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el gl duA A FAe] A, AR ko] wiElglel o8 A4
Aot ARd HAekE PCS7E Alold = glent, wiEle] SOC(State Of
Charge) Alo17]7} df4l A= 4 vk skAIRE #iElE] SOC Alo]=
MPPTS} mRxb7EA| 2 Alo] F7]7F o4 o= Ao PCS Hdel 2t
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Y Aol JFS FA o meEEA P A, FEAEVY 5
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eabc Lf Rf Vcabc DC
2228
/\/\/\’ -I Source

Icabc x
PLL cabc
dge
abc < b,
abc "
J dge cdg

Th
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6, | cc
O PC e%e P".Q"

cdq
-+ = h* +
cdq

O 2-7. A9 Aol FAE - WEE dA A ZFA

ra9 265 ¥ a9 2.7, o RS Fashd, PCse =9 A2
e =9 AFE i = XAFTh wepx] PCSe| dudAs A7 35
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7h AT A B L A F713 Aojrlql % a7

A% Aol A9, A& }(Sinusoidal Wave) FE|Z ZA =], 7|+7
(Orientation angle) g 2joll wet 57 234 AdollA At A7t Jdy
o] gejA/] Hrh B =RoNt 3¢ A9 A4S tg 2ol 3
ojgttt. a%y Mol el For wiHl= =3t 74 AH %)l 4
ottt o] A 3 A Mg 2 (2.111)7 Zo] mEH

—Esinwt
e
? —Esin a)t—gn
€ |= ( 3 j : (2.1.11)

7] HEAZ Wgstd 747 A (2.1.12), (2.1.13) 7 2ok
_e(z_:'—Esina)t | 2112
1€ | | Ecosat
ol o
e‘; = } (2.1.13)
e | LE

2l
of ddet AW, PLLE] Alo] 5407 rgtel 24T SHelA=
A& or WAyt vk kA PCS7E 4% Als YR
TAE 71 AxAL AA AT S VNFeR 3 B HAxA 4
Qa7 A, AxE B FEHAeA olE ok shri[69),
[73]. 4% AT 90,)% 2A A% Ad0)d 245 4, =6, -0
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fl fecos@, + f°sing
dh — d ] err + q err ) (2114)
f —fysing,, + f; coso,

err

= AA A" @3 ZeS A% (Perturbation) o] o2 areshdA

2 (2114 2 (21152 FEE ¢ glon, Kale 2P A (2.1.16)
7 2,
(Fe+at)| [ (F+afg)cosl,, +(Ff +Af¢)sing,, 2115
- , 115
(Fy+af) | | =(Fs +AR )sing,, +(Fy +Af; )cosd,,
[Af! ] [ Aff+FC0
Clel L AT (2.1.16)
Af, —F; 0, + Af,

Af _ Aff +FSAG, (2.1.17)
AfY || —F7AG, +AFS | o
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—Ej ~E(0-6,)

p

7 F718F A7 = vhefet A S0l AjkEo] AN, V]2

A Qkx 31 9224[150]-[152], B =R9 SRF-PLLS 7]yl
S At T8 2-8) & SRF-PLLY Alo] A EE veRdTh
E713 Aoj719 tAls nde tpe3p )

o
>
a

\l

1 -

6, = S[wﬁ + T, (el —el) ] (2.1.18)

@, = Wy +Tp"( ) eQ), (2.1.19)
k.

Ty =Ky +—2. (2.1.20)

S

A7IA Kk, &k k, = ZH7 PLLE] Al ZE(State filter)= AM&-¥ ] #-
2] 5 (Proportional and Integral, PI) #|o7]2] H]#| o] 53} A& o] 55 L}E}
=

4 dE # #2 Aee aed A9 2415 RES e Zh

®, + A, :%(Qﬁ +T B (ES +Ae§)]), (2.1.21)

Q, + A, =0 + T, Bl —(E] +ael) |- (2.1.22)



TpII h
AG, =——L Ael, (2.1.23)
S

Aw, =-T ,Ael =sAG, . (2.1.24)

pll
2l (2.1.10)°] =W, PCSe] dIEAE FEsH] HsiA AA Ale A
O}j]—oﬂ q]?l’ PCS %E"jl Z(j_‘rETg 6\;}‘{!:% T3] O]: :l—lq— Al (2117)% o]%?—ﬂ_nﬂ

2
Aej = Aeg +E;AG, =Ae; +EAQ, 8] BAIE 95 5 Stk o] AAE (2.1.23)

3 Agshd g g Ad gE 24 A
k,,S +k;
AG, =——5—E—L—Aej =—G, Aej . (2.1.25)
s +Ek,,s + Ek;,
Aw, =—sG,,Aej. (2.1.26)

. KppS +Ki,
p 2
s +Ek,s + Ek;,

G, s Aol wal, 4 (21.17)2 tha¥} o] 34

Af] _| Ay . —F;G, 0] Aej (2.1.27)
ARM AR || BYG, 0| Aef | .

¥
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W AF AoJ71E 133 PCS IydA 1nd
Fras 2.6, 3 T8 2.7, & 842 A7 A& E3siH,

"9 2-9) o A7 A7l RS YERIY

T’h*

cdq

N abc
cabc dqe

¥ 2-9. AF Aoj7] A

PCS &9 JIHE u#3 wiF At W2 (2.1.28), AF Alo7]9]

h=]
Fot (21.20)9 2ol HAT 4 9Tk PCS Ao}l ALEEHE A

zah=y
dre AA Ao 2o g sksith
've ] [R, +sL, —-wL, i e
i I R (2.1.28)
| Veq | oL, Re +sLq || i, €
V] i1 [ 0 -alL i"] [e
=TS 2]+ S I EE R (2.1.29)
VI °lin i oL, 0 in e
L ¢cd | cq cq cq q, ff
k.
T, =Ky +—2. (2.1.30)
S

