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DC Line Dynamics and DC Chopper
DC Line Dynamics are in real units (MW, kA, kV, Ohms, milliHenry, MicroFarad)
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DC Dynamics |1 -Vdcl 09 - DeltaPLL1 Network |26 - DeltaPLL2 DC Dynamics |1 -1Idcl 09 -1d1 Network |24 -1d2
and Chopper |2 -Vdc2 Interface and Chopper |2 -1dc2 10 -Iql Interface |25-1q2
3 -Vdc 10 - DQac1V Reactive |27 - DQac2V 3-Plossl (11 _Frz1Q Reactive |26 - Frz2Q
4 - llinel 11 - Qac1Q Control |28 - Qac2Q 4-Ploss2 |12 _Frz1QTimer |Control |27 - Frz2QTimer
5-lline2 197 _Qac1PF 29 - Qac2PF 5-1C1 13 - Frz1QTimerAct 28 - Frz2QTimerAct
6 - Ech 13 - Vaclmeas 30 - Vac2meas 6-1C2 14 - Qaclemd 29 - Qac2emd
7 - Ichfb 14 - Paclmeas 31 - Pac2Zmeas 7 - lcde
8 - Ichint 8 - ICH
15 - Vdc1Int Current 32 - Vdc2Int 15 - Frzl Current 30 - Frz2
16 - I[d1meas Calculation (33 - Id2meas 16 - Frz1Timer Calculation |31 - Frz2Timer
17 - Qacllnt 34 - QacZInt 17 - Frz1TimerAct 32 - Frz2TimerAct
18 - Vaclmeaslong 35 - Vac2measlong 18 - I[d1cmd 33 -1d2cmd
19 - Vaclmeasf2 36 - Vac2measf2 19 - Iqlcmd 34 - Iq2cmd
20 - Vaclmeasfl Current 37 - Vac2measf1 20 - Id1ref Current 35 - Id2ref
21 - Id1max Limits 38 - Id2max 21 - Iqlref Limits 36 - Iq2ref
39 - Id2min
22 - Vclint Voltage 40 - PacInt 22 -Vcl Voltage
23 - Tiq1lfw Calculation 41 - PacrefRate 23 - Deltacl Calculation
24 - Vaclwint
25 - Tvaclmeasf3




DC Chopper
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act eactive ORV, I t t d ORV ac2
le—— aclref ac2ref ~———p]
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at Side 2, the mismatch in power at Side 2 will go into O p e ratl O n Qac2emd |
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DC Line Dynamics and DC Chopper
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. I
Units are: kA for DC Currents; kV for DC Voltages; MW for Power Values !
S ]

The DC currents injections are calculated based ||States 1 Vaez @ DC Chopper states 1
on the power conservation for AC and DC side ; : ggg 1 initialize at 0 and will @ Kiaezch 1
injections and the converter losses. 3 - Vde ] 1 be activated when # :
Pac1 Pocimw + Pross1 4 - Tlinel 1 Vacrated Vicz >V, ldczc !

Iyer = — - lline i dc2 dc2CHon I |
Vaer Va1 5 - Iline2 .- dezCHmax |

6 - Ech ! 1

Alossl Pminlossl 7 - Ichfb ] lacacn :

Pioss1 = Max (m + BLossl“dcll: W) 8 - Ichint : + (negative) ¢ /ﬂux-l_ 0 |
| I

" | 1% 1 |

Where Ajpss1, BLoss1, AN Prinjoss1 come from Other Fields | dezction sT, |
power flow input data for the voltage source ; - igcé ] 0 _/VMCH DC Chopper on!y epabled :
converter on side 1. The same calculation is - e | in islanded applications 1
3 - Ploss1 h 1

done for Iy, and Pyossp Where Ajossz, Brossz 4 - Ploss2 1 1
and Pyyinjoss2 come from power flow input data || _ ¢ 1 Energy Dissipated by Chopper is initialized to 0.0 and is then updated through :
fior t%e voltage source c;)nver_terhqn (siide 2. See 6-1C2 ] during simulation using the equation dz% = Vacalcn @ 1
- . . . . 1

etatls on computation fater in this document. ; ié?_lc : At each time-step if Ecy > Ecpmax then HVDC line and chopper are tripped. 1
_ | 1

®

@ Rac comes the power flow input | !

