz e a vaz e b Feamnso@eursasniimsiSesdrau ladagal 2.12 (b) ieinsangali

Y
2.12 (a) IZNUN vauzinagnzRanIeallsennil

I, =0 (2.36)
Iy == (2.37)
V. =V, -V, =271, (2.38)

F4
U

11031 2.12 (b) manszua lihnlimsSesdrau 1adaiine

l,=0 (2.39)
=1, = SEIAI (2.40)
FRR, ST
Mz =0
l,=—1,,= A (2.41)
Z{ (A
LW]L!?hﬁiJﬂﬁ 2.39 azdaunig 2.40 fl\imlu’dl]ﬂﬁ 222
l, ==l =~/31,,2-90° (2.42)

Tuhwe ety miawsseu WS sadrduldnnmsunuaums 2.39 uay

aums 2.40 aaluauns 2.29

N (2.43)
V,=10-2Z1l, (2.44)
V,=-Z,l,=2,_ (2.45)

UNUANNS 2.43 D9 2.45 agluaunis 2.33
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V, =V, +V,, (2.46)
V, =1.0+1,(Z,-Z) (2.47)
Vv, =a’V,+av,, (2.48)
Vv, =a’+1,(az,-a’z) (2.49)
V, =aVv, +a’V,, (2.50)
V. =a+l,(a’Z,-az) (2.51)

® dnnnziaANIoUUTEHIINEN I @noa1al (Double Line to Ground Fault)

9 ) Il
anzranIoauuusznNaaduladeaunav o a19d 1T I1 19

[ Y

PRANUNUAUNT D ENETINTBAVDITZUUNINITADAIAY

€

a
b
C
lar=0 | lof l'cf
\/ Y
Z, Z,
| It +lcf
Z,
n
@
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(b)

31U 2.13 2esauyaanzHanoUussn At adeasdy (DLG)

~ a a [ ] @ ] A A
JU7 2.13(2) nerasmstiagnIzHansouDsEu NNt ulaneasaui
o ] 1 1 a 1 A 1 a 4 1
Aunia F lagsendnauna a uaz old b deasdn , Z,= maanzAansesduiiuaud nazz, = i1
a 4 v A : [
oufinauginaie lUfaugsannsafoursesauya lagegi 2.13(b)

WeN15 g 2.13 (2) ITWDI YULIAATN1IZAANT O

\NEE¢ (2.52)

K74 SN, (2.53)

Vy =(Z, +Z,)14 +Z, 1y (2.54)
1031 2.13 (b)

< 1.0£0° 255

(Z,+Z )02, +Z,+32Z,)
(Z,+2,+2Z; +3Z,)

(Z,+Z)+

L (Z,+Z;+3Z,) |
az (Zo+2Z, +32,)+(Z,+Z,) | *

(2.56)
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I (ZZ+Zf) I
a0 — al (2.57)
(Z,+Z¢)+(Z,+2Z,+3Z))

A Ya 9 [ Y] dy
130 19535818A1A 91
I, =0=1_,+1,+1,, (2.58)

af

dmswa 7, uaz [, 1519218

lo=—(,+1,,) (2.59)

lunsdi Z, =0 naz Z, =0 szmimnszua ihniimsFeediau 1dan

Iy = ek (2.60)
L, AR PR )
VA
|, =| = (2.61)
’ [(ZO+ZZ)} >
yA
lo=—| —%—|I, (2.62)
\ {(Zo+zz)} i

wimnszua lihama b taz ¢ vaznaanIzAanI o TagNTUNUANMT 2.55 4

qun1s 2.57 agluguns 2.22
I, =1,,+a’l +al, (2.63)
l, =1,,+al,+a’l, (2.64)
it g hnszua iiihswi lvaluseimiavasiaannzianses fe

=1y +1, =3l (2.65)

miawsaau IihnlinmsSeadrdu1a Tagunueaunis 2.55 daaums 2.57 aaluauns 2.29
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Vo =-Z,l, (2.66)
V,=10-2]1, (2.67)
V,,=-Z,l, (2.68)
NTAUNIT 2.33
V, =V,,+V,+V,, (2.69)
V,, =V, +a’Vv, +av,, (2.70)
V, =V, +aV,+aV,, (2.71)

w309nIEMsrisnemamssan ihinla b uaz c vaziMagnzianses (V,, uaz

$ . Y 1 @ { a a 1 9
\Y NFAUNIT 2.53 HAZTAUNIT 2.54 Gdﬁﬂ‘1/]']114?7Wﬂ'llliﬂﬂuhl‘V\Iﬁ'lﬁaWUﬂngmﬂﬁﬂ'l’JZW@Wi’ENVlﬂ

cf

~—

€

=1,

3

Varr =Var —Vis (2.72)
Vb /2 AV (2.73)
Vear =Ver —Var (2.74)

n3dl Z, =0 uag Z, =0 usedulihilnsGeeddvesiinuiy
V,, =V, =V, =10-27, (2.75)

1 [ 1 Yy 1 A J @ A
e |, 9naums 2.60 @au 1, uaz 1 sz Idnaediensiuas sau Tuind

MSEUIRIALINAUNIS 2.75 NOU

l,,=—2 (2.76)
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l,,=—=2 (2.77)

v o @ ~ a a 1 A
NANUFTUNUTUDITUNIT 2.75 LLﬁﬂﬂquﬁWWLWﬁ‘Umglﬂﬂﬁﬂ'n%NﬂWﬁ’(’NVILLﬁﬂ\‘lﬁlu

= P I= I B~
AUNIT 2.69 D49 2.71 AU
V,=V,+V,+V,, =3V, (2.78)

V, =V, =0 2.79)

cf

9 9
v o

attuawsaeu lihnaesvazinaaniziansos v ladedl

Vabf :Vaf _be :Vaf (2.80)
Vig =V =Yy =0 (2.81)
Vcaf :ch _Vaf :_Vaf (2.82)

®  aNITAANIDIUY 3 8aIAY (Three Line to Ground Fault)
Y ¥ Y
AANMTHANT DIV 3 Aeaedy  navudiemednihmsnuduiaduaurso

MeiINIoaveITzuUNIMIdoaaY Awaadlugl 2.14

laf It ler

Zf Zf Zf
I [

Y Blo=las + lps +lcf
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1.0/0
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31N 2.14(a) HAAINITNAANNITHANI DILVV I HINA W AADAIAUTN

) 1 4 a 1 3 3| a [ H
AMNUI F Lﬁﬂ\i%1ﬂﬂ'ﬂ1')$WﬂWiﬂﬁﬂiglﬂﬂﬁlﬂUﬁﬂTwNﬂWifNl!‘U‘UﬁﬂJiﬂﬂi'N%iﬁﬁﬂ'ﬁ

9

~ o w 2K a 1 v W I A A = o w Vo A
1384019y ENL‘]JU’E)ﬁi%@I’fJﬂL!ﬂQE‘]J 2.14(b) Lz UINITNUMSITOIRIA VLU VU INIHUNY

