


Purposes of VSC HVDC PLL

“ To control the HVDC converter according to the phase of AC network
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Synchronous | Converter PLL PLL Requirements
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Phase Locked Loop(PLL) | 5 [cos((w; — w,)t + (8; — 6,)) + cos((w; + wo)t + (6; + 6,))] i

. (0) et) L;F 2 (6) x;(x) = Aws (w; + 6;)
Ko T ] xo(x) = Bws (w, + 6,)
Xo(t) ) Ky PLL = x:
0 f c(t)dt [ x;i(x) @ x,(x)
= Aws (w; +6;) X Bos (w, + 6,)

e(t) = Kp [cos((wi — w,)t + (6; — 90)) + cos((w; + w,)t + (8; + 6,))]

v.(£) = Kp cos((w; — wp)t + (6; — 6,)) Gain : Kpp, Low pass filter : 2 x w;

Xo(t) = Bs (w; + @,) 0y = (w; — w)t+ @, v.(t) =Kp cos((@i — qoo)) : DC term

d do, do,
Wipgt = E(a)ot +6,) = wo + e e K, - V.(t) w;—w,=KpK,ws (6; — ¢,)
w; — W w; — W
<P0=9i—605_1(Kl,KD0) Ve = lK ° Wpg = Wo + KyKp = w;
v v

0:=0o+5 () =Kpsin((6;—6,))  ve(t) = Kp(6; — 0)

Kv'KD)

Qo =06; — s ~H(



Phase Locked Loop(PLL)
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Phase Locked Loop(PLL)-1% order loop

c(t) = Ky - 0, (t)

6;(t) AON c(t) 0,(t) = K, (6;(t) — 6,(t))
Kp > K — e i o
Bo(t) f K, = Kp(6:(t) — Ko j c(t)dt)
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0e(£) = e~ KoKr¥oD) [ (oK rkoty (g 0))dt + ce~ (Koo [+ af =g
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Case 1 B (t) = Age~ KK Hal) A(t) = ja(t)dt = KpK¢Kot
Phase Step up
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t—>oo
Kns
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Phase Locked Loop(PLL)-1* order loop

Case 2
Frequency Step-up

2nAf
52

0;(t) = 2nAft  0/(t) = %{ZnAft} =2mAf  9;(s) =

2T[Af KDS KD ZﬂAf

6,(t) =
s2 s+ K,KpK; e(t) KoKp K;

0.(s) = |1 — e XpKoKrt |y (2)

lim { 2mlf — 2mAf e—(KDKfKot)}zﬂ
t-o " KpKsKy KpKrK KpKsK,




Phase Locked Loop(PLL)-1* order loop
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Phase Locked Loop(PLL) - 2" order loop

9:(1) Kp O.(t) K; | Hy(s) = Gy  [KpKgKo]
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" (51 2T 1y ¢ s2+ 2{wy,s + w2
KK 1+13s
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Phase Locked Loop(PLL) - PI controller

Kp
() = T2 K BT st
P s T . 1S
K;
Tzs‘l‘ 1
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Ho(s) = - - 2 Wn = 2 (== He(s) = — . 2
s+ 2¢wys + wy 71 2 s2 + 2{w,s + w;
AO KDSZ . AO KDSZ
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Phase Locked Loop (PLL) - PI

controller
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Phase Locked Loop (PLL)

wVCOo

€--mmmmmmmmmmmemmmoees Hold-in Range ---------=-===------- > Wy = W — Awy

|
€ Pull-in Range ----------3 > / Wpy = Wo — Awp;

% T Wpoy = Wo — Awp,
wWyN Wpi (1)20]\] wWiN ./ - ! P .(_ w: Wiy = Wy — AG)L
® wg Wip W®Wpop Wpp Wy p l
€ // Wyp = Wy + AO)H
T k/ Wpp = Wy + A(Upi
e € > Wpop = Wo + Awp,
Lock Range Wip = wo + Aw;
D S e na >
Pull-out Range

Awpy Hold range : the frequency range over which an PLL can maintain phase tracking
Awp; Pull-in range : the range within which an PLL will always become locked

Awp, Pull-out range : the dynamic limit for stable operation of an PLL
Aw; Lock range : the frequency range within which a PLL-locks-within-ene-single-beatdaiofCm



Phase Locked Loop(PLL)

(4
Awy Hold Range : Frequency offset of input that causes a phase error of *

Aw
wr=wotdoy  6,(0) = Aoyt 0,(s) = —
sK, Aw sK Aw Aw
O (S) = = . n {S . D . } =
s + [KpKKo(s)] s? s=0° s+ [KpKeKo(s)] s? KpKoKs(0)
Awy

KoKpKr(0)
Awy = KoKp  Awy = +K, KoK Awy = o
(lag filter) (lead-lag filter) (PI filter)

. T
m 1 6(t) = Awy = +KoKpKy (6 = £5)

Aw;, Lock Range : Locks within one single beat note ( T3
+KoKp—:4&
+R0fp T g fer
12
—:tod bg fer

T1

y N A

w

Aw w, = wyq ! 1 Aw;  £K,
w1 7y 'y . Aw . .

