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Simplified Modeling Method for Controllable Line-commutated Converters in

Electromagnetic Transients Simulation
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ABSTRACT: This paper presents a simplified modeling
method for controllable line-commutated converters (CLCC) in
electromagnetic transients (EMT) simulation. The CLCC
combines fully controllable and semi-controllable devices and
actively interrupts arm current during AC faults to prevent
commutation failure. However, the detailed CLCC model,
constructed using discrete components, must improve its
efficiency in EMT simulations. A simplified modeling method
is proposed to address this issue. The method is based on the
switch logic and arm current conduction path of CLCC,
simplifying the CLCC arm to include only one IGBT switch
and one surge arrester, thereby reducing the simulation scale.
Simulation results demonstrate that the simplified model
achieves a significant 10-fold speedup compared to the detailed
model while maintaining high accuracy. This notable
enhancement greatly improves the efficiency of simulation
research. Furthermore, the analysis confirms that the proposed
simplified model retains the external characteristics of the arm,
making it suitable for harmonic analysis, controller strategy

verification, and research on external faults of the CLCC arm.

KEY WORDS: controllable line commutated converter (CLCC);
electromagnetic transients (EMT); equivalent modeling;
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Fig.1 Topology of the CLCC detailed model

CLCC HEAME (VT1—VT6) H 3 B ik
BhSC S FFBRAL A, 2 455 i W | A IGBT
W R IR R, HL SR 19 oS IGBT Jofth 43l 3 5k
RC BHJEAT RCD BHJE [ali#% H PLBh &3 e o EAE =
ME, SEFRM CLCC %, VII—VI14 #igH%
AN F 2SS R A R R R, DAY A2 S B AR (1 i e
FERERP, O EAp, BT AR R
H R R ) R AT — ), — e dg 2 AN ER R
HIA AR — AR . S 1R VI B 514
LCC (1 @ el & AR R FVE . 2451 VI2 1)
AR TEMY R 400 AH B (B DG T 32 320, o 32 SO M AL G
R BB ST, DAL A ot W] 57 O M B 1) 4 vl
WA . FBISCE% IGBT F T VI Wb i s i (R i
FE AR o

CLCC ] 5 4 A4 1B 18 A7 A S Il
B IE HAHAZ AT, XA ) O T I P20 )
W 2 ME 3 Fros. Hi, CP2ds T K]
fikf, Sgl1—Sgld XFRi V11—V14 [ R1E 5.
VAR =R=d iR A S T

A et e
CP1
Cp 00 CP3 CP5 CP1 g
| |
Sgll -I | -I |
|
T T : T >
T | T |
Sgl2| 3= i |AT : B |AT
el12) LA S (AT - 4 S itk s
= =
Sgl3 ! [
1 .
T i >
Sgl4 | !
| I

_| | |
I I
! I
A A3
Tcpl Tcp3 ToffIZ Toffl3
2 CLCC #RAF X ESHF(ERIET)

Fig.2 Switching signal sequence of CLCC detailed model
(normal operation)



a8 F 8

oA 3469

A

cP 1sz(’)L CP3 CP5 CP1

| |
Sgl1 -I | -I l
: : >

T

| |

Sgl2 mﬂmaﬂ AT i |AT
T

T
I
Sgl3 :
T

T
|
I »
T >/
| | | |
Sgl4| |_| ! | _l |
| | | | N
ZAERR >t
Tept Tep3s(Torr2)  Toms

B3 CLCC ¥R XESHF(GRIEBHAE)
Fig. 3 Switching signal sequence of CLCC detailed model
(forced commutation)

1) EXHFEN B WRE 2 A 31 T
IR T3 W2 Topy WZ1, VI BAT V12 [R[F]
FilE. &3 120° JF1 T W%, MR IFAGHAH

2) MrE AR B (E AR IRIEE] 2, 7EMF
AR ) Toro I 20 2 5CBR IR PR B R —
SEAER), V12 KW, V14 FFE, BN FE L E
TFFLE VBN RS o 16 V12 STt ZI 45 e 12
B AT JG 0 Toms B2, V13 KT,

3) WA B R eAl): RIEE 3, Mk
AT R B, A LIRS e SE R B AR A, R
W V12 KIS ZIFTHS, DAAR MY S I [a], [
Wtk VI1 A 2% KW A, T 21, V12 5K,
V14 FFil  7E V12 KW 20 $8 2 2B AT 5 11 Tommis
BZI, V13 XWi. VI3 KWi)E, 4B e
%240 By S R A arr 13

2 FfiE CLCC fEjfuissy

B EZ H M2 PAT RALGTH, FiblE
B CLCC MY [ /B, A VR AT A
BRI B L AR . AEIA RN, N T ik
Hr, T LA 20 RC FHJE [F1#% A1 RCD BHJE A1,
DAL R B AT 26 2 R SE BBl 25 35 i AN T F 0 ik U
. EEA, 2B RO E A
A, BIASYIER B O EAFAE . A0S EHLE [B1 3% 5
) CLCC M B TE R A1 S5 25 r g B 4 Pl .