Y
uvaaons o iy

Voo =05V, =0:1,,=0;

1a 1A o a
5}11Nﬂﬂﬂiﬂﬂﬁllﬂucﬁﬁ1ﬂﬂu (Zg =0)

> A Ik
W=\~

Y 1 a o a a 1
HAZDIATDUNUAUBUUSINATNIITHANT DI Zf =0

al

1.0£0°

UNUTUNIT 2.83 oN 2.84 asluaums 2.22

110
a ||l
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N
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- 1.0/0°

|. = = 2.87
af al Zl +Zf ( )
Iy = a’ I = —1'04240 (2.88)

Z +Z,
Iy =al, = 104 (2.89)
2, +7Z,

A a a U a a 1 dya =\ oA
LN@W%T?‘EIHE“]JT] 2.14(b) znuNluvasinaaneAansesdsznniounausning

9
FEIMIAV(Z,, Z, 10z Z,)9$Qnandans aaiuy

V,, =0 (2.90)
V=71, 2.91)
V, =0 (2.92)

=77 AN 1N 12D
V |=|1 a® a ||V, (2.93)
V| [1 a a || o0
91U
Vaf :Val :Zf Ial (2-94)
V,, =aV, =Z.1,,/240° (2.95)
V, =aVv, =Z,1,,/120° (2.96)

9

miawseau Iihdemevazinaanziansoa laaail

Voot =Var — Vi :Va1(1_az)
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V,, =~/3Z,1,,230° (2.97)
Vs =V, =V, =V, (a°-a)

V., =3Z,1,/-90° (2.98)
V., =V, -V, =V, (a-1)

V., =/3Z,1,,£-150° (2.99)

Mnawms 2.87 092,99 Mldnswndr z, =0

I = 1020 (2.100)
Zl

, - 2o

1
1.0120°

L, AT\ (2.102)
Zl

V, =0 (2.103)

2.5 anyhiauinasveansaaulvih (Voltage Unbalance)

uzeent T ldawanas 121 Aeanu liavinasiluszuy i 3 wlalidntudimu
YoIuUIA, U (uaazianiiaiy 1209 uazeeRszneuvesdaana Tl Rasdunan
(Positive Sequence) aaval (Negative Sequence) uaza"wﬁuqu{f (Zero Sequence) Gld;\‘lmi]ﬁﬁ 19

a a 1 4 1 a 4
nnmsinanuAansesvesszuy luihmsenmsaaiin vaavinalvajmaiu
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RUVIVVAVASRVASRYARLYIVIVYL

0.1

0.04

0.06 0.08
Time(s)

0.12

517 2.15 manaussau i luauuas luszou i 3 wla

Y
seduamsaau il seansma llauuasmldannaunisaatl

v v Y
V3¢dev = Mgegavewssuilasulannaunasve wsauia 3 ma
V NASINUDIA T IAULARZIN S
3gavg =
3
Vagaen 100 %
usagn Il ldauunes = ; A 2
3gavg

(2.104)

a 1 1] o 4

manaane lauinasveussau 3 wla(v,, V, uaz V,) awnsamlnesdlszney
Y

VOITIAUTANUUANANTUA I Fail

J o w iy ) 3
1. 93A152NOUAINIUIN (Positive — sequence Components) WUAD IV, ¥ uagy s

k4 @ g}/ = [ (Y =} v o ° 1 ~
dsznouludronseauns 3 la Tvunaussaumming Tyuatesdu 120 Tundazia vagiinig
e amilounuAuLTIFUISUAU(Original )

J o W 4 ™ &
2. 934M1/52NDUAIGUAY (Nagative —sequence Components) 1HAD I/ v, uag v
a c

9 [ ;’f = ) [ Y =\ [ [ ° [ =
ﬂigﬂﬂﬂqﬂﬂﬁﬂlliﬂﬂuﬂ\i 3 L’I/\l’(?f HUHIALIIAUNINU MMﬂJﬁ'NﬂH 120 Glul,mazmlﬁ LAsTUNIT
SeumlaasatuinuAULT e UAY

o o W 4 o
3. ﬂdﬂﬂizﬂﬂumﬂuﬁuﬂ (Zero —sequence Components) Hufo V.,

=&
A T

Y
sznovlidreusaduna 3 e Hvunausedumnuy waziislallunemaderny
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sUn 2.16 @Qﬂﬂi%ﬂ@ﬂﬂlﬂﬂﬂ?”lulluﬁllllW]TUENLL?Qﬂu 3l

u

V, =V, +V,, +V,, (2.105)
Vo =Vir + V2 +Vig (2.106)
V, =V, +V,,+V, (2.107)
nnaumsauuansoloulugdvesmnnin ladeaunisi 1.108
Vo U1 V,
V., :ﬁ 1 a o||V, (2.108)
V., 1 o V.
LT V, .V, tag V, = ;wssausenin mlanuingsou
VOV VT Wie Vo,V v, = mesdiszneunssiudidugud s1euuan uag
v 4 v
Sy Auaastiiluusduiiola A
a=e"" = guwnlsveamsi@orund (Phase-shift)

2.6 Mnuguinaslvihuuveinsu

Bus 1 Bus 2
Line

3191 2.17 drmruauuuveynIy
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1 a o A Y 1 a 4
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/ h ‘Ayiw’s

1 p.u. voltage S Ve

IIoad
A o o
319 2.22 laerpIMIAIELTIAUVDI DVR

1. ABFAYOUTIAUANFIVULLUY Pre-sag Compensation AYUIAUIIAULAZ YV
YBITTUUITYNATINADUDENABITI0Y NsdlNALTIAUANGIvMZLS AU Tnanvzgnaawa(V, ) 11

d‘ [ 1 9 Y] d‘ Y A dyd 1 [ d'
NANNDUHUV ) muﬁﬂﬂugﬂm 2.23 UDAVDINTYALFULUUVUND mmmuﬂwammzuu

pre-sag

wavzlndifRssiumannzing daudedesie assmsaiiias liihvsegedmsumsyase

1p.u. voltage’ 4>

{ 4 o
51N 2.23 WenoIMIBABLLTIAUIDY Pre-sag

ANLTIAUTALTY 1LY ﬁWﬁJ]lWﬂﬁﬁ\‘lﬁ”liﬂiﬂﬂﬂg{Wlll qUMIN 2.110 uag 2.111

dvr

V) =\/V22 +V1% cos(s ) (2.110)
Pur = 3V,lcos(9)Y_ ;1 cos(p+;) (2.111)
v

j=meaua =123
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2 A5 BAUBOUTIAUANTIVULIUVY In-phase Compensation NTTNAUTIAUANTIVAUY

v 1
15904 THAAILYNFAITBIRNITMYUIAVDIIT AN asusadunsae(Vv, )asiimlaas i

Y o o A Y o S o Aq Y o
ﬂ‘Uﬂ']!ﬁ\iﬂuW\lﬁ(Vl) ﬂ\ulﬁ@\iiuzﬂﬂ 2.24 UDAVBINITIVALFYLUUVUUAD ﬂ“lj\‘]@“ﬂi%?@ﬁfﬂ@1