KOKD|KI(]Aw)| KOKD|K]:(1Aa))|

T
TV N, TV, T

w4 (t) w5 () 1 2T
Aw; = +2{w,, T, =—=—

Lock-in time ;- one-cyele——

KoKp|Kr(jAw)| = Aw KoKp |Kr (jAw)| < Aw






3 Phase Locked Loop (PLL)
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0;
Qi = 90
(steady-state)

af | Ya |
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/vz +v2 [ 17
Up
6

| P

@s 6
T Vg = Ve (6,) +vpws (6,)
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=Vws (6;) os (6,) +Vsv (6;))s1 (6,)
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SZKD
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Vo and vp : DCterm
os (w; + 6;) - os (w; +6,)

%[a)s ((@i = wo)t + (6; = 6,)) + s ((wi+wo)t + (6; + 6,))]



3 Phase Locked Loop (PLL) — ANS (Amplitude Normalization Scheme)

e=(0;,—6,): A0 < 1

E=S (Hl — 90)
Va—> v % v
v aﬁ _a) DQ 2 > & E sK +KI Aw 1 HO
—> V2 4 2 > P > — ——>
Ve—>{ abc\ [T > af _)UD DT YQ s s
0; HOT >
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— + > Sin(x) —> V > — -
S - S S
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Afj?j’requency ramPA o Aoge  VKps + VK, Vi.s %ain o
eaeafly — @ _1(W) PL = Ror T 521 VKys + VK, in dynamic behavior
I ANS i1s decoupling function
A = s]Awy, P AO,  VKps+VK; Ve y
] = heri PLL ='AG;, ~ 2+ VK,s + VK; tan(?—mﬁﬁd—



3 Phase Locked Loop (PLL) — ANS (Amplitude Normalization Scheme)
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3 Phase Locked Loop (PLL) — ANS (Amplitude Normalization Scheme)

Aw A
911 + AG; v K, + K; |P%ge A6
— _ + l)Sin(x)—)V Q>Sp I'—)l -
S - S S
A,
T, +1
GpLL KpKo [ 1S KpK,[t,s + 1] Mode
Ho(s) = Gorr 7,5 + 1]  1.s2 J,
s+Gpu Lk K [2 7,52 + Kp K, [1,5 + 1]
b0 718 SKp+KI
() Ky K, [T, + 1] 20w, 5 + w2 $
oS) =""3 = 2
718 + KpK,[1,s + 1 242
1 pKo 72 | s%+2{wps + wy Active
KpK, (K, =0: H,(s) =0
SZK Wy = o Tl:O:wnzoo
— D {Ty=00:w, =0
H,(s) > 5 1 n
s¢+ 2¢w,s + wy, T, 7,=0:{=0

2 (T =00: { =0



3-Phase Locked Loop (PLL) - Harmonics
In-Loop Filter

Vg—> Va v v
y W LI \NOC LS| MAF |5 —=2 Ky, +K; | Aw[ 1] b
i —> > /vz +v2 [ <
V,—| abc Vg aB\ v, M AF —> D T Vq S S
0 0 T
' ° s 6
ws 6
MAF (Moving Average Filter): Linear Phase Filter, 1 — e~ Tws
Gm AFR(s) — T,s

Pass the DC component and blocks Frequencies of integer multiples of (1/T,,)

Filtering Capability > Up Slow down Dynamics = Large phase delay

T =T, : Tis PLL sampling time and grid harmonic is unknown -> DC and All harmonics

T, = T/6 or T/2 : odd-order harmonics and non-triple odd harmonic.

M AF + Pl aontrobr

MAF+PI controller PID controller
PD ntol
[ I sKp+K s®Kp + sK; + Kp Out — Loop + PLL
s+ 1 S S Quas — P wntobr




3-Phase Locked Loop (PLL) - DSOGI

w
g .
” 1— T— ot DC offset =2 Instability
a > —
Va—>{\ gp [>]@S6 - S06I )_Q DQ
qU o A~ A
; vg A | O] o sKp +K1 | B f 11 %
Ve—>| abc >0S6 —soGI[ > - s s
4
C[UB 0
oo 1 -
L w s 6
b= = < ws 0
UI/\ G = w:*S
R _ __ s _ —w-
‘ \/ S0GI = @ B g @S (wt) By B. Berger, EPE, 2001
S S
c v’ kws
+ v — + 1 v’I/\D - T 2 2
~ 1 v sc“t+kws+w
v g ici\ ST vl)é ‘ \/:
2 I X
> \L(— . qu - kw?
" , CT v T 52+ kws + w?
QSG — SO0GI SOGI + T qu > qy’I\ /‘
S =




3-Phase Locked Loop (PLL)

e=(0,—6,): A0 < 1

e=s (0; —06,)
Va—> % % %

’ af e \OC L2, ’ e [sk, +K | bw [1] 6
Vb—> 2, 2 > P ! >~ o>
V,—s| abc _)vﬁ B\ [T Vbt Vg s s