Vdcz

Network
Reference
Frame

If (C4c > 0) AND (Lg4. > 0) use 5 equations

(1) €1 22 = (e — Liner)

(2) €, 42 = (lypmez — o + lacz)

(3) Cqc d;:c = (liiner — liine2)

(4) 2o et = (V1 = Vige = Dines ")
(5) 2e 2222 = (V3 — Ve = Dine2 ")

Model requires that C; > 0and C, > 0.
However the model supports setting C;. = 0,
Lgc = 0or R;z: = 0inany combination.

Theses 5 differential equations will be
modified in various ways when combinations
of these parameters are set to zero. See the
section later in this help topic for more details.

Side 1 Converter Control for Islanded Operation

States Other Fields
22 - Vclint 22 -Vc1l
23 - Tig1fw 23 - Deltacl p
24 - VaclwiInt qlctrimaxw Iql
25 - Tvaclmeasf3 p
lvaci Vo
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1 1 "
v, 1 —» _ J N {raciw ”
ac 1+ sTVaCl_f3 lgrcerimaxw 1t SqulfW P KDiaciw + —» V.,
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1
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—> 561

Voo
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g1 +j1q1 = (le -{'jlyl)e_jﬁpul
lgy =1y sin(Sp,.1) + I, c0s(8py1)




Side 1 Reactive Power and Main Converter Control for Interconnected Operation

Model Parameters, Inputs and Outputs (Pacl, Qacl, Ix1, Iy1, Id1ref, Iqlref)
are in per unit on the ACMVABase of the Side2Bus’ Converter from the
power flow data of the VSCDCLine object.

Idl'ref'rateup

States Other Fields See notes Zn a ftcilllowing N 1 La1max VS Vierm1 /
page regarding the V. > Lookup Table
09 - DeltaPLL1 09 -1d1 el 1+ sT, )
10-1q1 software implementation vaciji (6 points) /®
10 - DQaclV 11-Frz1Q of Rate Limit States lasrefrateaown
11 - Qac1Q 12 - Frz1QTimer i
12 - Qac1PF 13 - Frz1QTimerAct . Id lelt ContrOI I ]
13 - Vaclmeas 14 - Qaclemd Also see notes on the PI CERIIRE AL IERS
14 - Paclmeas controller state i i
15 - VdclInt 15 - Frzl i /
16 - Id1meas 16 - Frz1Timer i ’,'
17 - Qacllnt 17 - Frz1TimerAct , i
18 - Vaclmeaslong 18 - Id1cmd I ) ! ! imax Current
- - d1 = .
L) EE L 19 lqlcmd L+ STIdlf Dldlctrlmax III Total lelt
20 - Vaclmeasfl AYSLIS L ' Circular Current Limitin
21 - Id1max 21 - Iqlref 1 o4 Kivae Livema! [ > 8
Vic Vacratea + Pract S I Latin Iemar = Lz + I‘?“"
c —
— . If] <I Then
Using contingency actions that “Change Converter Control Vref or Qref”, Vicoutref Dlascirimax - Lavmin Icmdl - Icm_mx
the value changed depends on the user parameter of Qmode1Flag. L) I Id”ef _ Idlm
If Qmode1Flag = 0 Then Qaclref changes qlmax qlref — !qicin
If Qmode1Flag = 1 Then Vaclref changes DC VOltage / | Iqlcmd /— Else
If Qmode1Flag = 2 Then QPRatiolref changes. Control dbVdcl| I =1 (Iclmax)
. _/ Iqlin ref T\ Iemar
lC max
— Reactive Power Control Tlatnas | Towrer = (222
Qacirer = Qactinit Qactmax Qactrefrateup Lyirer «—
/_ / . dire
— — - Current Calculation losrey 4]
Qaclmin Qaclrefratedawn
Kdraopl < 61
Initialize Qacimax — Qactref -— Qaﬂ ! <
\Y/ ref = 1% Linit DV. . /_ p 0 N qulctrlmax Freezel 1+ STPLLsynch
aclre aclint aclmax 7
/_ ol Kiu1 IQmOd61Flag\ /_ - Iqlctrlmax @ MeasBus1
Vactres J s 1
D 7 z) Converter
SN abVact ~DVeemn 7K f g h + X 5. Side1Bus
acl 1+ sTyger Qacimin = Qaciret N - A —Dl—/ _Iqlctrlmax -1 PLL1 :
State Freeze Logic ' 1 G At Initialization Ly +jLy,
(dVaclchl Tdroplz) - Freeze Kxfmriratio =
1+ STVfllong lalcmd/I(Oacl/Vacl) v
J1—pflmax? A qlmax (1 ]l )ej(‘i,,LLl
* |pfimax| Qacimax -L diref qlref
QPRatiolref acl 14 $Tpacifa 7- Network Reference
_/ 1+ STpflarder @ -1 2 Frame =y
J1-pflmin? Vacires dbVacldyn qimax =
- 1mi State Freeze Logic - - —
Ipftmin| This is the same Veqrer (dV o T i) lgy +jlg = (le +]Iy1)e_m*’1/’-‘
b R 1 as shown at the far left S lgy = +1Ly c05(p111) + Ly Sin(Spy1)
get 1+ Ty, of this block diagram A Freeze, Ly = — Ly sin(8p;1) + Ly c05(8p;1)