[ Yy Y a . {
dudonosno 1zinayuNTz Iaa (Phase jump) 1l 11an

V2
1p.u. voltage7\‘x\

/V Vdvr
-
i Vi
7
-~ 9 .
¢ Vpre-sag

{ 4 @
31U 2.24 a0 I MIFAIBBTIAULVY In-phase

Ausasurasy taz Mad lwiassansem ldaueauns 12.112 vag 2.113

VI B =V (2.112)

Py = 3V,lcos(p) ) V;;1 cos(p) (2.113)
vj

[

j=aeula ;=123

a, [ o a, 91:,‘ 1

3. 35 ¥AIvUTIAUANF VLU Fully Optimal Compensation 3311 um3 14uvias

1 1 = Aa A 3 a v ) Y A o o [ o Ay Y

WasnuedNlszansnaun veyanszudlvaagminnlmwesinandsnudiganaealy
= 9 o A Yy 9 dyd v Y

lumsdadiszuy awaalugiln 225 Jedesveimssasenuuinon U EDUYDITLUL

aunuazAmsIaun ldsaregs
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1 p.u. voltage

Vdvr

\ Vpre-sag
I load

51/#1 2.25 a0 s M3 ¥AOLT IR UL Fully Optimal

1ngUi 225 Tunsdin Tnaalihaeyulanndsumlasi Idisiawnsanale
o3 1TIAU Traanaimsvawe (v,) 1ihgalaquudulfs (1 p.u)ld
anvazmsuandousia i wezhad i aousznidvaons s

o 1 Yy { 9 1
HUUBYNIH (DVR) wazszuus e v mmmuam"lmmgﬂﬁ 2.25 LAz AUMIAUAN

AR N\ >~/ Sensitive
impedance | $ | Load
dvr
| |
-
Supply = | | .
rl/// \A A A ‘ \\\‘
_________ _I \’\ 7_ /\ |
Dc Energy Low pass filtter > ¥V
storage device Inverter | — — —— ——— - |
' | |
I
s J_ I : |
—I_I —l_ ! —l_l |DVR
C T
Dc Link ]

51U 226 JUuDUMIMINUVBIAIBAELTIAULVUBYNTY (DVR)

V. =u398uumnasng ( Supply Voltage )
Vo= UFIAUAIAN ( Incoming Supply Voltage )
V, =u33aunaa (Load Voltage )

I =nszua)vian ( Load Current )
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= lqlm‘V\l’dI“l/iaﬂ ( Load Power Factor )

®
5 = yulavoanyia918159au ( Supply Voltage Phase Angle )

o= YUUIIAU THaafUUTIAUNDUMIIAALTIAUANTIVUE

(Load Voltage Advance Angle)

ensalSuamasnusaosinzay lalasmsdSuany o Tagaisialdh

Aa 9 EaR=~] o A a s Y o o ] I 9
ﬁ]5\1llﬂll”ﬁ]1ﬂQ']Jﬂﬁﬂl!ﬂﬂWﬁQQTuiugﬂllU@m@ﬁ mhaaesuien tagszuuNUIe Wuau

9
v A

1 ' o w a J J
daummas ihuadougnadialasdunesines uaasldai

it% P = Maalihasennuvase

P

out

e lWihasan Tvaa

P,,= Masluinieinienn DVrR

P.= DVl cos(p-a+5;) (2.114)
7

Pou= Zv2j|j cos(¢) (2.115)
7

j = maule =123

%

auyag i Mvareu s uIIUEYNTNEINsATAITELTIAY IdgnADY duydA 1 Tnan

1 @ 4
quqal[=1)uaz Aussauemunauaa 1, =V,

Pu= 3V,lcos(¢p) (2.116)

Pdvr = Pout J} Pin 2.117)

Pdvr = 3V2|COS((0)'ZV1JI COS((p—O{+§j ) (2.118)
vj
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Tasauyadg RN
I Q, =M luilaiousinunasine
Q,, = MavlWfluaiounlvan

Q,, = MavlWfluaiiounaoan DVR

= gvlejSin(¢_a+5j) (2.119)
i

Qo= ZVzJHS'n (2.120)

j = aeuld j=1,2,3
Quu= 3V, lIsin(p) (2.121)
Qur = Qo Qi (2.122)
Qur= 3V, lsin(e) -;Vljlsin((p-a+5j) (2.123)

j

MNAUMT 2.118 waz 2223 uaadldmiunmsvanlasusideiilese(Real

Power) tag f1ad I fnaiiou(Reactive Power) 3N INAIFAFSUITIA ULV YNT VAL TLU

o o o

$1me i (Distribution System)ﬁmﬁﬂmum"lﬂiﬂﬂﬂsu mlmla o mmwu ikl
M@,8,V,,V,
mﬂ‘ﬂﬁﬂﬂﬁ"lﬂw}u “I/lﬂ’ﬁfﬂil13m«ﬂﬂ1ﬂ1ﬁﬂﬂﬂmﬂﬁ1ﬁﬂ W@wﬂuimmmu

q

ounsudadiszuuimiheld Taemsfmuadm o ey Mnaumsaua

2

2
o |:ZV“COS( )} {Zvljsm( )} >3V, cos(¢) (2.124)

3V,cos(p)

|| S st [ Zwsnie)|

= @+[ —arccos (2.125)
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> Visin(5)

p=arctan| ——— (2.126)

2Vij00(5 )

30 Qo = O+ (2.127)

Vg = Vo2 +V 2 = UV, 008( oy — &) (2.128)

+5)) (2.129)

opt

P ™ = 3V,lcos(p)-> VI cos(p—a
7

2.7.2 MTFAFLUTIAUUVVDYNTNANTIVMZ(Dynamic Voltage Restorer)

Y A s 1 Y @
msadanssaurasoiudn 1l lusgun Wi ldgdnsainsenit dvaronsdu
nuveynsy Felaenalidsznoudle 4 daundn e druuvasnasanu widondas i dau
utasnasau dansesdidiu nag udoudad i degin 227 vaziRaussduangrvazns

o o [ I 9 Y] A 9 A

Aruvesirvasonssdunveynsumiumsadrsussauuanmud lllusz uuimesaye
HOATLTIAUTZHILTIAUANTIVMZIAzZITIaUNa Tz ninanznamstinuves @7

o ° Y A A o o q ¥ ' Y a & a ° A
oL sIaUILUaYNTY diminialoudnihldnszua lvaruldng Munevzinunioe