AN k9 k= 22 AR A9 el oS3 AR o5



AAe] wAl WEor ddsto] AojrE EebdE] A vk wepb dF
b A A #kehe AREsta, @k AR Pl Ao Y7 ARetEE A
Ashes o] Aol P w SHelA f2lsith
A% AdH i A2 e 18 2 2Ee o 2o
H, 225 Rad A= Ag o st 13 2 (2 o o st
Bl A5l A2 e 18 Al
-QL 1S +AIS Ae;
| I “ 1 (2.1.31)
Ri +sLy || I +Aig, E+Ae,
(2.1.32)

(973
Ve + AV, Rf +sL,
V +Av QL
(st i o
I & + Ay Ichq +Ail,
—(QwAwJLﬂlﬁd +Ai2d}+[0}
h +h
f 0 g + Al E
(2.1.33)

VAV
Vh +Avgy
+

{(Qh+Aa)h)L
(2Alz BH)
_Avced_: R, +sL, —QL, Aifd N Aet
QL R, +sL, cq Aeg '
Al AR
=T || S
AICq A|Cq
—Qth} Al [ LaisG,  offae]
o+ ¢
Alchq LflcdSGpII 01 Ae
Jelste] 2dE -

| Avg |
0
+
oL 0
23] oS3 o] Agsle] &
€] (Column vector) S 2] ] gtc}

il
o )

At
AIqu - Avcdq Aedq L]

o] 3
(sL1+ G} )Aig, =G,
= (=TI +G}) AL, + T, 1Aig, + GiAe;,
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—h*
Avqu

(2.1.35)
(2.1.36)
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) R, —QL, : 0 -Q, L, Lfl sG,, O
Glsi = ) G:: = J Gi Ci ’ )
QL, R, Q. L, 0 —Lilgy SGp“ 0
HE Ao Wsh 298 B A W A, 4 21208

AV, = AV, o T GuAey (2.1.37)

Algg, = Aig, + Gl Acy . (2.1.38)

ViG 0 _ —1°G., 0 )
cd ~ pll

PCSQ %E‘;} 79_?-1}% N f%]x—]gi 6]'}‘ i }‘ O’lo] A qu qu E}jl 7}74_]
st A el W #AE medthd, A (21.36) vk 7ol 4
2] ¥t}

AVS, = (Tl + Gl ) A, + T 1A,
+[(-T1+GL)G

pll

+G; +G\;||]Aé;q : (2.1.39)
=A Alcdq +AceAedq +T IAIqu

AZIM, Ay =-TI+G., A,=(-T1+G})G\, +Gi+G}, & =t
A, ALY ot HAF ‘o= A5 Alol7](Current controller), ‘"= A5 W
T g4 o= 29 AY HFY LS on| s

ol A2 (2.1.35)8F APsH the 3 o] A3k

o

et

T A

(Glop _A )Alcdq (A I)Ae +T |A|qu

(2.1.40)
= G

IccAlcdq - GEccA +T IAlcdq
Oﬂ 7]}\1’ Glcc :G|0P AC" GII’CC :Ace -1 = Xé 9/] %‘4 Glcc ’ Glrcc 9/] O]—EH

3 s 3
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A = AT A7), re A A 3E, Be 2 A W

PaL ovlg,

4 11001 Wet A5 Aoi/1E melw pese F9 ouEls e
2 et 2ol dg & A
ch = _G;cchEcc (2141)

W oA e Fe olSviEa Wde] 2 4L 9 5 vk W

A ojEn | ™ ALt ARgE FHE 2 ofefe} o] AUNE 4 Sl

G.=6G

Icc lop

—A, =(sL 1 +GY )~ (-T1+Gy)=(R, +sL, +T,)!
1 , (2.1.42)
ZE[SZLf +(R, +kpc)s+kic]l S

G

Ecc

=A,~1~[(-T1+G})G}, +G!

pll pll

] (2.1.43)

4 (214399 F= HHeIH G Ee TARRE )T 27) wEo]
A2k gl

WA, FE AYEE FEeA ¥de AF 1L =02 7HE 5 Sk o

w, 2 (21.43)2 e 2ol xdE & Uth

{(lchc +V.2)Gy 0]
G, = ~1. (2.1.44)
(-QL g -Ve) 0

flcq

2 (21.15)9F 2 (2.1.32)°l14 A e W g 5] WAL vy =V
VCZ :_QthI(?d EJ—?‘E% VCZ*:_QthIEd% %Eg— _)F glvc—)—tqy O]% O]‘g—‘é’]—%

2 (2.1.44)= ofefel Zo] A=
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G = (Tl V)G O [T O (2.1.45)
0 -1 o -

k. k _s+k
= 12| Ky +—2 | +V P27 o] Hrt
Gon [“‘( pe sj Cq}(serEkpps+Ekip 49

weby of=ulEls Y vy = ohea o] e 4 Utk

-1 _
Yoo = 9 (1=Gm) O . (2.1.46)
0 i
wke, PLL| 9t &g FAshd A (2145 -1 7} €9, ohy
+

Yo = Oicl = l. (2.1.47)

Za 73 [sglelA et ol Wi Aoy AE sE 13 A B3
HE(Low pass filter, LPF) Fe|Z AAsk= A9, Pl Ao]7] o]5&

Ke=Li@,, ke=Ryo 2t 44T 5 ek o] A%, gl & ZAHow

(2.1.48)

SZLf +(Rf +kpC)S+ki° L (S-F Prc a)fJ(s+pPCw°°)
Yol

pc

A7IM, o, =R, /L, & ol FY Aol e ntEojA= 4o,
0, = A% A7 ol E Bandwidth)e lvlETh p S p = Pl A
OJ7] O]%Oﬂ %7]—% H]E;" }\O]—Zl:E kpC:ppcl—focc, kic:picha)CCE]' 7]’@%

T At
"% 2-105 & PLLY] oJgt 9%
Sto] W &Y ojuuEA v, o WS EA(ER)E Aotk (@) 2
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ot
=
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=i
2
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)
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Yoo 00 2 Yo, 7F sLEr] wZel Yoo TAEY T AR olE W3}

cc, cc,qq

sto] olEabA Btk wd o5 WL wlaE A5 p,. o W wd

T en, o g A7] Al g 2T SH(w,, 27x500 rads=

Yeo,dd

Magnitude (dB)
‘ o

kic = Rf*weci2
kic = Rff'wee
kic = Rffwec™2

Phase (deg)