0; :
0; =0, w (Sggs g
(steady-state)
O
SKp + KI > T2S +1
5 K K(Tls + 1) : 2 —S TS
s3's2(tys+ 1)’ s3
Double PI controller | Disable
TS +1
() s |
1 SKp + KI SKp + KI
Tracking frequency ramp with Zero error —> — —> — 5 —>
Negative gain margin — ANS : vital
Low loop gain(voltage low) : instability T8 + 1)2 — 1

(voltage low : voltage sag)



3 Phase Locked Loop (PLL) — (Modified SRF-PLL : Quasi PI controller)

A
a)g Qi
—> ) K
(2] aﬁ Vq > DQ 1% >V,
Vp—> s+ K,
Ve—> abc Vg CZ,B Vo )
6,
No-Zero
o _Bage  VEps + VK, _bdwge VK
PLL Aw, s?+VKys+ VK, PLL Aw, s?+VKys+ VK,
A
wref NN\ 6.—6
P e A | K
> S
Aw | 1
¢ > K, > <
s 0
ws 6

A6,

VK,s + VK;

G = =
PEETTA0, T s2+VKys + VK,

A0,

/L+
+)—>

‘THO

D —




3-Phase Locked Loop (PLL) — Adaptive frequency estimation loop

Ky >y {Large Phas kmp (tunsnt  sably

s+ K, St up
1 K, Wref
Vg——> —_
UZ af | " 5 \DQ P2 1+ G s | +7+
g Aw |1
Ve—> abc Up > 048 > > Kp -+ > E
Q
0; 8, s 6
@s 6

IEEE Golestan!



3 Phase Locked Loop (PLL) — (Modified SRF-PLL-Quasi-Double PI controller)

1 Wref
Frequency Detector >
s+ 1
Va—> K
° ap _.v_a_) DO | — 7 >VUp
Vp—— S+Kv SKp_l_KI (1)) 1 90
ve—s| N[ 05| P Vg s s
. GOT s 6
s @s 6
(steady-state)
=3 x TST
T,s +1 5 (Transient Stability Time) F eec(lif orward Loop
+ sibé v
( 718 ) 37 = 0.05 =5% tm (v_ﬂ> o Frequency D etecor
a

Tracking frequency ramp with Zero error  Tracking frequency ramp with Zero error
Negative gain margin — ANS : vital Negative gain margin — ANS : recommended

Low loop gain(voltage low) : instability ~ Low loop gain(voltage low) . stability



3 - Frequency Locked Loop (FLL)




3-Phase Locked Loop (PLL) — Self and Grid Synchronization Loop

vc=vcl +vcz

Z
v, g
) oz L Az
Tz 42,9 2,427, ¢
A
Ic(ec)<> Z, Vg (Qg) _ Z B ZLZg
Qg = | 1 o =<] ]
Z,+2, Z,+ 2,

. YAV A ,
v, = L Y e](eg""l’g) + J . Ice](ec+‘l’c)
Z1 (wg) Z,+Z, 7 Z,+Z,
9(@09) = 2l oS 7 (o)
L\ g g Grid Synchronization Loop  Self Synchronization Loop
Z1(we)Zg(we) Z1(wg) Z1(we)Zg(we)
oc(we) = £] S | Ky(wg) = g K.(we) = I
Zp(we) + Zy(we) Zi(wg) + Zy(wy) Zi(we) + Zg(we)

positive feedback K .: virtual impedance

Self Synchronization Loop
[cKes (¢c(wc))

Grid Synchronization Loop

9 |1 ++A9i o (0 +VQ)st+K, 1| Ab
S A vgKgsa (64)) ¥ S Awge

negative feedback | AG,.

“ |




3-Phase Locked Loop (PLL) — Self and Grid Synchronization Loop

Z; . Z,Z .
v.=|———| v e](eg""Pg) + 79 |, I e](9c+‘Pc)
© \Zy+Zg Y Z,+Z,4 ¢
Grid Synchronization Loop  Self Synchronization Loop
Zy(we)Zy(w Z;(w Zy(we)Zy(w
(Pc(a)c) _ L[ L( c) g( c) ] Kg(wg) _ L( g) Kc(wc) _ L( c) g( c)
Z(we) + Zg (w¢) Zy (wg) + Zy (wg) Z(we) + Zg (w¢)

Self Synchronization Loop

(positive feedback)
Grid Synchronization Loop I.Kcsr (@c(we))
(negative feedback)

A 1] + ~46; _ Y v, sK, + K; 1 | Afc

—> . + vy K s (6,)) e + > . Awge | s
AG.
v, = Kg ‘g ej(9g+<Pg) + KC . IC . ej(9c+(Pc) Sabiy
. n

io Kg . vg' ej(9g+(pg—0c) 9 ((pg . ezef) _ _Kclcsn ((pc) Zamst > Pconst

e K.-1I.-el®ctpctoc) Kg¥g - 80% : 70%

20Hz > 2H2z)

. —alef
X @cand y o, 72% : 70%

vy = Kyv,sin(6y + @4 — 6.) + K I sin(e,)



2. Transient Instability

A
o2 0 - =~ Pre-fault
I axXne a / \\‘

o)
>
_Im athe
—Voo faut
TS -’ N
K _Imathe = —ng,faut
Pre-fault Condition Post-fault Condition
IdXhe + Ithe = Vg(.‘pm 1)
@E/"’ Ithe = —Ip elie