4 CLCC HEFHHm®K
Fig. 4 Arm equivalent circuit of CLCC
CLCC AJii LJ& T 6 Nkah MRz s I 3L 45
a%, SRR TR BRI, ATE A RCELR
R, Bl 2. Bk, ST K 4 M

A, B M B IR E CLCC M8 i
AR R — DR AR S H .
2.1 CLCC BHEERINES

Bl 5 N FTHE CLCC #iias BB AL I 4t . %40
FNELE PN FARTTOC Sy (B JTRTF )M Sy i 1]
& Thy. IGBT. BE#% arrs. HPIAS Ler. FFKEE
fEEFEBCT RC BHJE RIS, A NMEE I ORI 24 H
Je % . BT Thy M1 IGBT B /&2 V11 1A H
P B, HOZ S RPH B R R IS EIR S VI
VI BELJE [ A R ) S 40 R0 AT o ¥R 3% arrs BIRIET
RCD PHJ& [F1 2% , AL ELHAR AL arr13 (1) FHJE A1 .
(RS TLEZEE (NIE= RN LT N

| Sl 4

S,=0W
o

Bl 5 CLCC fEeiREAh
Fig. 5 Topology of the CLCC simplified model
2.1.1 FEERAET LCC A
AR Ab T LCC B, MR #ndhani& 6 pr
e EMEAT, $1=0, S;=0. M ROl
BRI NPT, X545 LCC M ai A .

El 6 LCCRAHFERID
Fig. 6 Arm topology in LCC mode
R LCC AT, IFRiEHZESH
M LCC e, MEEIRES Thy 5408
T i L o A R A5 5 Sgll MR LCC AT
FAG S AR WA 7 .
2.1.2 WAL T CLCC IEFZATH
AL F CLCC IEF BTN, 8
RN 8 P . ZMET, Si=1, S,=0. fifk
R PR AR TR 1) 3 SR AN B SR AT 1 5OF,
M RO —A IGBT 5 — /MRt A K .



3470 Wi 55

A 422 P O R S5 2 1 HL R 2 TR A AR T

Vol. 48 No. 8

cell cp1 cp3 | cps CP1

Sgll “

Thy ”

Sy

= |

v
~

|
|
|
|
|
Sy (1
Tcpl

|
|
|
|
|
|
|
|
|
8:Q |
|
T:

cp3
E7 LCCRAFXESHF
Fig.7 Switching signal sequence in LCC mode

viz o vi2
V14
(a) EHEM B
VI3l vil V2
Vi4 Lsw
(b) L5 EET (c) fAIHLAERY

E 8 EBETITRAMFERI
Fig. 8 Arm topology in normal operation mode
FEE VOB B, B RIS TR A 32 SRk
B VI AT V12 1, a1 8(a) s . fE ALY
XA RESERCT IGBT (1338, 1M IGBT ¥l H
BELRPHT B 11 3 388 H BED) Dy ] DA AR O T 2 A8 3
V11 AN V12 1) 53 F B 2
Ron Cight — fYonvil +R0nV12 (1)
HA: Ron igo 2 AU IGBT HISE P Ropyn A1
Ronvia 70 2 VEARREAY V11 RFI V12 [® 538 BB .
TE LSRR TP B, V12 IROCHT, B
M SRR ARSI, B P e
BN VI3 AT V14 1, a1 8(b)FTvR. TEIX
MErB, EMVE A TR AVIRES, R R gAY
H) IGBT CR¥F T, A2 M B R AR 2 e,
VRSO o FH T B SR KD L A D AT 3 P T
A 3 SR /N, AL Ay e 4 7E 47 B o B ) 4
IGBT BHMH S B Mo RS, ATk
TRIER T BN A S DB B i IGBT 308
BHORFFAAL :
Ron_igbt =Rz + Ropvia ® Ropviy + Ropyia (2)
CLCC 1ER BT ATT K5 S FrZ i an &l 9
FT7R o
1) Topr N2, MRAEENCEIRAE T R MY 1 it
Kar4(CP1159))E, filk IGBT S5 5 (55 Sgll
&5 NG R), B IGBT SCHIMI, %M B
X T VRS AR 1) 3 SRR IR B
2)CP1 155 FIAZ) 120°(6.67ms) i i Teps I %1,