100 10" 102 102 10*
Frequency (Hz)

@

Yeo,dd

Magnitude (dB)

kpe = Lf*weoi2
kpec = Lf*'wee
kpe = Lf*'wec*2

Phase (deg)

109 10" 102 102 10
Frequency (Hz)

(b)

29 2-10. AF A}7] 0|5 Wse] BE Fos $% W}
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dlo
B
M
)
=5
r‘g_;l
i
)

(Vi —Q,L15)G, O
Ecc |: - I . (2149)

( T Ie VCZ)GpII O

c'cd

A4 A B B, V=V =0 LIS +E=Q L 15 +E E ol gdhd

2 (2149)% obelel 2ol FelHk

G. - =G |91 0 (2.1.50)
= ( Tclced ch gpllq -
KypS +Kip
714 Yo = [Iced k + +Ve} +Ek S+Ek 2 4o #Hr 9,

= pLLY AA A% o RRE =AY AE Jaogo] Aut =gl

20 ,@,,8+ a)

71—on g, =
= =", =
‘g +2§’pa)nps+a)

webd] ojEmea @y v, & e 2ol Aud & v

(1= 0
Y, = g'“,g %) L (2.1.51)
glccgpll,q glcc

TE AR gEehe A, gd-of BN RS Aol PLLA 9%

—|~
o
o

‘

. ¢ k_s+k
gp“ q= _Iced (kpc + klc j +V(;d X = - . (2152)
' S les | s°+Ek,s+Ek,



= T 1—6]_ T 9;1]\]:]' E‘l—:-a kpc:ppcl—fa)cc’ k plch CCE]‘ 7]‘3@-1:]‘ b Z\_!

(2.1.52)= v=3 o] et

_ k_s+Kk
Gpo =k 15 T 54 Lo g | w0 (2.1.53)
P s " s® +Ek s+ Ek,
= v, = e gtk AR Alolr] AR o5 gue wAA o

om, "l °o]52 DC g3t A Ale}riel o LT S (w,) A
of d&F= vAA Hr

) ° 1 K,pS +Kip
) X
glccgpll q = PpcWBclcq X S+ P, s2 4 Ekpps + Ekip . (2154)
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r1% 26, 3 7o)

)

A

Y

ojp

(2.1.55)
(2.1.56)
(2.1.57)

o ehdt,
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=
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=

T

ol

(2.1.58)
(2.1.59)
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e
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e
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T AV
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A?:‘q =TV[ 0 } , (2.1.60)

VdCCdcs+i]Ade=—g[ N V;]L;‘j}—g[lﬁd |;]B‘\;§} (2.1.61)

aAle RES ghers] vt o] gElste] 29 4 Stk

A, = GEAV,, + G AEG,, (2.1.62)
AchVdc = _GdeAEZq - G\slchvqu : (2163)

2
g =VeCasto— & oulst, G, v 24 HolX tFA 2 Fa5 o]

dc

rr
o
o
4 i

A, =—AgGEG L Alg, — Al GG AV

sdc—Yedg sdc—Vedg

+G g AL, (2.1.64)

o 9 Ay, ¥ A (2139)F olgst] AT & Stk

(I + AacTchzG\s/dc )Algc;q = _AEiG gg (Gisdc + G\slchci )ATCSq
+(~A0G LG LA, + Gy ) AES, . (2.1.65)
= AoirAi:(:q = AoiATCZq + AoeAéjq

A, A, ALC ot HAF o= e Alel FZ(Outer loop), ‘ir< A
T AR A Y, e AR W] 34, s 29 A Mg d

ge vk



2] (2.1.65)F 2] (2.1.40)°l diistd ohsv 22 Ay

i
A2
o
4
30
uf

c oir

(G ~TeAGAG ) Ay = (Geee T TAGA, )Aé"e‘*. (2.1.66)

= G, Alcdq G, Ay,
G,, G, 9 otdl HA ‘o= 49 Ao} F=Z(Outer loop), ‘' A7 W
ol @, e 2E Ag WM FS ovja),
2l (2.1.66) 0.2 HE AFek Mt Aoj7|E e PCSe F7 ojw

M2 g8e el go] 98 5 9tk

Y, =-G,.G,, . (2.1.67)

AAl, E 7HA] 7S FEl omrEs e S 4SS 48§ 9l
o Y 2d 52 dd A9 Fete A9, Fa dge FaekA @
oF “ly=0"% 7P 5 Qv ko] AREFE Vi =V =-QLlg =

0 0
1- dcov O 0
Ay =1+ATGEGL ~1+| 3 . =1+ , (2.1.68)
0 _Ie dcTch 0 goir
2°
A __A 1Gdc (Glsdc +G\slchC|)
0 0 0o o1, (2.1.69)
“lo -3 AT, (VE-15T.)| [0 —g
A =Gy =0, (2.1.70)
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0 0
GIo ZGIcc _TcA;ieroi = glccI + -1
O Tc (1+ goir ) goi

{0 0} e 0 }
=0yl + =
0 glo _0 glcc+glo

42
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[d U

92 PI FEj S o7&
77 E (Overshoot) =
-H] & (Integral and Proportional, IP) Ao} 7]& A}-&8-&

M

5 A% AY A2 F4E ged 2o

=
s},

43

71Eo® % HA
5] e A

<

T ou[gs], o] o

(2.1.75)
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@hH A8 AA71E e PCS

%)

A 24

v— -2
Ta9 2.7, © A Aoj7|=E HEE(Open loop) FeEjel T
(Closed loop) HHIE 27 AF&E 4 QU

N Fee] A9 Aorl= F - Fa& A9 APGel Als kel vl
= AFE wetel A 1773 2ol f - Fa AR A"™S ALdEH
HrH89]

~h* e e *
{fchi}zé 1 {eqe e‘;}{q} (2.1.77)
| 3(es) +(e) LS e JLP

A F718F AA717F B3 el o2 AlE 91dE FEEa e
B9, e5~0, e€~E & WFFEE, - FE A7 AFS ot o
A Aakd 4= 9tk

- .
!°h‘i 2 Q* : (2.1.78)
Iy | 3E|P

mEpA] NFE QY Ao7|E AMESHE A9, PCS olTmE A YL

A A5 e Zda sdsi.