IdXhe + Ithe < chp I4=0

Acire Power Reqdi’e Pow er
I Xpe +Ithe = Im axXne = Vgcpg.l 8o
_\‘ N e’
fa=max =0 Steady-State

Iq:_lm ax

—Im aflne < _(Vgcpfaut K 6)m ax— _Vgcpfmd

Instability Condition










State Condition Control

(Freezng : Preent vale
Ouput : 0 (Nommal)
Diabk : <{K;: 0 (Kp:Degyn valie )

Controbr = 4 K;: ome valies (Kp : Degin  valie )
Gan M ode {KI =0
\ Kp:1
( Freezng : Present vdlie
0 (Nomal)
Dsabk : {+1 (M axvde )
—1 (Mt valie )
Lin ier =< (M AXsekcor
Upper Lim ier : | Py,
\ Py
(Norm al Ste ;41 (M IN sepctor
Emegengy 0 Lower Lim ier : ; P4
Reference = <{ Power Revaud :—1 \ \ Py
LVRT or FRT :
\ > Deemed  valie






Controller-2 - State Condition Control

Double PI controller | Freezing
—> M —> M —>  Ouiput = present valie
S S
Active
Double PI controller | Disable
»1/ Output =0
SKp + KI SKp + KI
—> P e P li— or
S S
T 1« Output = Sgnal 4
Sgnal 4, | Active




Reference — State Condition Control

State
Condition

v

Reference

)

Active

T

Feedbade  synal

>

>

t
Fault Ride Through

Start-up






_Limiter (2) — State Condition Control

» To protect HVDC system
- Overvoltage, Thermal, Current

» To coordinate the stability of the system
-Frequency, Generator, Inertia

-Voltage, Reactive Power

» To coordinate the Trip and Block signals
- Test, Trip, Block

M AXepor

( Freezig :{Tempormy fauk
Senwor  enor
Tp snal
Limier =<{Daubt : <{Tet gnal
Bbde sgnal

Adie 1 for Freemg  snal
\Adie 2 for Dbt gnal

(Test and Bbde gmnal
P0:<Coordi1ated wth T
Tine :nm edaey
\ner Ouput :0

(Contol rmnge
Coordnated ~ for sably
Pyiand Pj; =< Tine :Dejmned vale
Iiner oufput
\ = om e valie










3-Phase Locked Loop (PLL) — Time Delay effect (1)

. UD - 1
Vy, = Vp @S (wot + 60, + Openy ) — Vot (wWet+6,) =0 {vQ 0
v, = @S (wot + 6, + Openy ) = ws (wot + 6,) - cos (eDehy ) — st (wot +0,) - sit (Opepy )
A B

vy =A os (wgt+6y) —B st (w,t+6,)

. . 0
A+B . A-— . " {60Hz. AB : 20.4
Vg = B gjot AP o S \somz: a6 : 18°
2 2
Negative sequence 32 [us] {60Hz: AB : 0.8°
50Hz: AB :0.6°
Vel NS
\ aVal a?Va2
\ s HDehy
<\/\, Val v [ vo =01 ontol
e - - # " .
, Val ( -/A o gleband  harm onis
%
a® Va} / Openy aVa2




3-Phase Locked Loop (PLL) - D/Q control effect -v, = 0

v, = Aws (wgt + 0y) — Bsr (w,t +6,)

Sideband effect
v =A+B ej‘“t+A_'B e Jwt 4
@ 2 2
. Ig+jl; = Ag + A1e®t + Aye ot
Iy
[(w1+wp)t
wot ej(wi1twp) , 0t

Iq

Ee—<. (011wt wp)t F~—< (wq— g+ wp)t

F~—% (W + wo — wp)t F>~—< (w1+wo—wp)t







3-Phase Locked Loop (PLL) — Time Delay effect (2)

Vo = Vp @S (a)ot + 6, + Openy ) — Vot (wot +6,)

Vg = Vp N (wot + 6, + Openy ) + vows (wyt + 6,)

Openy 20°:1[m 4
Vo0 - —34.185

{UD : 100 - 93.975

Vo, = Vp @S (wot + 6, + Openy ) — VoSt (wot +6,)

Vg = Vp N (coot + 60, + Openy ) + vows (wot + 6,)

dddddd

qqqqq

/4
| 1
\N_,l
TN
U4 \
{ 1
\ ,

{vg = 0 control

120Hz



3-Phase Locked Loop (PLL) — unbalance condition

B4y B—y v, = Vs (0)

o« =Vas (6;) +V 0;) — In(;
% ws (6;) | 6 cos(6;) 243 sin(6,)] vp =V + pB)os (6 —gn)
vy =V (6) + V[ Zg cos(6;) — - ; Fsin8)] L, V(L +p)as (6 +2m)
c 3
Vo = Vg 005 (0,) + vgsin (6,)
vy =Vsh (8;—8,) — [ﬁ—\/_ (cos (8;) cos (8,) — s (8;) sir (6,))
+ﬁ% (siv (0;) cos (8,) — cos (0;) sn (90))]
vg =V (6; =) - V[%ws (0 + 0) +ﬂ—zy&’t (0 +60)]