Side 2 Reactive Power and Main Converter Control for Interconnected and Islanded Operation

Model Parameters, Inputs and Outputs (Pac2, Qac2, Ix2, ly2, Id2ref, Iq2ref) - oo OlpMod\e| Lazrefrateup
are in per unit on the ACMVABase of the Side2Bus’ Converter from the 1 N Idfmix Vf chz nfinity | 0 / > ]
. . ookup Table [————P@ »
power flow data of the VSCDCLine object. ooy Vicratea (2 points) S 7 . / dZTnax
States Other Fields dzrefratedown i
See notes on a following . . ,
26 - DeltaPLL2 24-1d2 page regarding the S lazmax Vs Vierma Id Limit Control !
- L OOoKup lable
25 - 1q2 software implementation e L+ Tvaczps @ (6 points) lazminis a negative, so rate i
27 - DQaczV 26 - Frz2Q imi limits use negatives !
. of Rate Limit States gatv I
28 - Qac2Q 27 - Frz2QTimer _Ierefratedown h
29 - Qac2PF 28 - Frz2QTimerAct 1 Lgzmin VS Vaca /= !
30 - Vac2meas 29 - Qac2cmd @ v > Lookup Table ——"—P‘ 0 I
31 - Pac2meas Also see notes on the PI Vieo derated (2 points) Infinity 1 _ OpMode ! I 0
32 - Vdc2Int 30 - Frz2 controller state - Lo TR .,
33 - Id2meas 31 - Frz2Timer - h ;
34 - Qac2Int 32 - Frz2TimerAct At Initialization ! )
35— Vacheaslong 33 - [d2cmd Kxfmr2ratio = Ig2cmd/(Qac2/Vac2) ,’ //
/
36 - Vac2measf2 34 -Ig2cmd Using contingency actions that Pacaret 'lldz e Current
P max ,
37 - Vac2measf1 35 - Id2ref “Change Converter Control Pref” P.., ~ , & . .
38 - Id2max 36 - Iq2ref will all change Pac2ref Power acarefratedown /) TOtal lelt
39 - Id2min Control P N ! Circular Current Limiting
40 - PacInt acz P P
41 - PacrefRate cmd2z = _[lazin T 1q2in
Using contingency actions that “Change Converter Control Vref or Qref”, ~Dlazztrimax If Iemaz < Iczmax Then
the value changed depends on the user parameter of Qmode2Flag. 1 I Ieref = lazin
If Qmode2Flag = 0 Then Qac2ref changes > gzmax | [, ;= Io2i
If Qmode2Flag = 1 Then Vac2ref changes laz 1+ STIde @ IqZCmd /— El:ere wn
If Qmode2Flag = 2 Then QPRatio2ref changes. | Teamax
. 1 - _/ Iq2in 1d2ref = lyzin (Icmdz)
Reactive Power Control Koo + K1t TTemec | ey = g (2252
Initialize v, Vacratea + vdc s @ qzref q2in 7~