1 Y
MINTFABLUTIAUNSUNZMITINAUTIAUANF VNI U

VS@— LOAD

\
\

\AAN
| YV | q— Voltage injection

Dc Energy storage Low pass filter / transformer
device Inverter . S

1 L ;
T T |

T !
J_| \ Solid state by pass

_|_ | switch
|

v v
31N 2.27 @IBABUTIAUUDUDUNTUANF IV ZHAZA MK UINTAAA
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L4 ama’ewé’eam( Energy Source)
IS 1 A o_ o ' Y ) ]
iWuduntianudidyaeanuanso lumssasoussauansrvas Tuudveq
{ o 1< [ [ a
Tvaanawnsosuld uaznarlumssawe TagldAvinszuununasnunieInszuLLsTIUnIa
A 3 ¥
naesaunla
¢ wauasdaussaulniludngszuy
= Y 9 o 1 o & 9 = [ 9/
mydaussausasedszuus e llihduudesdaussduriurdontas
lWihgnaeeynsunuaedaluszuudmiite dedvesmsfaussausaeriiuszuurdondlas
Aoeunsaaadae lWih 1dgaaziimsueniuszraussduszuudmienuussdusare dau
Yoaveveantoutlad Ivihaei ¥inanmsideouma (Phase-shift) Lazusduanasen (Voltage -
A 1A A o 9 9 = v o & y
drop)  tHeIINAIBURLAUFYononas Tumsesnuuundouasiaussauiniludes
AAao A ] 1 % 4 d‘ﬂ} o R K
ponuuUNNfagegaionuilasassaeszuUIAZAI DVR 194 03d1lsznouiidodiienaly
9/ = v Ao 49’
myeonuuudeulasdauseauiiaci

[

a 9
- Nnavoardeulag

[

a 9 v ~
n ﬂﬂl@ﬂﬂuﬂllﬂaﬂﬁ”m”liﬂﬁ"I]lﬂinﬂﬁllﬂ"li‘ﬂ 2.130

P =KV, I (2.130)

S pr - pr

K, = Safety margin
V,, = wWiavoussduduilgugi

|, = Winavesnszuadnlgugil

d‘ = =) tal LY Y a 1Y o
lW't’]‘WﬁﬂLaEN{IQUJVHﬂ'liﬂﬂ@]?]"l]'ﬁ]ﬂﬂll@uﬂaﬂl!ﬁzﬂigllﬁ@uﬁ‘]f (Inrush current) N1

| Aav o 1 Av W @ @
Itdealdudonlas ldihnfvuaniadlu 2 mhvesidadivaseuswuIUIoYNTUANTIVDLY

Y
% 1

WU K, =2

Y a 9

- WnavosIRuIaz NI LA Ul gugive srtonla
i1 4
iesnnugdontasdausaiugnaoeynsuiuszuus e iumNnave
9 a Y = -2 1 Aav ' 1 Av v 9
nszuadmlgugivesndonlasdumfuamninavesnszua Inan dIuAINNAYILTIAUATY
Ugugiiawnsom ldanaunmsi 2.123 duaig

V.. =DV (2.131)

inj r

V, =(1-D)\V, (2.132)
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a o [ Y

WAV AUTIAUUDITANA0IN TS NEITEAVUTIFU

V r

D =dinaAussiuandvagegauuy 1 wlandessase (D <1)
V,; = Wiaussduiivas
VS

= AUTIAUANTIVULVDITEU

4 ] o 1 o T Aa 4
- 5qu%uﬁwn1ﬁaumaqwﬂauﬂaq IUIUTOVVDIVAAIA A1DNNLLAUS

A92993 (Short Circuit Impedance)

START

V,2Vi/T,0 =T,

*Il

) )

311 2.28 uwunmmsmadasdundontasiaus e Trlih
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LTJHﬁ"JuGlﬂfﬁiW\TLliﬂﬂuﬂfﬂﬁfﬂ‘;}Nf’fDUﬂigﬂ@‘]Jﬂﬁﬂﬂ't’) DULIDILADILUASAINT O

] c' Y 1 [] a 4 g 9 9 1
WIUA Iﬂﬂl!i\‘l@uﬂfﬂl‘]ﬁﬂﬂgﬁﬂN'I‘Lli]1ﬂ@u!')f]im@iNWUW?J?]LL“]J@\‘]%V\I%HWIQ?%UU

Vsa
VLA
") 20000,
_@ Vss \09000 Vi SeLrl)sailt[ijve
/’\7 Vsc (G8000) Vic
N ——
LILI)

1 2.29 dyumsudaswdsnudaldluszun lihsedvus sdugauaznans

1 Y
MrasenssauuueynsuaIaaa luszun lihsedunssdulhunatsion
a J J < a J o v o { ' Y
T¥ounesmesunu@uuiad 1 wld $1uau 3 dadegd 2.29 aveynsuiuszuy Ifuaziing

@ o a o & gf A = 4 o) o A .
Juihadadunuveqamannungiad (PWM)  AlFmsadaduseauunuin@ed (Unipolar

Voltage Switching)
e + |
i1} Ta: Das Tor Des
57 f)n
e
Vo = +V
Va —Oo ‘
\ Y 7N Ta Da @ A TeDe
- T |

A a s s a o
Z.i"l]‘ﬂ 2.30 Dﬁﬂiﬂulﬂﬂilﬁﬂillﬂﬂﬂaﬂiﬂﬂ 1 L“I/‘I’(?f

ﬂTi"U‘U‘LHﬁ’JW]ﬂL‘U‘UMﬂﬂﬁlﬁﬁﬂ’ﬂ%ﬂ’ﬂ\ﬂ/‘lﬂﬁ (PWM) N {1 mim@mgiwmmu

Ao (Unipolar Voltage Switching) ¥9429931jav3atounesines Idgnesnuuuliiau i

E4

wounu TagdyaumsaIuguat A Avaeniual B Aeduuuaail Aedyanmumsniugua
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[

Yo
HagauuIunNITAIUANUT B ll@iugﬂ’]ﬂﬂ'ﬁ

control 5] a

Yo ~ ~ @ Y Y
A 1@svnnmsulSeueununssiu v, oy v

a

nfSeumeunuLsIaY vV, f1 -V awaaalugdn 2.31 dyaraaedIndmsuNIIAILANNT

control

a J 9 = = [ Y] (9 Y U dy
aagu1 A ldnnwavesmsSeufieuduussdu v, nu v, awdumsdnead
V>V T, inseuald vo.o=vV (2.133)
control tri © At hd AN d .
o F2
wagV >V T, Winszudld v, =0 (2.134)

[ 4 ~ A = [ o 9 ~ o [ [
USIAU@IANANYT A IWBNIUNUUE N ﬁ)zllﬂmllgﬂﬂ 231 @IydayIu
a Aqy a 7 9 = = @ [ o <
apanildminauadagu B uagldvinSeumsuduuseau v du v duldewauns

9 1 dy
VNANU

) 4
Vo>V T Wnssuald v =V, (2.135)

control

wag V>V Ty dinszuald v =0 (2.136)

control

[

) Y Y
1199910 la Tea lddevunuuuuaduI(Anti —Parallel) aariuussdudn laszaylu

]