_ B—v, MBtrv, g L (BT
UQ_V(Qi_Ho)_V\/(Z\/g)2+(T)2 s (8i+90 1(\/-<ﬁ y>)>

unbalance

B o) e
Vg \/( \/—) + ( ) cos | 20 — tan (\/—B Y) (6;=6,)




3-Phase Locked Loop (PLL) — Voltage offset

Vg =Vms (6;) + vy Vg = Vs (0;) + vpo

v =V (6; —0,) +vgest (6,) + vgows (6,)

v, = Vs (0) +Vy

2
vy, =Vo s<9—§n>+Vb0

\ ¢ $

v =Vé+Vyoos (0 + @)

(%
, -1 B0
‘IO — vZO I vZO (po = _m (_0

V
0 = VQ()COS(H + (po) VQO = _70

Gril fauk : CT satwrabn
CT or PT and A/D awnverdm
Geom agnek  phenom ena
Haf wave redfiain

2
v, =V s<0+§n>+Vco

2
Vgo = §(Va0 + Vio + Vo)

1
Vo = E(VCO — Vio)

{Power frequency  osdibn
D C npdin b AC gnl

Contol m ehod
Prevenibon

{Pre femg



3-Phase Locked Loop (PLL) - D/Q control effect -v, = 0

—Vws (w; +0)sr (wyg+06,) +Var (w; +6;)ws (wy + 6,)

9,: * 90 Wi * W,
@t ((wi—we)t + (6; — 6,))]

2
1
[t ((w; + W)t + (6 +6,)) + & (Wi—w)t + (0 =0 )] > @1 (w,t +9,))]

: (1 ((w; + W)t + (6; + 0,)) — st ((wi—w,)t + (6; — 6,))]

2

Vg = vp @S (wot + 60,) —vost (wot +6,)

Vi =V@ (w;j+Aw)t+60y) os (wet +60,) — 05 (w,t+6,)
] =V[s1 (@)t+6)+m ((w;—Aw)t +6,)]
0, =0, w; = w,
1PS Vs vg = vp B (wot + 0,) + vows (wot + 6,) v =0
> =Vs@ (wit+Aw +6y) s (wot +6,) +0-ws (wet +6,)
\/ =V [@s ((w)t + () —os ((w; — Aw)t + (6;))]

Harmonic amplification and super-synchronous sub-synchronous
vp s (6,) +vowms (6,)

vp - @s (6,) —vows (6,)
= Vws (6,)

= Va1 (6,)



3-Phase Locked Loop (PLL) - D/Q control effect -v, = 0 and I, = 0

lq \ / Ig +jl, = Ag + Ae®t

wol : lo
0 e]wlt

I A I'B

q

I, Ij +jl; = Ag + A1e7®t + Aye It

. I

th A e_’wlt Ia'

I, p

(Dlt

(w1 + (l)())t

(l)lt

((1)1 + (l)o)t

(w1 — wo)t



3-Phase Locked Loop (PLL) - D/Q control effect -v, = 0

. Iy +jl, = Ag + Aje!®t + Aye ot

\ 4

Wyl ej(w1+wD)t
A IB

‘%, ((1)1 + wg + wD)t ‘%,

=<2 (w1 +wo— wp)t ~——

wlt

(w1 — wo + wp)t

(w1 + Wy — wp)t



Voltage Sag Type A, B, C, D, E, F; G

V. Z
E e £ fault
: ‘ ZS Voltage Sag Fault Type Transformer Type Load Connection
Type P LL I SLG | LLG 1 2 3 Delta
— load
Vg = =F | |

» Fault Type

= Single Phase Ground Fault (SLG)
= Phase-Phase Fault (LL) .
= Double Phase Ground Fault(LLG)
3 Phase Fault (3P)

» Transformer Winding

Type 1l : Yn-Yn

= Type 2 : without Zero sequence
Y-Y(no ground), A-A, D-Zig L
Type 3 : D-Y, Y-D, Y-Zig f | —
» Load Connection
Y-Connected

= Delta-Connected




Sag Type A
V,=hV
1 V3
Vy =—=hV —j—hV
b= IS
1 V3
VC——EhV-F]?hV
Sag Type D
V, = hV
v, = 1hV '\/§V
b= T3 T
1 V3
VC——EhV‘F]?V
Sag Type G
1
Va=§(2+h)V

1 V3
Vb == —8(2+h)V—]7hV

1 V3
V. = —g(2+h)V+j7hV

Sag Type B
V, =hV
1 V3
Vy=—=V—-j—=—V
b= 757 TS
1 3
I/C__EV-I_]?V
Sag Type E
V, =
%4 1hV '\EV
b= T T
1 3
VC——EhV‘F]?V

S
Q
W

Sag Type C

V, =hV

|42 —lV—jﬁhV
2 2

V. = —%V +j§hV

Sag Type F

V, = hV

Wy, = —th—jL(Z + h)V
2 V12

V. = —th +ji(2+h)V
2 V12

(h:0.1~0.9 (Sag depth )