HFZ FJeo Ay AojrlE FE AYS Adee] fa AF AHS
Ak, Fa Age Adste] Fa AF AES A%tk P FHE
A7 AT A s v 2tk PCSTE Y Algow A
HE I u Ay FEE JoF st

s =T Q-Q (2.1.79)
in | P -P] o
T =k Ko
pq = Kpopg + S (2.1.80)
AZIA Ky & ki & A2 A Ao} vlE o] 53 AR o5&
44



PCS7} Fwshe - & A8 PCS A AolA 53t Lol 7

Q] 3|elil, —elif
[P "2 e?‘ihd+ec'1ihq ' (2.1.80)
d"cd qcq

g e gk A4S A4S ned A3 24E w9e gev gk
Qe 3 e ghe tehly] e 4% guel b= sl (g
A1g-5 et

h* = h* ~ _ ~ A
{Iﬁ+A!ﬁ}=qu [‘3 ((3+ Q)] (2.1.82)
I +AI P* _(p

FMQ}:g (Ej +Ael) (15 +Aigy ) - (Eq +Ae )(15, +Aif,) | 2183
P+ (EQ+AeQ)(IC“d+Ai:d)+(Ec:‘+Aeg)(lchq+Aichq)

AL AQ
=T , 2.1.84
Aif] } P {AP} ( )

2

_E{E; —EQ}{N;}&{—Q I::;}[Aeg]
- h h +h h h h
2| By By || Al | 2] 1y g || Al

_AQ} 3| EgAig +15Ae] —EJAIL — 15 Aey
AP EyAigy + 15Ae] + EqAig + 1A (2.1.85)
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2 (21859 FHS vt ol Foste] 4 (2.1.88)% o] ~AlT

&) =1 A~
nas geld 4 Sl

pq h h |’
2_Ed E, |

- -

G® § _Ihcq Ic: ,
p 2_ (W |Cq_

Aily, =-T, (G Alcdq+Gf)qAé:q).

127)= ol&dl, 4 (21.88)= AL #HE o W

F 9k

AL =T, [G‘ (A, +Glyaeg )+ G, (1

=T, GheAls, ~ T, [ G|

pll

r6i(

A€
= qu =A, Alcdq + A Ay,

A71H, A, =-T, Gk, A,=-T, [G' G

pg ? pll
o] o}d) A7 ‘o
= =9 A W9 FES rdn

e
_IchpII

Newl #HE o9s A G =|
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ra1s 2-12,

AFe ek Aol £NF BUS A

‘Current controlled system’©. %

AF Ao)7]19 24s Bde 2 (21.36) ~ (2.1.38)ZF-F
s} o] Qe 4 Utk Systemrolet EAE ¥AE TO9 2411 & ¢
Llicia=s
A s
*_ +
Ge
. - + Av§dq
AL > Tl > > ? > > Al
+ +
Ge Gipll G\éu System
A A A
> —» AV,
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a9 2-12. AF Ao AAHY £NT 2
] 21.62%2%E 19 2-13,

Current controlled system

3ol HH@ 5 glvk
ras 2-12, & 9ujsi}
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2.1.4 92 A|AHY 3k dIdA AAE

1S
=
rﬂ
[
N
iz
g
1
g
%
flo
O
4
1o,

Aol AAEE Ao Qlof i+
golsttt. ZF B A AE(Subsystem)2] &2 dFEA £ o] =]
é o

o
s gEERY AR Ange) Puus P

—_

2
S
= = xd

Ch 499X FEF ondA FEY #A

SISO A]~ES] A9 oAbt Agl ojtnEAL Ao we} A4z 7
bk 4= Qlth MIMO Al AEIOA = ud A7 R FojA g, 93
d5 &3 57F olEmEAE AAE & Stk

Y=2z" (2.1.92)

h A8 442
SISO AlARelA daEA7E A AdHE Af, 7 dIdrg o
Z 57t QHAEAE AT MIMO Al2Ble| A & A B A2~ Flo] 2
2 dAHE A% 7 uAAE Zr) uuad dog Az AlA

s 3293 F Stk ABAIAHC] oEwgAr #

r_ol.l{.’;

[e)
4 49, A

(21.92)°] #AA S olgsto] /b PUHEAE AT F 24 (21.93)

Z,=2,+Z,. (2.1.93)

(th¥d 44

SISO AlAElo A dued vt 2d AAE = 9,
o Tt AErHEAE ALEdT MIMO AlAEOA = A HA] A o]
ez AdE= BF, 2 MBEA A" S7F o=ndAg gtow A

7 oj=nR s g

AaElS ZUE g vk ABEAIAH] udAr FHd

o,

%, A

2 (21.92)% F7F AEmEAE ALke § 2 (2.1.94)° AL 5 qloh

Y, =Y, +Y,. (2.1.94)
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2.15A917] A th¢] PCS AZe & EARFA

OFAl 2.1.1 el ¥l wiel o], 3% WH AIAERE MIMO Al AE 0]
mE 54 WA B84 det(1+Y,Z,)°) HolAAE HEE o] &3}
o tHAS kst o] w, wlYlz AJE(Off-diagonal elements)©] <U*7
Aol FEFE A7) el o]F FAEHAE FEs AydE d& 7 stk

T2, PCSE] = SOl whel X o] S(Loop gain, Y,Z,)el Blthzt
die TAIE 7 Qe o] A Fau =¥ [72]% [75]¢] W=