W U B 3 k(55 CP3, MFEF 1| JFUR MM
B3 e T IS 00— BT Y, @ LT
T IR Ly 5 KBTI B L RN KRR, B E
IGBT HJRWIIN 2 Tomro M HIIR Lo /N T KT HR,
TR B Le, fillk IGBT S5, S Wi i B
Lo I — AN/ ME (0 20A) B AT

A

cpPl| cpi cps | cps CP1

| |

Sell | H |
1 Il

| o R .

IGBT | N F L |

SIZI)'

S

T

|

1

|

S=0 |

S, |

! l

| :

| |

| |

Tepi Teps

B9 ERBITRAFXESHF

Fig. 9 Switching signal sequence in normal operation mode

2.1.3  FUIEARAL T CLCC il ARz 170
U AALZATIE CLCC iRid HefH Iz 1T X

i, MYE R IR 10 Pros. 28, Si=1,

S, HZ A UL 11,

ol V11 Lo

V13 Vi2

Vi4
(a) EXFRAIE

(b) 4L HE V)4

Vi1
GE viz

(d) Wi

Vi4
(c) He i 8
E10 RB®REBITENMERD
Fig. 10 Arm topology in forced commutation mode
MR AR, CLCC #EN5RiE A iz
1THE. Top) W2 Teps B2, VEABIAL AL T 290
B, X5 EFIBITERAAEE, ik 10@)Fs.
BAHHAIE ) Teps BIZI(CP (55 FIAJG4) 120°), 1F
YRR ST V12 RSCWT, HEN ER SRR DI
B, i 1000)Fs. 1B B B AT SR AL T IR
A, K FEBA ) IGBT (RSB . Toms I ZI
(V13 KBTI 2y, PERIIE A4 B SO VI3 IR ST,
P& IR A% 2 VI3 RIFECHEEE 25 arrl3 Hr, 1
Bl 10(c) . BLIEXE R AR AL IGBT K, [F]H
S, &, MEHREEERES arrs P HT V14
BT HL P /N T arr13 FISERCEFE, PRItk nr Bk
SE TR ) arr (AR 22 Re i b 26 15 TR B AR



48 % 3 8 ] G

oA 3471

[ arr13 AR 2251 i 4 — B
Uir =IRyyis + Uy (D) = Uy (1) 3)
Horps 1231 arr13 A V14 IR U /2 arr 1)
HE; Ronsre U BSIEETH; Uarrn(]);% arrl3 1]
Rkt
fA BT CLCC sl Al s 47 4 s 555 5
FPanfE 11 Bizg o

A ——— e — e —

(ol CP1 cP3 | CP5 CP1
| »!
| |
Sgll [ |
! L >
1 Il
Sgl3 AT IAT]
t t >
T 1
IGBT | |
! ! >
L f l l
[ |
Sl o= 1! I Pl
: ¢ ' i >
I : B R : ﬁ%%@
Sy | N L 1 DTl .
. >t

Tepr Teps Toms Tofrsz

B 1 SRBiEsiTEAFXESHF
Fig. 11 Switching signal sequence in forced
commutation mode

1) Topr N2, MRAEHENCEIRAE T R IR 1 fid
K& (CPl{59))5, [FEflk Vi1, IGBT Sifl.

2)CP1 155 FIAJE4) 120°(6.6Tms) ] Teps %1,
BRI 3 iR (5 5 CP3, WY 1| JFiR Mt
3 A

3) Ton %, filik IGBT KWi{E5, RN bk
So MEMET, HA Toms=TepstAT.