4 Vin Ph b ground
= — ase
73 g

\Va,b,c :

Sag vobge




Sag Type A

V, = hV
V3

1
Vo = =5 hV = j—hv

2

1 V3
V.= —=hV +j—hV

2 2
Sag Type C
[I;aihqu '\/§hV
b= T

V. = 1V+'\/§hV
c= T3V TS

Sag Type E
Vo=V 73
1 3
V,=—=hV —j—V
b= T
1 V3
Vc = —EhV +]7V

A

Sag Type B
V, =hV 73
1 V3
Vb——EV—]FV
1 V3
VC__EV-}_JTV
Sag Type D
V, =hV
v, = 1hV '\EV
V3
VC——EhV-l-]TV
Sag Type F
V, =hV
v, = 1hV L 2+ h)V
b — 2 ]\/ﬁ
=~ 2w v S @4 ny
Tz vm




Sag Type G

1
Vo=3@+hV

1 V3
Vb = —g(2+h)V—]7hV

1 VR
VC;*——(2+h)V+j\/——hV
T S
hl
Sag Type A .
V, = hV oy
c
1 V3 <L;I
Vy,=—=hV —j—hV el
bT 2 ) v, A
1 V3 :
V.=—=hV +j—hV
c =TI 5
Sag Type B
V, = hV
v, = 1V '\/gv
b= 737 71
1 V3
V.=—-V+j—V

!/

T

.

o
3
Q
Q
Q

A
Vd<_, h
/] Y

.
cy
.
.
.
.
Y
.
.
g
g
Q
Q
o
Q
o
D
Q

Sag Type A
szhV
VN=O
Sag Type B
V_h+2
T3

. @A-=hn
N 3

V

3-phase fault

Single-phase fault
(with ground point)



Sag Type C

Sag Type D
V, =hV
1 V3
Vp =—=hV —j—V
b 2 ]\/2_
1 3
V. =—-= -
. 2hV+] > 4

_1+hV
P_(f h)
v =" 14

_1+h
P 9

. A-n
N~ 2

Single-phase fault
(with ground point)

Double-phase fault
(with ground point)

Single-phase fault
(with ground point)

Double-phase fault
(with ground point)







Sag Type A
VN =0

Vp = [Vple/®t Vy = |Vyle /@t

Tmax= Vel + |Vyl

Tmin = Vel — |Vnl

1
Pnc =3 (pp + @n)

o =rmil {

m ax

A
Im

SI =1:
0<SI <1: Eps
SI =0 : Straght ke

(i

Ve

Re

Sag Type B Sag Type C Sag Type E
VP — T VP = —2 VP == 3 V
(1-h) (1-h) d-h
Vn 3 /N z ¥ ' 1 2
1—h i
Vo = T3 Vo = 3
Sag Type D Sag Type F Sag Type G
1+h 1+ 2h 1+2h
& - n ’ a-n) P atn
N — 2 V N = — 3 V N — 3 V
A A
Im Im
1T axd
A" iy
Re i Re
>
N <
1T i
v Y



Singularity Instability

Single Phase Voltage Dip Characteristics

Space vector
Type Zero sequence voltage
SI Pirc 'mi "m ax
2 51 s 2 d 21
- = — —n- 1—= —=V t —(n—1)—
B 1 3d =3 ( 3d>V |4 3V @S <a) +¢o—(n )3>
5 s
D 1—-d ——n—- 1-d)V |4 0
——n3 ( )
31—-4d) SY/4 s d
F -~ - — —n-— 1-4d)V 1—=|V 0
3—d e "3 | 479D < 3)
Double Phase Voltage Dip Characteristics
Space vector
Type Zero sequence voltage
SI Pirc mi "m ax
i
C 1—-d (1—n)§ 1-ad)yVv |4 0
3(1—-4d) s d 21
> 7 1-n)= — ——lv | zv t+o—(n—1)—
E T ( n)3 aA-ady <1 3> V@S (a) +op—(Mn-1) 3
G 3A=D | T | a—ay | (1-%)y 0
3—d 3 3

n. 1,23 (a phase, b phase, c phase)




Singularity Instability

n: 1,2,3 (a phase, b phase, c phase)

Space vector
Type Zero sequence voltage
SI Pic mn "m ax
21
H 1 - |4 |4 —dV ws <wt+<p—(n—1)?>
2T
I* 1 - |4 |4 2dV ws <wt+g0—(n—1)?>
4(1—-4d) T | 4 1 T
*% — — _ _ —_ — — —
I 3 (1 n)3 3(1 9% %4 2Vcos <wt+<p (n—1) 3
Swell Type H Swell Type I I*:0<h< EV
4

1
I™: =V<h<V
4




Singularity Instability

AC Network Faults 2 Positive Sequence = Negative Sequence P Unstable!