4 g gEAe 4 (21959 2ol AN AUtk

det(1+Y,Zy ) =14+ T, +T, + Ty + Ty +T, T, + T, T (2.1.95)

dg "qd *

o1 7] A, T :Yi,ddzg,dd’ T, =Yl Toq =YiaZ T 2 39

g~ Viwcgaar 'dg T TidgSgadr lad T T

det(1+Y,Z, )~ 14T, +T, +T,T, =(1+T,)(1+T,). (2.1.96)

N

, 54 A0l 2 (21.96)9 BAR BAIE7Z] Wil WG A
‘U4T, =07 “1+4T,=0"°] HHAQ #AA 2 Fed 5 QU F,
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!
&
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¥ 2-15.PCS HE AZA wE F3 o=nmEAs F7}

whd, HE R A s PCSTE TkekE A, 119 2-15(a)y 9 Eol
Norton 57} 3|Z=2 XA AMHAAHS] 71 FrhetA @k 5, T2
2 2-15 (b)y 9} 2 AA PCSe 57} ojEmEAE Zv)ebA Pt

d PCS 7F T7behd F-8h - ATF Aadh, ol HE AR Aol

A e dudaee] S BAAAA ALl S-Sl 2 ¢ vk
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22 9178 F713 Aol % =

4
A WE By dgel WA S es AWpch w§, AF 3
QR Wste] wet 94 5715} Aoj7) A ola) wAE Bty
AAke Al e,

221978 B713 A|o)7] AA) mE PCS AL W3}

WA, o Aol FERHAY PCS AIEATE S F718E A7) A
Alell eate] o BA WstE] =] AH

A Ae7lE 18 A (2146)0l W=, Fa5 d8s FaaA &

T PCSY 97 E718k AN7IE Y4 ol GFS v g, & A

sk vk 2ok

(I Ve , Ek s+ Ek
gp" :Eﬂ kpc +ﬂ S+ k|c _ % S pp ip
s E I Y s° + Ek,,s + Ek;,

cq + -
S : (2.2.1)
2§pa)nps+a)

2
S +2§pwnps+a)

- _a),:p,. (s+ @, q)

A 77 &3 sbe] A (Zero), PLLY 93t 22} Ao B3 FAE|E T
AE UAFE AT F UATh (0,4 ) A7 27l wet F57t
g2t} PCS7F 18-S T3 wjoll= #HEE H (Left half plane, LHP), A

s AHE w= $4E 9 (Right half plane, RHP) 7ol EA18th o o &

uhA o 27 Aol B9 WE] AL PLLY AA AE donRE F
e AR dome AY F5olA AL = lri{ss]
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0, Ek,,s + Ek;, 28 @S + @}

G _g, - _ , (2.2.2)
0 s +Ek,s+Eky, s°+2{ @, 5+a)
1]E o = =
A7IM, @, =[Ek, §p=§ kfkpp- Ae g 54d0] PLL o5 A7

A B3 Aol 0,4, S F0HE9d A EAEH, 0,4, ~aq, 2 27
& wEsth vk, dE 28 Ade o, & Wl EAsh,
o,y B 7 kel mlsl w2 gks HAAl A olelst Aojg <l
A, Yol 1-gy 0l A998 F53 anle] et g SAS KolAl #
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Bode Diagram
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H 2-17) & AF{ A7) e oS5 1kl (22x500 rad/s®
), A9 ¥5 Al PLLY] AH HH o5& 2As)

AlsE Zlolt), 2] (2.2.2)914 A3 viel o], PLL AH] FE o]52

+ SF3F<=(Natural frequency)®} %438 71<=(Damping coefficient) 2 %] $+5}]

BAT 5 otk AR oS(k,)S A AL 1H Fokre 9
PRI
el ol S(k,)e WA Aol vlasr® v 0 dalE o5 5

o W58 Al ARl meb i skl e dark 2oL, 9
el

Al HEE (a9 o] 1 ¥stE AWsty] =0t 1
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222 AHH AT

#3L B O BUAAE A 513 Ael] A we, A

a9 2-19; & Fa =8 [80]olA A9 AlAES] FAEE UEhd

. FE Foke @, 94 d8e 4uEE FEE AFE(Active Front
End)Z A 2lsto] 37 sl =3 Bedd ddE 2ostr] Add
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Aetg oz 743kt
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|' _____________________________________ l
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[80]2] ®°] Aol Abg-H

A% A HAE WS 21 Hol 2T FAE AFEael WE T 4
2] ¥ 3t
¥ 21 F3 FH [80]9 R AP A AH S
As 7 A%
12082 Vi As T+ 60 Hz
(Vq)
Vsl A5 Hgt AFE 25 At
600 V 600V
(Vdc,VSI ) (Vdc,AFE)
I-f,VSI 1mH Lf,AFE 0.5 mH
Rf,VSI 012 O Rf,AFE IO MmO
VSl 44 AFE 34
114.3 A« 26 kKW
& A T
Kopsi 0.1 Kop,are 0.05
3.2 (Unstable)
kip,VSI kip,AFE 0.5
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Cload 250 uF kiv,AFE 37
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A (2.22)2 o]43hd, VSIgH AFES] PLL 1% Fulssl o

T 22, ¢ #o] 278+

X 2-2. 3 74 [80]18] A T713) Aloj7] A A
27 x3.7
HolA @y vsi
rad/s Opare | 27x15 radls
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gp,VSI 0.36
VSI AFE
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oA @y vsi
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Imaginary Axis

-0.5 0 0.5 1 1.5 2

Real Axis

(@)

(Che w1l A1)

65



Nyquist Diagram
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Zdd
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i 73 [81]el =

S Ao &, PLL A Ao wle} Al Axlo]

o} ' 23, 3%

al
o} PLLE] AA AsE Fed Aot
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F1% 2-19, < AFES A
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't 24, + 1 &9
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pp,VvsI
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B = .
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E Ax2 YyeEd o=, oA H

= = L =] =
g, =QEE s A Al Ado] dAe e Ale e 5 Sl

r79 2-23; 9 dd-2J9 @A RE HAToA VSIS PLL A A weat

A% = ARAAE IR + Fehge] el wATES HAF

Bt A A, VSI dIdA =771 FolH ¥}
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#ery gclol g2 & 4 Ak
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Zdd