{ ] g v A 4
aumsh 2.127 uag 2.128 THAUAUAANI0INTZUAD NN T

1.T,,. T, Wnseud vV, =V,,V,, =0;1a v =V,

A+
i D
2T, T, Winseua :V,,=0,V, =V;1d v.=-v,

3.7, T, Wnseud vV, =V,,V,.=V,:1d v.=0

A

4T, T, dwszud VvV, =0, V=0 ;18 v.=0
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ﬂ?ﬁ?@]%ﬂﬂuu’]ﬂﬁ%uﬁﬂﬂﬁ] mmmamwm‘mﬂuqua Iﬂﬂﬂigllﬁl'ﬂ'lﬂw.%ﬁ

d‘l [ A Y d%l =Y d'
Ulwacluw(loop)ﬂmu TA+ 'ﬂ‘]JDB+ 3o DA+ Ny TB+ ZVUNUNANNNISLLE Io Glmlmzmﬂim’d Id

LY 4 o =) [ 9 a g A [ o 09: 1 9 [ L4 A [
mnugud Tuihesdeaiu Sadaggaisde T, du T, Winszuaniges lanadnsiilounvg
a 4 ~ @ [ ~ [} 1 [
vunnlszms luvazadas msnlasuulasvesszavussduazinlasunilategdszning o iy v,
A o Y a 4 dyd Ao 4 a a dgl ~ ~ ]
%30 0 NU-V, I0AYDINITAIAFUUVY ADANUDAMIGAvOIgITUDINNATUNANUDTDUNIVDY
A A Jdo ] o o A A 7 9
ANnuamsadagiiInuuimlnaasy (Spectrum) 815 Tuiinveosgaauemnalunaudig
. a g 1 { { a 1 @ a @ J
(Sideband) lamnafugesmnnud luvuziuouildgaiinudernu (lugaund) Taomwiziues
a [ c; { Y] 1 { Aa 4 4 I §
Tuiina1dr Tunsdifidendasidiuaiudveqraa(mbd vosdunesmesiadonumaan
d‘ d‘ Y 9 = Y d! [ Y] I~ [ :Jl
ilosnngUaauuseau v, uag v, Idgnasldamaadgaiuuaznuiuyy 180 ogen daiiu e
I'4 A A d? ~ a o @ I~ = @
vosgsvennliznoviulusnzanudnmsadagvowsau v, uay v, iuwdafeany
o 4 4 1 & o @ 0 o I
(D Pon =180 ° x mf =0) 1ifoaIngUaauAmaaFaiuLaziy 180 ° uaz mf lagnivuaiy
1 A o 9 4 A A Y a s 9 Y] 4 a v Y [
vy Hanne M ldearsueini 1AvInaIag A28U0 I TIALIINNAINANTHNA NN UIDUNTZ
3 4 a 9 4' a d' a o d' a 4 ]
V. =V, V,, SIMasuetdnuaudieiitnaainanudvesmsaiaganudvesnsaingos |

d?’ Y [ v Y [ o a a s A ~ a 4 QEJI
ﬂi'lﬂ;]ﬂlu ﬂa’lflﬂ‘]Jﬂ’liWﬂaWQﬂu"Uﬂ\?Eﬂill'E]uﬂTﬂllLLuu“]W]Lﬂﬂi]'lﬂﬂ'J'liJﬂﬂ?iﬁ')@]“]fﬁ’f]\?ﬂi\i nag

Ay v 9 v & Y
yauz i lidsnguavde aniula

V,=maV, (ma<1)

A

V<V, ,<4Vy/37 (mf>1.0)

c'> a 4
®  N1599NUVLIDINIDINUAIMTAINTAIUDON
A v Ay Y ¥ a s s o s A oA
119991AUTIAUN 1A1AN1T A1 1A8D U5 MBS AL UUTIAUIITNDUN TN
~ A 4 [ @ g/’ 9 A 4 do & 9 =\

ANNINIaInT 1 ueguInAIiuNIAIULNUBIBUBINB ST UADINIIIINIBY TaY
) ] Jd o [ [
Auiiave999n50d luginsaldisawensnuIUUo YTy (DVR) § 2 dnyuzfo

- HUUADNDINTOIAIUAIBTINUNY (Line Side Filter)

- HUUADINITNTOIMUDUNBS 1995 (Inverter Side Filter)

a a 4 @ dyd 9 1T A Y a 4 ¢ A AY AN
luanentnusativiaenlgsnmsaedamosau oI 05 119991nUVDAND

v A Ia 3 ] Y o L) a 1Y o a J o Y [ 4 a ] 1 9 =1
’J‘Wﬁm’ﬂi@]ﬂﬁ\iﬁ]Qiﬂaﬂﬂllﬂﬁ\iﬂimmﬁﬁﬂu?ﬂiiJ’E]Llﬂﬁ Vlﬂ‘ﬁl,!,i\‘]ﬂu8153J’E]uﬂﬁﬂlhgﬂﬁ\1w1llﬂ‘ﬂ

9 A

= [ "9y s A a 1 Y 1 a) 4 = d‘!
wmuﬂammmmu"lﬂ% UAUDLTIADINAAULTIAUANATOUNNALNDTTINDINTIaDUIN U

Y Y A Y = Yo A
LINAUYALBIN Y LWi’]‘IW\1’]ﬂbluﬂ'ﬁ@f]ﬂllﬂﬂl!agﬁ']ll']ﬁﬂmlﬂUUQﬂiaMHaqﬂﬂQLlaﬂ\jiuzﬂﬂ 2.32
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ate
&-

Vy

5UN 2.32 NITANYAVUDINITNIT O

u

V, =133auiansguansg
v 9 a 4 14
V, =u33aua1uennvoI0unosines

S

V., =useaunlvan
9 a 4 4
I, = NIZUARUOBNVDIDUIDITINDS

a J
| = nszuannisines

|, =n3zidlvian

Tagsmuald

usanutianszuanse Luilinisnseiiou(Ripple Free)

Jd a A & a
ginsalaImsFuiiugauna

Tuwasanamanudumundsvesnnhdnos

Tnaauiuaiios

R, << JX 4

= v Y a 4 S YA
Fﬂ'l'ﬂ?l“]J 2.32 ﬁ']ﬂﬂﬁfllsllfll‘lﬁuﬂ"lillﬁ\iﬂu@']uﬂﬂﬂ‘llf]\‘i’f)u!,',]@'im@iulﬂﬂf)

|
V, =V, +R, I +L, ‘;—I (2.137)

t
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Y o Yy v o ?a s 1 o o
Fl]’lﬂsllaﬂ'lwuﬂeu’l\i@]u"llum@ulej'E]ﬂﬂllﬂﬂ@.ﬂﬂimwa!ﬁﬂiuﬂﬂﬂu 4 YUNDUAIU
o [ 1 a . . 9
- Mwmoadumsegaaueunaga (k : Modulation Amplitude) 18