Singularity Instability 2 “v,or vg is Zero”

P P+ P, ws Qowt) + Py st Qwt)

Q=0+ Qy ws Quwt) + Qg st 2wt)

Po Py + Py, ws (2wt)

+ pref

s Ve Ve Va Ve iq " =3[<vj§”f<vsd>1
| |V W v W L, e
Po|_3| Vg Vg —Vq Vallig| ' T 3052+ T
Q| 2| -vi Vg —Vallia ey 2VgPY
Qe Vg —Va Vi v |l 4T3[ = V)]
o —_VSE _VSCY VSdT V;I- - -ref _ 2Va Q;ef

T T 3[vHZ + (vg)?]



Singularity Instability Condition (Positive sequence = Negative sequence)

Sag Type A

Vé=0 Vi=0

vh=0  V;=0

vg=o  V§=0
Sag Type D

Vye=90 1
—9 K;=§E1
Vb =—ZjE3 1
- 2 Vo=—=E
c 1 —7 21
Kg=+§ﬁ'1\/§ V9=0
Sag Type F

Vé=0 1
= Vi=ZE
,_E, TR
Vg=]_E1 1
c \/§ 0_3
ngf?El Vg=0

KS = E;
b 1
Zg = _EEl
c 1
Zg = _EEl
KS = E;
vi=0
ve=0
Va =EE1
b _
Zg - _§E1
Vg= _1}5'1
-9 3

Sag Type C

1 ——

<<
@+
Il










SCR (Short Circuit Ratio)

ot Creul Ralb Iy for Open Cicut Volage 1
v AR T for Short Craut  Current | X,4[9]

1
~ Reludance of ar gap =~ —:Synchronous nducdance

L
Generator '
X} : Protection Relay p. — E E,sih 0
x ‘=X,
- d
WA - —— Operating Characteristics,
X e Physical size,
Xp Cost of machine
X
_— After Fault
) I— — er Faults
X “ * Flux Change

X/, : Voltage Control
UA - S

Xl Xa

* Inductance Change

* Time Constant Change

—_ —

* Sub-transient Current
X; : Lakge ndudonee . .
Xp: dampig hdudone Transient Current
Xp: fdl  dudonee * Steady-state Current
X, am atoe  ndudonce




T
Xs

Vo =E1 —jXsI S =Ppag +jQpaa = VoI”

E{-Vy, ] . . 5
S=1, X, = Z(Elecos 6+ JE Voo 6 — V)
E,V, Vi  EV,
= — ) =-= )
S X 4] Q, X, + X @S
\Z
(V) +(2QXs — ED)V5 + XZ(P? + Q) =0
(20X, — EZ)?—4X2(P2 + Q%) =0
i Ef
_p2z__1 2>
P XSQ-i_(ZXS)_0 b @s @ E12
P < < .
0=0 ~ 2X, Q|P=0 T 4X, 0. 20 Ef
mME T+ @) 2X
1 E,
e w6 V2
E? E} + s
Vo= |5 - QX * Jf—XS?PZ — X;E{Q




£\ Zs Eac |_|
N — - *

QCT:: Zc* Zf*Zl I_I

EZ, SCL (Short Cint  Rab (M VA))
SCL = — SCR =

Zac PDC(DCpower (M I/V))
SR _MVA(SCL) _ EC%C _ 1 7 _ N 1 7

B PDC a PDC ) Zac - Zac base = (Zs Zl) base
DOV DOV
/' A

3.3 1.4 | SCRI=2.5

Inv

SCR_Angle = -75°

Rect

1.0

0.6
> Po
0.3 |SCH 10.0 0 | SCR_Anglel 90




£\ Zs Eac |_|
N — - *

QCT:: Zc* Zf*Zl I_I

EZ, SCL (Short Cint  Rab (M VA))
SCL = — SCR =

Zac PDC(DCpower (M I/V))
SR _MVA(SCL) _ EC%C _ 1 7 _ N 1 7

B PDC a PDC ) Zac - Zac base = (Zs Zl) base
DOV DOV
/' A

3.3 1.4 | SCRI=2.5

Inv

SCR_Angle = -75°

Rect

1.0

0.6
> Po
0.3 |SCH 10.0 0 | SCR_Anglel 90




—— =L SCL—="0;1 1 1 1
C l_|_i ESCR = 2 =Z Zbage—( +Z—+Z ) Zpase
ZC Zf DC e S f l
L —Qc CSCR(Crtitical Short Circuit Ratio), CESCR
RESCR =

Ppc+ Qq Qg4 : Readire power wnsumpin  of onverer

1.8

N SCR=1.5(ESCR=0.96) M AP

1.6 : :
—— DC Power 2004 N (Maximum Available Power)

-—-- AC Volts 14

1.2 2
Zac Eac

1.0

Wy - Wq - (SCR .PDC)

0.8

0.6

0.4

0.2

0 I I I I I I I
02 04 06 08 1.0 12 14 1.6 1.8 2.0

DC Current (p.u.)

X~=0.15pu.,Y =18°
Q=Q;=0.54Pdn at V;=1.0 p.u.