4) 1% MR A FRIR Lo 5 R WT IR R BAE Lo
IR, AMPEHIR Lo DT KRBT R EE Ly
1) Tomrsa NN 21, fili S, Wi HHAS 5o
2.2 CLCC fajftiRBlintnF (AR

PSModel K F T Wi & & 5 W 2 5
(electromagnetic transients program, EMTP)H.i%kit
NSRS, TEREN B [a) 55 b, Jof Ry 75 2
Bl B Ak Dy v A5 A R B (PR g B A B R
)Y 3 T 5 B ) P A RN
BV EE M RAMNSE TIEY, S5 KFM%
TIREI K fif i 78

CLCC ARG (1 1 S5 e s ] 12
PR 12T SEAE F B R A B T

1) #£ CLCC RGLPTET, H RIEWE i
BRI A% v A R O, A SO HL T
S AR g RN R, T BT Tk,
A DASR FH ZAE o BEASE AL (3B I S5 25 /N FLREL, DK BT
IS RO R L) o IX MUY 25 4 ] B, [R5 T
TR AHE.

bt _ 0

®

©)

12 EURENE TS E S

Fig. 12 Norton equivalent circuit of the simplified model

2) ALY ik 5 o HR A A R BORE AR B
EMTP SEJ5EARER, A e 25 e SRR i 20 T R
BRI TTHERAC N ZE 72 TR, AE BSOS T ki L
SOV 13 Fros i RS IR DT S A 2.
FRAE R R BUE AR 2 IR AN, B AT S
MBI ARBEESR. AREMTECEAR
ZCHHAT T AR, R AR

oYY Yo G
o—w—o I é
E 13 f#EseT et B P R g RS E R

Fig. 13 Energy storage elements, nonlinear resistors, and
their Norton equivalent circuits

3) 6T A 1E H TT LA 7 B FLBH R B ALL,
Iy B M LB AE SRS X BT DA 13 Pz
T 5 HIRIE IR B AR, b S GO
T 3 SRR AR 2 RE v i 26 2410 A X B R A
i

24 2 1 H BH FLB% ) BT R A L FH A R
% 38 B I 1Y AR Rl AT BRI, L
A A I LY AN S T A AR P
A H BE T SN 43 B 4 1 H BELA AR ) 8 7 2 . SR A
oy B M L TH L B 1 R AR A0 R AR T
RN BRI, B R E o 1) TAE X B
FEMAR R M Z HR SR G A T IAE . SEHT NS T
IR, REEAR LR, HRHEESARRIL
SHE LB R A o

IR SR Ay B 2 1 FLBH LB (R AR A T E R
H T 1445 Newton-Raphson(NR)iZ% . 5 By E R A2,
R AL NRVERA PURS RS, (B EFFIES
SRS, A AN G & I AR 18 7T fe 5 20 F B
HENE NI F B A PANTEEIN . A T fR XA 1A
B, ] PAGEA N XU NR vk G PR A yE Fn
Katzenelson 5257745107, DL Gl NFEJEFF I35k



3472 Whiti S 42 el SR it o 1) UL 2T S TRTAL R BT

Vol. 48 No. 8

13 IR B SR

N PR B, WL RC H
FEAT RCD HLEK (R0 56 (8 FLER 5 0F AT PR AIG 55
B BT R B U A, 2 PR BRI AY 9 Thy
A IGBT W i@ MG e BHAR R, AR
W EEAR. Fik, 082 31T g L fE A
A, W LUK R R A Thy F1IGBT &3 — N2 R
K MSW. AR¥E S [{A, MSW nJ DLTE f [ 5
KIZHRFN IGBT H %@ i 2 [T Ul . ALY
(B AR A R I 14 o B iRt E
H, S SoF I PR 9 A R S R R AT RV E N FL A )
a3 B (@) FR(5) 4 H .

B 14 BURAREEMFEER

Fig. 14 Final Norton equivalent circuit of

the simplified model
Y Y Vi3

Y=y, Vo Iy 4)
Vi1 Yo Vs

TR SRR IR Y
Y1 =G TG +5,(G,, +G o)
Vi =Yy =0
Vi3 = V51 =G = Gre =5,(G,, + Gy)
Vn =G
Va3 =¥ ==Gsp (5)
V33 =G +G. +5,(G,, + G )+ Grr
e nist =82 Uaer_nist T rea_nist)
I= ILSthist
~Lsr mist T Lo nise T8 e nist T Lred nist)

3 {hEWIE

PSModel(Power System Model) A& H & H /1 &}
LA R R S0 BAR T, AR T
AR KA AT, LA K R 4 R
BUHERET ). AT AR A 80, -
B B T AR B4R 5 30, 7F PSModel 7 T — AN
% +500kV/1200MW LCC-CLCC it i H il it %
gt, WsRE AL R, Hd, BACRA 12 fikahik

TG, BRI LCC, WM CLCC. &
AT, 1R B R, 2R A B
R . BT CLCC fi b 15 7Y 3 3 4 F2 7F
PSModel F£ ¥ H s2 8l . CLCC V¥ 48 15 & N 78
PSModel Hil i 73 S GRS, I DU TEZAR
B EERENSER . WHBCERN: TR REE
19-12900H Ab3H 25, 14 1.0y, BB 3.8 22 5.0 GHz;
16 GB RAM; Winll #1E &%
31 FEBESH