1INAUATT 2.138
V
k=22 (2.138)
Vd

4 [ Y] 1 [l [ o [ a o A
a9 sIsuanas ey luausar ldneumssmuaamimessugvedld
= ra [ ug/' 1 [ 9 a 4 4 A (Y o A
e liNs A uA IS IR UATUDONUDID U5 IABS v A MmN uusIud Inaa(V, =V,)

1 o ug/' o J Y
Aou Y UIUADUMIAIUIUTIA K llﬂ’i]']ﬂﬁllﬂ']ﬁ 2.139

64 5

K2 —ye 9%ys Oy
K = 4 N 4 (2.139)
1440
- mwamma L, Tdninaunis2.140
2
L, = Vo lkNalqsan2[fr] g W (2.140)
AN I\ ) fs Vo,av

f, —audaingas
S
f =nudvdnya

@ J a .
V, ,, = Usaduasuetingauilvan

- damma C, laanaunis 2.141

9. Yo——
7457 T

0,av

2 (2.141)

AL, uazC, 1A R, (Damping Resistance) #1115 01g1995803a 1Aa

naraslugln 2.32
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|
| Il R |
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| _ _ I __ _ _ ____ o

517 2.33 NITANYAVUDINITNITO

U

- Mruai1d52noUNU(Damping Factor) (AL 1 910319 2.33

u

amﬁat%uﬁmwﬁamzwimmﬁuﬁ'maaﬂﬁuuﬁﬁ’uﬁﬁuna{ma{ llgljﬁﬂ

aumIn 2.142

v C/‘Rds-f-l
= 5 (2.142)
w  C,Ls +CRs+I
NNAUNIN 2.142 ansanmiadlszneuvuag 1daeauns 2.143
(2.143)
uazaz1dn
R, (2.144)

2.8 ‘nt:]‘ielf]f°n€1}\1"l1/‘|ﬁ1ﬁu1ﬂ(lnstantaneous Power Theory)
wqyf]ﬁ"né’q”lvmwﬁuﬁg‘ﬂﬁuﬁuaﬂ%mﬂiuﬂ an 1983 .Tag Akagi et al. 1ilunsANY
sl aazmda s ueafvesssyumulamuaeiluFaran fAgunsatiun
ﬂs:qﬂﬁ‘l%’ﬁullﬁ’ﬁmzum%ﬂuamazmﬁa wazanmzdvar mesamm mideldfhiule
gndwiums Tasmsilaaussdu (- ) igaidondeuaznszuaiilnaluais( , ) Iegun
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Table 1—Principal phenomena causing electromagnetic disturbances
as classified by the IEC

Harmonics, interharmonics

Signal systems (power line carrier)

Voltage fluctuations

Voltage dips and interruptions

Voltage imbalance

Conducted low-frequency phenomena | Power-frequency variations

Induced low-frequency voltages

DC in ac networks

Magnetic fields

Radiated low-frequency phenomena
Electric fields

Induced continuous wave voltages or currents

Conducted high-frequency Unidirectional transients
phenomena

Oscillatory transients

Magnetic fields

Electric fields

Electromagnetic fields

Radiated high-frequency phenomena | continuous waves

Transients

Electrostatic discharge phenomena —

Nuclear electromagnetic pulse —

The phenomena listed in table 1 can be described further by listing appropriate attributes. For steady-state
phenomena, the following attributes can be used [B10]:

— Amplitude

— Frequency

— Spectrum

— Modulation

— Source impedance
— Notch depth

— Notch area

10



IEEE

Std 1159-1995 IEEE RECOMMENDED PRACTICE FOR

Table 2—Categories and typical characteristics of power system
electromagnetic phenomena

Categories 'I‘ypicc(z)lllltsgnetc tral Typical duration Tylll)li:gallﬁ‘;?ll(;zge
1.0 Transients
1.1 Impulsive
1.1.1 Nanosecond S nsrise <50 ns
1.1.2 Microsecond 1 us rise 50 ns—1 ms
1.1.3 Millisecond 0.1 ms rise >1ms
1.2 Oscillatory
1.2.1 Low frequency <5kHz 0.3-50 ms 04 pu
1.2.2 Medium frequency 5-500 kHz 20 us 0-8 pu
1.2.3 High frequency 0.5-5 MHz 5 us 0—4 pu
2.0 Short duration variations
2.1 Instantaneous
2.1.1 Sag 0.5-30 cycles 0.1-0.9 pu
2.1.2 Swell 0.5-30 cycles 1.1-1.8 pu
2.2 Momentary
2.2.1 Interruption 0.5 cycles-3 s <0.1 pu
2.2.2 Sag 30 cycles-3 s 0.1-0.9 pu
2.2.3 Swell 30 cycles—3 s 1.1-1.4 pu
2.3 Temporary
2.3.1 Interruption 3 s—1 min <0.1pu
2.3.2 Sag 3 s—1 min 0.1-0.9 pu
2.3.3 Swell 3 s—1 min 1.1-1.2 pu
3.0 Long duration variations
3.1 Interruption, sustained > 1 min 0.0 pu
3.2 Undervoltages > 1 min 0.8-0.9 pu
3.3 Overvoltages > 1 min 1.1-1.2 pu
4.0 Voltage imbalance steady state 0.5-2%
5.0 Waveform distortion
5.1 DC offset steady state 0-0.1%
5.2 Harmonics 0-100th H steady state 0-20%
5.3 Interharmonics 0-6 kHz steady state 0-2%
5.4 Notching steady state
5.5 Noise broad-band steady state 0-1%
6.0 Voltage fluctuations <25Hz intermittent 0.1-7%
7.0 Power frequency variations <10s
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Detailed Analysis of Control Strategies for Medium Voilage Dynamic Voltage Restorer
Tanonsak Keawsakunee Paisan Boonchiam -

Abstract

Thié'bépef presents the detailed analysis of control strategies for medium voltage dynamic
voltage restorer (DVR) that used for enhancing power quality. DVR is a custom power device used to

correct voltage sag by injecting voltage as well as power into power distribution systems. A method of

s ‘.Adetermining the exact amount of voltage injection required to correct é specific voltage reduction with

minimum power injection is described. Analyﬁéa'l_- e)_;pyessions br'bot-h magnitude and angle of the
injected voltage are also derived. It has been shown that a voltage redqg:tip_n and power factor should be

analyzed before compensating the voltage.