VS|, Stable
WSl Unstable
—Z7s

Magnitude (dB)

Frequency (Hz)

a9 2-23.VSI 94 5713} Ao)7] A BE dd-dAHA BE A% W3

A
ax

o

223A% = JydA W3l B 2y Q9

222 A F At w4 d3dE FalA, d8E A= PCSS PLL
AA kel wel AJAHEo] A EHA £H1E = A=A AAHI A=
3}

PCSO] dd-9l A7t —90el A 90 Afole] SIS F4H7) el 4
¥ 2AAY BAse] A% A A 4FE 5
ok &E olfr®, A¥E FHE PCs AF PLL Al
s Hsket AlE 5 dvEs WIS ueste] A[AFS b o
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A e 7] wiEel pLLe] s Aol o 24 vk A
o},

Ags Fushs PCSS PLL §3 7o Aol me =9 99
H3HE mAskE Ty 224, o vk ®E A Aopdas
FokpellM el va A7 Srbeks vk, @ Al AR
T o]l el AEEte SR mEAE S #31E F 9l
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o
EE
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90
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PCS Line Grid

Impedance
- PCS filter _m‘_@)
H YA —]

Source

DC ‘ CPL filter
Load 1 W Local Load

CPL

AA
\AJ
™ \AAAS~]
IL
L)

% 2-25;5 9] AlARE 1Ed W, AlE 5 dYdie A9 A
o] A <9l9¥ A(Line impedance)9} 3l(Local load)e] Hd A= A&
g 9o 2 (223)7 o] AT 4 Qltk 4 Ay FSHCPL, Tl

=
=
w3 [80]9] AFE)= T1® 221y oMok o] FAE 4 hvka 7Hd st

(2.2.3)
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Bode Diagram
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PCS Line Grid
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Zs,dd (Zg + Zload)
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Abstract

Stability Oriented Design of PCS
Controllers under Weak Grid

Kim Byeong-Heon
School of Electrical Engineering and Computer Science
The Graduate School

Seoul National University

Recently, locally distributed generation, which supplies the energy demands by
adjacent load, enables not to demand power from bus feeder. Such a “zero energy
demand” concept has been commonplace in recent times. By this concept, although
the local electric load is getting larger, the capacity of the existing bus feeder
equipment for the utility grid is usually kept without additional feeder expansion.
And, the relative grid impedance seen from the power conditioning system (PCS)
is getting increasing. So, the PCS would be faced with a so called “weak grid”
condition.

A conventional grid-tied system is assumed to be ideal or have small source
impedance. Under the weak grid conditions, this assumption does not work. It has
been reported that an inappropriate design of the phase-locked loop (PLL), dc-link
voltage regulator or frequency drift anti-islanding may cause instability due to the
source and load interaction. Under a weak grid condition, instability due to the
interaction between PCS, load and impedance of the bus feeder occurs easily.

The impedance-based analysis can be a practical method used to analyze the
local EPS stability, and has been successfully used in DC systems. The electrical
power system can be characterized by input-output relationships, like impedance or
admittance. The addition of an extra unit to the local EPS can be treated as a simple
additional impedance or admittance to the existing system. In d-q impedance
analysis, the system becomes a Multi-Input Multi-Output (MIMO). To analyze the
MIMO system stability, the generalized Nyquist stability criterion is adopted.
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Much research has been concentrated on the admittance variation according to
the controller gains, but it can be said that an intuitive guide for designing the
frequency response of the admittance matrix is still missing. The variations of
frequency response in the admittance matrix are interpreted by control design
factors, such as control bandwidth and damping coefficient. As the PLL (Phase-
Locked Loop) or DC-link voltage controller would be designed to have second-
order low-pass-filter characteristics, the natural frequency and damping coefficient
of the controllers can intuitively guide the frequency response of admittance. In
conjunction with this understanding, the controller design guide has been proposed
in this thesis. In addition, an impedance shaping technique for the PV generation
unit or active damper is proposed to effectively stabilize the voltage at the point of
common coupling (PCC), even though the PV generation power capability is much
smaller than the total load of local EPS(Electric Power System).

In addition, it has been analyzed that the PFG (Positive Feedback Gain) of FDM
(Frequency Drift Method) is also restricted by the PLL parameters. Even though
the stability of PCS equipped with FDM is affected by the grid impedance, X/R
ratio, the load power consumption, and the load quality factor, the PLL design has
not been discussed in conjunction with the system stability under weak grid
conditions. In this thesis an alternative technique has been proposed to estimate
grid frequency. The proposed estimation method reduces the negative resistance
area of PCS’s impedance on a reactive power axis. As a result, PFG could be
increased due to the proposed PLL structure and it would improve the stability of
the system conspicuously under the weak grid conditions.

The analysis results and effectiveness of the proposed design have been verified
through impedance analysis, Bode and Nyquist plots, simulations in the time

domain, and in a scaled-down experimental test.
Keywords: Impedance based analysis, Phase-locked loop, DC-link regulator,

Active damper, Anti-islanding
Student Number: 2012-30196
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function [Yop, Ycc, Yo] = f Yo TypeV Qo (Para)
% Para

% Pb, Vb, Ib, Zb, wb, Lf, Rf, Cdc, Vdc, Rdc

% kpp, kip, Lf hat, Rf hat, kpc, kic, Kaid, Kv, kpv, kiv
syms p;

Ede = 0;

Ege = Para.Vb*sqrt(2);

Ide = 0;

Ige = -2/3*Para.vdc”2/Para.Rdc/Ege ;
Icd = 0;

Icqg = -2/3*Para.vdc”2/Para.Rdc/Ege ;
Vcd = -Para.wb*Para.Lf*Ige ;
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Vcqg = Para.Vb*sqrt(2);
Ohm h = Para.wb;

% PLL
Tpll = Para.kpp + Para.kip/p;