TR 2-YEHOH A5 2 R A BT SR ASE 28 A %o
FREBA iR 2 . 2- S Box Rz A R0

)= X=Xk 1000 (6)

11l

Horb: x RFTHRFESR RS R s 2T
BT R || x|, RmE x 1) 2-705
3.1 RREEAT

IERHE 1 CLCC IE R B4 BT ARS e e
Bl 15, M BB TNEFE A AT B B %,
VT1 WRAFE R VT RS s, Hd, B
SELR R VEANRRY, R LR MR, FEPK
Y18 20us. B 15 A7%0, [EwET#T, CLCC
et Tl 544 LCC FEAME . ikt
FERT CAE Y, AR H 1 T AR AL 5 PR AR 33 T
WA R .. Sits, B’ 15 Bl 4 NIRRT 2-
EHA R ZE N 0.66%, 0.46%, 0.67% Al
0.79%, JGIE T Fre B HEmitE. CLCC ZZiiH
TR B H R AR WO B S E w16 B,
AT (1) A5 5 0 20 A TR FR AT 7 32 B SR
MRV, R AR B HE BT CLCC 1)
R

ii?lﬂ’fﬁﬂ rrrrrrrrrrrrr ﬁ'f&’{‘ﬁ@
: | ‘ | ‘ ] —
71 |

>
=< 500 fa MM AMMAMAMAAAAAAMAMAMAMAAAAAAMAAMAMAMAAMAAAC

g e e e e T reerererereey
é 1 ﬂ |

E 0.5 ’ \ 1
~N 0 ‘ ‘

t/s

15 Fa7Efatte

Fig. 15 Waveform comparison in steady state




448 % 8 W K

oA 3473

10° o Tthy 11th
5th 1\ yo 13

TR

1010 Rk AL TR ‘
10°
>
=<
2 10° .
) VRS AR Y

i LA
16‘ 162 163
$% Hz
Bl 16 RAERLE
Fig. 16 Frequency spectra of steady-state waveform
3.1.2  TEARUAZ UL A 48 HAR P A B s o A
TE =2.1s W2, AT ARG 220kV L% K
E A R R, SRR RS 0.1 JETERR, &
UMK . WA CLCC [ A AHZE I LI
EULZH B, VT R . VT R f
RS L& 17 Fios o b ST A) F SR A B )
R, SRMA ThAITETh R PIERT L by % & B
Fs o

T E LA
- : : :
R
5
-2 L L N . L 4
Z 400 1
<
200 | ‘ ‘ ‘ ]
g 4N | | | |
<1
N
O ) h
Z 200
E J
£ oo
200 b : : : .
2.1 2.15 22 225

t/s

E 17  BEEMEIR R G S iR R L STt
Fig. 17 Waveform comparison of single-phase ground
fault in inverter ac side

8 5] TP U 1 ot ) A L S 3 P
RIS K, CLCC fE£&# 8% IGBT M1EH
N, MR AR DA, v L CLCC 7EAZ il
P S W O 1) i 0 S 46 A 2 . [E]IS), CLCC
AT 0 MEIRAIEAT, WFELII DI, BARER
AEfig 4L 300~400MW (¥ BELIR D%,

HE 17 ME Bl AfLLE H, 2 M8y () Fas 3
BAYE . K5, B 17 Frsi 4 MR 2-74
BORHXR 253 5N 1.39%, 1.37%, 1.43%F1 1.80%.

EAFERENZ, BT AR 215
M, AF0T 5% 22 75 5 3 () ARG T RS i i3 o
(AT SRAE AT HE 32 Y P
3.1.3  WARUAS I AR G — A e b B B ) AT
fE =2.1s BT %, WM RS 220kV 26 34%
RAE = AR et R, R RRESE 0.1 JETE R,
RGBT o W 3 (] (R0 AR ) A AH 2SI LA
Hm&HHEE, VT BPE B, VT RS B R
FIP X EL N 18 Firas. kb 1Al f B b B 2D
R, LA A TC D D)2 e an i B2
P

L — A

L/kA

Us/kV
)
S
S

Lym/kKA
S = N W

Uyn/kV
)

S

o S

2 211 22 23
i >
t/s
B 18  HIMAZIR ARG = Rt BIRE K T EE
Fig. 18 Waveform comparison of three-phase ground
fault in inverter ac side
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