Introduction

Voltage sags are now one of the most important power quality problems in the power distribution V
systems [1]. A voltage sag is a momentary decrease in rms ac voltage 0.1 - 0.9 p.u. of the nominal
voltage), at the power freqﬁency. of duration from cycles to é few seconds as shows in Fig. 1. Most
voltage sags are caused by remote faults, such as single-line-to-ground fault, double line to ground fault -
on the power distribution system or due to starting of large induction motors and switching of capacitor
bank [2]. - '

Event M‘agnmd‘c' s
T

Voltage Swell |M Voltage

Transient

Nommal Operating Voltage

Sustained interruption

oy

cycle 30 cycle 3 sec i@ Event Duration

b

-3
<
[
£
I
.S

=
o

Fig. 1 Voltage Reduction Standard of IEE Std. 1159-1995.
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A dynamic voltage restorer (DVR) is a custom power device capable of protecting sensitive
loads against the voltage variations or disturbances. A DVR is a forced commutated voltagé source
converter (VSC) that injects a dynamically' controlled voltage in series with the supply voltage through
three single-phase transformers for correcting the load voltage. When the injected voltage is in-phase
with the supply voltagg, the desired-v'o_ltage correction can be achieved with a minimum voltage injection
but it may required a considerable amount of active power injection into-the system [3]. When the
injected voltage leads the supply voltage, the same correction can be made with a lower value of power
injection. When the power injection by the DVR is minimized, the same energy storage can be u§e;1 for a
longer period. Such an operation requirés careful determination of injected voltage magnitude and angle,
however. ' e g e

The objecti\-/év of this paper i's‘--t‘o_ determine the magnitude and angle of the DVR injécted vdltage
- so.that'a given volta'gé sag can be corrected- with minimum -active power injéc';t'io.'hv into the system.
Analytical expressiohs for the injected voltage magnitude and angle, in terms of voltage sag and power
factor, are also derived. Fig. 2 shows the schematically dia;giam of a typical DVR used for. voltage
correction. When the supply voltage V, changes, the DVR injécts a voltagé V; in such a way that the
desired load voltage magnitude can be maintained. DVR is simply a VSC that produces an ac output
voltage and injects i-n series with the suﬁply voltage through a transformer. To correct a given voltage .
sag, not only voltage but also active ar.nd/or‘reactjve power injections are needed. The DVR itself is
éapable for genetaﬁng the reactive power, but the injected active power must.come from the energy
sforage part of the DVR. Thus minimization of active power injection is essential to increase the lift of the
‘elnergy storage. - . ‘

Supply Bus Injection Load Bus
Grid l . igt) Transformer i, (1) 5

@ I'rv-»LV\—PPCC

vy(t)

o . — :

Supply Power J> ] Load Power
—SeoelyLower, " LodPower >
vsc _I s

b Dc-linkc-pacaﬁr“_ S

: | —|l—‘ IEnergyswnge

Fig. 2 Schematic diagram of a typical DVR.

This paper is organized as follows: Section 2 presents the control requirement of DVR. The

214

99



control strategies are shown in Section 3. Section 4 presents the comparison of control strategies using
mathematical analysis. The loop control to reduce transient respense and steady state error are

presented in Section 5. Finally the conclusion is given in section 6, respectively.

Control Requirement

ADVR must be able to react very fast on different kinds of voltage sags. The amplitude of the load-
side voltage must be restored and for most loads large bﬁase juinps must be avoided. Especnaily the
correct compensation of single phase voltagg sags is a major issu(_e. Control of a DVR can be realized by
Using dqncomponents. . .

This tra_nsformation allows to control DC—éomponents. whlchls much girﬁpler than AC;comi):onents. :
", Shioa the DR e e energy stored in thé.‘DC,-Ii-nk.v it will bedischarged during the compensation.
Hence;.v the DC-link voltage is constantly decreasing during operation mode. Since the amplitude of the
fundamental must be kept constant the modulaﬁon index must be adapted during the whole time and is
therefore not constant. Consequently, the complete amount of ehergy stored in the DC-link cannot be
; ﬁse’d. due to thevmaXiml]‘m' voltage in overmodulation. To minimize cost and devices the.needed voltage
amplitude for a given sag should be as small és possible. The following section deals with three control

strategies, whereby every single one is able to fulfill one of these aspects. -

Control Strategies

As already mentioned different strategies can be used to achieve at least one aspect of an optimized
control. The three basic strategies are the Pre-Sag Compensétibn, the In-Phase—Compensation_ang the
Energyoptimized Compensation. To avoid a loss of power supply, the amplitude of the load voltage has
to be restored by the DVR. Therefore, differént strategies can be used to achieve this goal.

A. Pre-sag Compensation ‘

. The standard solution for compensating voltage sags is to re-establish the exact voltage before the
sag. The_refore. the ampiitude and the phase of the voltage before the sag have to be exactly restored.
The resulting véctor is shbwn‘iril t'He followin’g‘ Figure 3. This compensation leads to the lowest distortions
at the load, because the voltage at the load is not changed due to the sag. For this strategy. a PLL will be
synchronized with the load voltage. As soon.as the failure occurs, the PLL will be locked and therefore
tﬁé bhase angle canbe restored. Depending on the phase of the new grid voltage, the DVR has to

deliver higher voltage amplitude than needed in order to restore the correct voltage magnitude.
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Therefore, the system has to be designed for a higher maximum voltage (VDVR) and less energy from the
DC-Link can be used. .

B. In-Phase Compensation

As already mentioned, the Pre-Sag Compensation does not lead to a minimized voltage ampilitude.
This can be realized with the In-Phase Strategy,_ Wthh is designed to control the DVR with @ minimum
output voltage. In Fig. 4, the voltages for this strategy are depicted. In contrast to the Pre-Sag version,

the voltagé is now compensated in phase to the grid voltage after the sag. Hence, the needed voltage .

amplitude is minimized.

In most cases, a voltage sag leads to a phase jump, therefore the distortions due to phase changeé
are not minimiied. As a consequence, a phase jump will occur at the load, Ieading to transient currents.
If a sensible load is secured, then tﬁe In-Phase compensation cannot be used, because it would lead toé
loss of power subély.f’rb'ré'alize this strategy, the PLL has to be synchronized to the grid voltage itself
and therefore wfll not be locked during the compensation. ) '

C. Energy Optimized Compensation

Another existing control strategy is to use as rn'vuch_i'eactive power as possible to compensate the
sag. Therefore, the DVR voltage is controlied in such é’.wéy that the load current is in phase with the grid
voltage after the sag. As long as the voitage sag is quite shallow, it is possible to compensate a sag with
pure reactive power and therefore the corﬁbensation time is not limited. In Fig.5 the voltages for the

energy optimizéd compensation are depicted.

Im N
~. PN \
AIm By PN
\\ P
N Vs“vwm:: / \
\ s
Vs=Viow \ - w% \
iV < 3 DWR
i VowR f - =
v AR Ve
P LOAD Re
33 Vs Y. =
) 4 Re
Lionn Ioap
Fig. 3 Pre-Sag Compensation. ... Fig. 4 In-Phase Compensation.
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Fig. 5 Energy Minimized Compensation.