WSCR(Weighted SCR)

Z?SCCMVAL' ) PMWi

WSCR:W@th SCCMVA: 20 Puw i :Z?SCCMVAL"PMWL'
i Puw i i Puw i QT Pyw)?
CSCR(Composite SCR) Site Dependent SCR
2
SCC VUp : 7 Vo
CSCR = # SDSCR = ]l R,ll Wi _ RR,i R,j
Zi MW (PR,i +ZjeR’j:/_-iPR,j Wy) ZRR,i VR,j
SCR with Interaction Factor Inverter Interaction Level SCR
SCC ; AV; ScC .
SCRF = L F]l — —t ILSCR _ M VAl

P; + Z{(Fji - Pp) ’ AV; Pgri + Zyl¥l=1,m¢ipBR (m—-1)

Multi-Infeed Effective SCR

scc, v,
M ESCR = = yMIF ; =—=
Ppci+ 2j=1,j2i(MIF j - Ppcj) j

o~

NG



AC Load 1

YR = Dc” Suppy X,
SCR = 4
SCR = 2
SCR = 1.5

Voltage Stability
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Z=1

SCR =0.6




1.5

P(d)

V(Id)

0.5

0.03
0.025

0.02

Qdc2(Id)

0.5

I(Id)

1.333

0.01

9k 10

0.5

P(Id)

1.5

1.6
1.407

1.4

1.2

0.8

0.6

0.416

\\\ ) /

0.4
0

0.5

SCR=2




1.5 1.5
1.293 1.142
11 \ 1
P(id) \
V(Id) \ V(Id)
0.5 _
0.5 /
0 /
0 0.14
0 2 0
0 (1) 0 0.5 1
! 0 P(ld) 1.293
0.04
0.033
0.03 \\\
Qdc2(Id) 0.02
0.01
0
0.5
P(Id) 1.29.

1.5



1.

2
67 1.67
15
I 1-5
P(Id)
1 V(Id)
v(id) e -
I / :
0.5
0 0.655
0
0 0.5 15 0.5,
0 I(1d) 1.107
0.03
0.026
0.02 \
Qdc2(Id)
0.01
4075 103
0
0 0.5

05:

0.5

P(Id)

SCR=1.5

1.055

1.5




3 2.5
2.354 2.354

P(d)
V(Id) //-\ vad)

i // "
0 . 1.079
X 1
0 0.2 0.4 0.6 0.8 1 0 05 |
0 . I(1d) . 0.993 0 P(Id) 1.402
0.04
\\
0.03 ~

Qde2(1d) 0.02 SCR=1

0.01 /







Origin of Grid Forming Inverter

Vpcc 201 r Vin 28
L Z
O—"" 510
=
~ . 5 iS5
Vece = Vpee * €7 Vinh = Vip - /2

i: I - ej(61_62)

VeceVin
Zy

(61 —82)=¢@" = P"

P =

(61— 82)

Origin of GFM
VeccVin gin of

Closed loop is needed, to guarantee P = P*

V; 1 Vv
T/M | 5 W | R 4, . [ Park's 1 Pcc
l — Equain
Vq
P*+ k VPCC Vm . 61T
_) _) _ B > P
- S _ Z;
P 52T X + Xvial
Controller Power Model Va \ + N
To maintain the angle constant, using PLL v Impedance



X/R Ratio and Power Equation

R=02Z=K:86=P,V=0Q

| |
| |
__________________________________ ! l
l — S i —V, A :
! I i\P=—[XV,5h §]=—-21 & '
- 1 2 2 1
L o—n—x— X I
| 1
Loy Xs | i Vi VE—V,Voas §
: - 1Q =5 [X(Vy — Vs 8)] = i
! C I : X X :
; L :
 Pap ==y | X=0Zz=R:P=V0=] |
|
i fs | ’P—”mw ) 5H_W—W%w6:
E — v, Vl - VZ.eJ ] i E - RZ 1 2 S = R E
: Zse_]e : : Vl . —V1V23'1 o) :
| | 1Q = o5 [-R(Vos1 §)] = |
l |2 74 A : - R R .
I — — 0 _ _—_2,j(0+9) i Sy Sy Sy I
| 1
] Z, Z, i A QA
e Q
i Vi iV, l
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Origin of Grid Forming Inverter
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Frequency strength
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Virtual Synchronous Machine
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Virtual Oscillator Control

Oscillator Dynamics
b + + ? ?
3
Vv, = av
v
. ® ¢
v

R(©)
V v v 0
Controller

v = (vy, vy)

i

DC/AC
Converter




Grid Following Inverter

HPLL

\

i s H
iz =R, +jX — !
r__i__ g g g‘____ (Igef +] C};ef) . ejePLL (_,i,__l
L 1Zl46 '
i 1 1 1
: 1 - [ |
i | |Zg| 1| . 0J(OpLLtOg+0]) P
1 1 1
-J e '
i i
i Freezing © [
1
Vg B Ve | abc A K; X wpy 1 10py,
— d/q | Ko+ < 7 s T
(6, = on ~1(22
) &
_ ~1,/lq
HI = on (Id) ( Sag ( Faut
|Z,|=1/SCR ) Swd Freent ) g{m —
_ . ={ SCR Varabn reezlg  ={ K; - heriy
|1 Conv.erterRatmg F ol K, and K, -
 |Vy| = Gri Vohge \Load Rejxim \_Dam pig



Grid Forming Inverter
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Grid Following Inverter
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o . Active component :
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