Gpll = (Para.kpp*p + Para.kip)/(p"2 + Ege *Para.kpp*p +

Ege *Para.kip):;

% Current Control
Ti = Para.kpc + Para.kic/p;

% Anti-islanding and DC Voltage Control
Tv = Para.kpv + Para.kiv/p;
Del dc = p*Para.Cdc*Para.Vdc + 2/Para.Rdc;

%% Openloop system response

Gsi i = [Para.Rf, -Ohm h*Para.Lf;Ohm h*Para.Lf, Para.Rf];

Gsdc 1 = 3/2*[Ved , Vcg ];
Gsdc v = 3/2*[Icd , Icq ];

GIop = p*Para.Lf*eye(2) + Gsi i;

Yop = GIop” (-1);

%% Considering PLL dynamics

Gpll v = [Vcg *Gpll, 0;-Vecd *Gpll, 0];

Gpll i = [-Icq *Gpll, 0;Icd *Gpll, 0];

%% Current loop closed system response

Gc_i = [0, -Ohm h*Para.Lf hat;Ohm h*Para.Lf hat, 0];

Gc_e = [Para.Lf hat*Icg *p*Gpll, 0;-Para.Lf hat*Icd *p*Gpll,
01;

Aci = -Ti*eye(2) + Gc_1i;

Ace = (-Ti*eye(2) + Gc_1i)*Gpll i + Gc_e + Gpll v;

GIcc = GIop - Aci;
GEcc = Ace - eye(2);
GIrcc = Ti*eye(2);

Ycc = -GIcc”™ (-1) *GEcc;

%% Outerloop closed system response
Gdc _dc = [0; Para.Kv*Tv];
Gd

c e = [Para.Kaid*p*Gpll, 0;0, 0];

Aoir = eye(2) + 1/Del dc*Gdc _dc*Gsdc v*Ti;

Aoi = -1/Del dc*Gdc_dc* (Gsdc i + Gsdc v*Aci);
Aoe = -1/Del dc*Gdc dc*Gsdc v*Ace + Gdc e;
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GIcl
GEcl

GIcc - GIrcc*Aoir” (-1)*Aoi;
GEcc + GIrcc*Aoir” (-1) *Aoe;

Yo = -GIcl” (-1)*GEcl;

3.3 Hofld AE, 4" A 713 Ao7IE AREIHY, G

=
et gol s4ske] AbgatE wrh
|Gdc e = [Para.Kaid*Para.kip/p* (1-Ege *Gpll), 0;0, 01;
C2HRX A Ao7|& 1# PCsY &Y o|=mdA AN I
function [Yop, Ycc, Yo] = f Yo TypeV Qo PQ(Para)
% My version 2 - Q aligned, Current direction O
% Para
% Pb, Vb, Ib, Zb, wb, Lf, Rf, Cdc, Vdc, Rdc
% kpp, kip, Lf hat, Rf hat, kpc, kic, Kaid, Kv, kpv, kiv
syms p;
Ede = 0;
Ege = Para.Vb*sqgrt(2);
Ide = 2/3*Para.Qref/Eqe ;
Ige = 2/3*Para.Pref/Eqe ;
Icd = 2/3*Para.Qref/Eqge ;
Icq = 2/3*Para.Pref/Eqge ;
Ved = -Para.wb*Para.Lf*Icqg ;
Vcqg = Para.wb*Para.Lf*Icd + Para.Vb*sqgrt(2);
Ohm h = Para.wb;
% PLL
Tpll = Para.kpp + Para.kip/p;
Gpll = (Para.kpp*p + Para.kip)/(p”2 + Ege *Para.kpp*p +

Ege *Para.kip);

% Current Control

Ti = Para.kpc + Para.kic/p;

% Power Control

Tpg = Para.kppg + Para.kipqg/p;
%% Openloop system response

Gsi i = [Para.Rf, -Ohm h*Para.Lf;Ohm h*Para.Lf, Para.Rf];
Gsdc i = 3/2*[Ved , Vecqg 1;

Gsdc v = 3/2*[Icd , Icq ];

GIop = p*Para.Lf*eye(2) + Gsi i;
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Yop = GIop”™(-1);

%% Considering PLL dynamics

Gpll v = [Vcg *Gpll, 0;-Vcd *Gpll, 0];
Gpll i = [-Icg *Gpll, 0;Icd *Gpll, O0];
Gpll e = [-Ege *Gpll, 0;Ede_ *Gpll, 0];

%% Current loop closed system response

Gc_i = [0, -Ohm h*Para.Lf hat;Ohm h*Para.Lf hat, 0];

Gc_e = [Para.Lf hat*Icqg *p*Gpll, 0;-Para.Lf hat*Icd *p*Gpll,
01;

Aci = -Ti*eye(2) + Gc_i;

Ace = (-Ti*eye(2) + Gc_1i)*Gpll i + Gc_e + Gpll v;

GIcc = GIop - Aci;
GEcc = Ace - eye(2);
GIrcc = Ti*eye(2);

Ycc = =-GIcc” (-1) *GEcc;
%% Outerloop closed system response

Gpq i = 3/2*[Eqe , -Ede ;Ede , Eqge ];
Gpgq e = 3/2*[-Icq , Icd ; Icd , Icq ];

Gaid = [qu*Para.Kaid*p*Gpll,_O;O, 0]; % anti-islanding
Aoi = -Tpg*eye (2)*Gpg_1i;
Ace = -Tpg*eye (2)*(Gpg i*Gpll i + Gpg e*(eye(2) + Gpll e));

Ace aid = Aoe + Gaid;

GIcl = GIcc - GIrcc*Aoi;
GEcl GEcc + GIrcc*Aoe aid;

Yo = -GIcl” (-1)*GEcl;

Je) mEE FE A Fas o fxg 749 e, v
W wrg wE A 4Rl TARE 4% 6, T e Lol £33
W )
|Gaid = [Para.Kaid*p*Gpll, 0;0, 0]; % anti-islanding
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clear all;close all;clc;