Beside the enormous advantage of not requiring active power, thls strategy t'ia'sih ‘most cases
two major disadvantages. On the one hand, the phase distortions and on the other hand th.e. aaéded
voltage :a‘mpl.itqde are quite :vhligh Furthermore, the compensation with pure reactive power is only
poss1blefor ‘s'hallow sagsr Ifa dwp sag oécars; active power is needed and in an extreme case it

. becorfres equal to the Pre-Sag Compensation.

Comparison of Different Control Strategies

In this section the already presented control strategies will bé analyzed by comparing the
needed voltagé, active pdwer, maxnmum compensating time for different sags and power factors. This
compariéon is based '_on a medium-voltage DVR system with a constant DC link-capacitor and the
parameters éi'ven in Table 1. For these comparisons either the sag depth, phase angle and phase jump
will be varied ceteris paribus. .

Table |: Scenario Parameters.

ominal grid line to line voltage i . 380V

Grid — -
Frequency" 50 Hz
Switching frequency 5 kHz
Inverter filter inductance = - 600 mH

DVR — -
Inverterfilter capacitance 2&) P’F
DC-link capacitance 47 mF
Power 60 kVA

Injection - 'Primary voltage . ‘ 3.0 kV

transformer Secondary voltage 0.3 kV
Leakage impedance 0.05 p.u.
Power 50 kVA

Step-up Primary voltage 0.4 kV

Transformer Secondary voltage 22 kV
Leakage impedance 0.03 p.u.
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Power 50 kVA
Step-down Primary voltage 10 kv
Transformer Secondary voltage 0.4 kV
Leakage impedance 0.036 p.u.
- Sag depth 0.3 p.u.
- Phase jump 10 °I.: i e
Apparent power at the load 10 MVA
" Power factor : 085

A'. ' éenera/ Equation .
" First, the equations for the required voltage amplitude, the a'ctx:\-/e"powe_r_ and maximum compensation
‘_time will be derived. Considering the previously presented vector diagrams't'he voltage amplitude for all
g ihree étrategiés éan be calculated. Leading to the following equations 1-3:

Pre-Sag Compensation

A =J§xVNx\/l+(l—s)z—2(l—é)co§6 (1

where: V,, = nominal grid voltage

€ =Sagdepth
& =Phase jump during short circuit

In-Phase Compensation

I;W,:‘gxl/ﬂxs (2)

Energy Optimized Compensation .
¥ =\E$<V,, x(sin(p—,f(lfe)z —oos’q)) (3) S
where: (P = phase angle between Ioadchrrent and voltage |

T T T T T L i T T
1 '
1 '
1 1

Injected voitage [p.u.)

Fig. 6 The felationship between injected voltage and sag depth when used pre-sag method.
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Injected voltage [p.u.)
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]

1 1 1 1 1 1

(EREER L - L

S 04 @3 42 41 0 .01 a2z
Bag depth (p.us)

Fig. 7 The relationship betweeh ihj'écteq voltage and sag depth when used In-phase method

Injected voltage (p,u.)

8

Fig. 8 The relationship between injected voltage and sag depth when used energy optimized method

Next the required active power will be calculated which is also bas_ed 6n the vector. diagtarﬁs. In
general, this power must be equal to the difference between the demanded power of the load and the
remaining active power delivered by the grid. Therefore, the active power can be derived for each

strategy aécording to the following equations 4-6:

Pre-Sag Cgrgpensation:
By =3¥(Boo - P
=3V, I (cosp—(1-£)cos (¢~ 5)) (4)

In-Phase Compensation:

B, =3V, I, -&-cosp G
Energy-Optimized Compensation:
B, =3V, I, -(cosp~1+¢) (6)
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—vay

Based on these equations the maximum compensation time can now be calculated. The active
power is limited by the size of the DC-link capacitor and the lowest possible DC link voltage which is
sufficient for a proper restoration of the load voltage. Based on these assumptions the folldwing equation

can be derived.

2 8

8

Injected active power (p.u.)
£ .

<4
1
a8
1
<2
1 1 1
4 L i e L
05 04 43 02 @1 0 01 02 03 04 G5
 Sagdepth [p.u]

Injected Power [p.u.]
o ﬂ

g

Fig. 10 The relationship between injected powerard power factor when used all methods.

Control Strategy with Different Loop Scheme ‘

To control the DVR output voltages, numerous voltage control schemes have been proposed, e.g.
single-loop voltage control, feedforward and feedback control [1,2] (Fig. 3(a)), multi-loop control with an
inner current loop and outer voltage loop [3,4] (Fig. 3(b)), etc. A brief discussion on these control
schemes with a focus on their effectiveness. for the filter LC resonance damping is presented in this
subsection.

A. Single voltage loop control )

Single voltage loop control of DVR (Fig. 3(a)) is commonly usedv to save extra sensors and it prow}ides

simple controller implementation while maintaining its ability of the reference voltage tracking and
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satisfying steady-state performance. But the conflicting requirements of the transient and steady-state
performance are serious, since larger controller géin is required for good steady-state performam_:e. but
this large control loop gain will deteriorate the transient pérformance and tends to cause an unstable

system. If a small gain is used to obtain adequate stability margins, a significant steady-state error may

occur., .
PG * . =
* V.
Vin' vmge inverter
- ——
. 69 ™ Controller
To PWM
Generator

Vinj - - Voltage Feedback

Fig. 11 Single voltage loop control.

B. Single voltage loop control with feedforwérd

To increase the transient response, a feedforward loop is often added ftom the reference signal to
the input of the PWM modulator (Fig. 3(a)) [1, 2]. As seen from Fig. 4, the bandwidth is obviously
increased by feeding forward the DVR voltage référénce. But the draWback is also obvious as illustrated,

where the LC resonance is increased.

. >
Reference Feedward

. l A/
'Vi“. Vonage : inverter
< @ 1 Controller . Q@ »

< = To PWM
_Generator

Vi Voltage Feedback

Fig. 12 Single voltage loop control with feedforward

C. Double loop control

To have a system with both good transient and steady-state performance, a multi-loop control can
be used, with an inner current loop for ensuring fést response as well as good attenuation of the filter LC
resoﬁance peak. Although a larger cﬁrrenf controlier galn kC‘ would intro'di‘k:é' more damping into the
system, the value of kC is always limited due to practical considerations such as amplification of

capacitor current noise or DC offset of current measurement if any.
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Vi ) Voltage kS Current Span—
Ol Controller Oad Controller
To PWM
L, CumentFeedback
Vi Voltage Feodback

Fig. 14 double loop control with feedforward.

Conclusion

This paper presents the detailed analysis of control strategies for medium voltage dynamic voltage
restorer (DVR) that used for enhancing power quality. A method of determining the exact amount ‘of
voltage injection required to correct a specific voltage reduction with minimum power injection is

" described. Analytical expressions for both magnitude and angle of the injected voltage are derived. fhe
simulation results show the capabilities of proposed DVR along with the low pass filer in mitigating

L vvoltage‘sa‘g/sv'vell in a 22 kV distribution system.
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