MULTI = 0; % 0: Single, 1: Multi

GRID = 1; % 1: Grid connected, 0: Islanded

WEAK = 0; $ 1: Weak Grid (50%), 0: Strong Grid (5%)

PLL = 0; % 0: PI output, 1: I output
%% My work
if MULTI,
Paral.Pb = 1000e3/2;
else
Paral.Pb = 1000e3;
end

Paral.Vb = 380/sqgrt(3);
Paral.wb = 2*pi*60;

Paral.Ib = Paral.Pb/3/Paral.Vb;
Paral.Zb = Paral.Vb/Paral.Ib;
Paral.Lb = Paral.Zb/Paral.wb;

Paral.Lf = Paral.Lb*0.1;
Paral.Rf = 0.05*Paral.Zb;

if MULTI,
Paral.Cdc = 1.2e-3/2;
else
Paral.Cdc = 1.2e-3;
end
Paral.Vdc = 650;
Paral.Rdc = -Paral.vdc”2/Paral.Pb;
% PLL

zetap = 27 (-1/2);wnp = 2*pi*10;

E = Paral.Vb*sqgrt(2);

Paral.kpp = 2*zetap*wnp/E;Paral.kip = wnp"2/E;

% Paral.kpp = 0;Paral.kip = 0;

% Current Control

wce = 2*pi*500;

Paral.Lf hat = Paral.Lf;Paral.Rf hat = Paral.Rf;
Paral.kpc = Paral.Lf hat*wcc*2;Paral.kic = Paral.Rf hat*wcc;
% Anti-islanding and DC Voltage Control

Qf set = 1;

Paral.Kaid = 2*Paral.Ib*sqrt (2)*Qf set/Paral.wb;
Cv = Paral.Cdc*Paral.vdc*2/3/E;

zetav = 1l;wnv = 2*pi*5;

Paral.kpv = 2*zetav*wnv*Cv;Paral.kiv = wnv"2*Cv;
Paral.Kv = 1;

if PLL
[Yop _Qo, Ycc Qo, Yo Qo] = f Yo Typed4 Qo w integ(Paral);
Zo Qo = Yo Qo™ (-1);

else
[Yop Qo, Ycc Qo, Yo Qo] = f Yo Type4 Qo (Paral);

Z0 Qo = Yo Qo”(-1);
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end

Yo Qo tf = minreal (sym2tf (Yo Qo))
Zo0 Qo tf minreal (sym2tf (Zo Qo))

o
o\

5 Loadl

Pb = 1000e3;

Vb = 380/sqgrt(3);
Ib = Pb/Vb/3;

Zb = Vb/Ib;

RL = Zb;

wres = Paral.wb;
of = 2;

LL = RL/ (wres*Qf);
CL = Qf/ (wres*RL);

Pb = 1000e3;
Vb = 380/sqgrt(3);
Ib = Pb/Vb/3;

Zb = Vb/Ib;
if WEAK,

Lg = 0.5*Zb/Paral.wb;Rg = 0.01*Zb;
else

Lg = 0.05*Zb/Paral.wb;Rg = 0.01*Zb;
end
syms p;

ZLR = RL*eye (2);

CROSS = [p, -Paral.wb;Paral.wb, p]l;
ZLL LL*CROSS;

YLC = CL*CROSS;

YLeq = ZLR" (-1) + ZLL"(-1) + YLC;
ZLeq = YLeg”™ (-1);

ZLeqg tf = minreal (sym2tf (ZLeq));

Zg = Lg*CROSS + Rg*eye(2);
Yg = 79" (-1);

Yeq = Yg + YLeqg;
Zeq = Yeq™ (-1);
Zeq tf = minreal (sym2tf (Zeq));

if MULTI,
if GRID,
figure;bode (2*Yo Qo tf, 'b',Zeq tf,'r');grid on;
LoopGain eqg = Zeg* (2*Yo Qo) ;

else
figure;bode (2*Yo Qo tf, 'b',ZLeqg tf,'r');grid on;
LoopGain eqg = (2*Yo Qo) *ZLeg;
end
else
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if GRID,

figure;bode (Zo Qo tf(1l,1),'b',Zeq tf(1,1),"'r");grid

on;
legend('Zinv', 'Zs");
LoopGain_eq = Zeg*Yo Qo;
else
figure;bode (Yo Qo tf, 'b',ZLeqg tf,'r');grid on;
LoopGain _eq = Yo Qo*ZLeq;
end
end

LoopGain eq tf = minreal (sym2tf (LoopGain eq));
det L eq = det(eye(2) + LoopGain eq);

det L tf eq = minreal (sym2tf(det L eq));
figure;nyquist (det L tf eq);axis([-1, 2],[-1, 1]);
figure;pzmap (det L tf eq);

271 _ a-;'x-] O
g ]



	제 1 장 서론
	1.1 연구의 배경
	1.2 연구의 대상과 목적
	1.3 논문의 구성

	제 2 장 대용량 PCS 연계에 따른 계통 전압의 불안정 현상
	2.1 임피던스 기반 분석 방법 및 임피던스 모델링
	2.2 위상 동기화 제어기에 의한 불안정 현상
	2.3 일정 전력 부하에 의한 불안정 현상
	2.4 단독 운전 검출 기법 적용에 따른 불안정 현상

	제 3 장 안정된 PCS 연계 운전을 위한 제어기 설계
	3.1 위상 동기화 제어기 설계
	3.2 일정 전력 소비 부하의 전압 제어기 설계
	3.3 능동 댐핑 알고리즘을 이용한 시스템 안정화
	3.4 단독 운전 검출 기법의 설계
	3.5 안정도 보장을 위한 설계 가이드(Guide)

	제 4 장 실험 결과
	4.1 위상 동기화 제어기에 의한 불안정 현상
	4.2 직류단 전압 제어기 설계를 통한 일정 전력 부하의 안정화
	4.3 능동 댐핑 알고리즘
	4.4 단독 운전 검출 기법 설계를 통한 안정화

	제 5 장 결론
	참고 문헌
	Abstract
	부록