Qaczref = Qaczinit Qachax Qaczrefrateup <2 - DI 1 —
Vdcpuzref —Plazctrimax d2ref
Qacaref I
aeere / /! DC Voltage azref
Qacamin Qaczrefratedown Control T
Kdraopz < . 1 02
Initialize Qacomax = Qaczrer -~ Current Calculation T <
Vachef = VacZinit DVachax // 0 \\ QacZ DIchtrlmax Freezez PLLsynch
/[ Ko /Qmode2Flagy - -7 Igacerimax MeasBus2
Vaczref J P 1 " Qac2cmd 1
- s @ e B T 2) Converter
v 1 dbVac2 aczmax [ A \Ji\ B L uqz a A 5 Side 2 Bus
e 1+ 5Tyac2 Qac2min ~ Qacaref - A —Dl—/ —lyactrimax -1 PL .
State Freeze Logic ! 1 e At Initialization L, +jL;
(dV T ) B "FreezeZQ - Kxfmr2ratio =
ac2th2) ! drop22 1+ STszlong @ Iq2cmd/(Qac2/Vac2) v
T pmas? A lgzmax (Ligrer —J1 )ej5;>LLz
|pf2max| Qaczmax 1 -L d2ref qzref
» K
QPRatio2ref —7 T . 1+ STpacasa Network Reference
S pf2order G’ = =
W Vaczref dbVac2dyn q2max Frame —
- i State Freeze Logic —
ey Thisis the same Vacarer (dVaczens,Ta zé;) laz + jloz = (Ixz + jly Je /072
Py > 1 2?:&2‘/&103:{%2?;31?& “ " =k lyp = +1yp c05(8py12) + 1y, sin(8py.2)
= 1+ 5Ty, @ & Freeze, Iy = —ly, sin(p,,,) + L, cos(p, 1)




Idmax vs Vac Lookup Tables

Both converter 1 and Converter 2 have lookup tables to get Idmax as a function of the AC voltage at MeasBus. The Lookup tables may have up to 6 x/y
coordinate points. Values below the first point are treated as equal to the Y value of the first point. Values after the last specified point are treated as equal
to the Y value of the last specified point. The picture represents the I;1.,,45 Versus V,., lookup table. An identical one exists for I j5,,4, Versus V.

I31max Versus V, ., Lookup Table with up to 6 points. |

A
Idlmax
(Vac1X4' IdlmaxY4AC)

(VaCIX3 ’ IdlmaxY3AC)

(VaCIXZ' IdlmaxYZAC) (VG.C].XS’ IdlmaxYSAC

(01 IdlmaxYlAC)
(VaﬂXl' IdlmaxYlAC)

After point #1, any pair of (0,0) indicates the curve is terminated and previous point is the final point.
Example on the right represents input parameters when (V154 = 0, Ij1maxya = 0)

(Vaclxev IdlmaxYGAC) (0’

A

Id 1max (Vacixs latmaxysac)

(oo, IdlmaxYS)

(Oov IdlmaxYGAC)
(Vaclxz ’ IdlmaxYZAC)

IdlmaxYlAC

VaCImeaS Vacix1s latmaxyiac)

[

Vaclmeag

Id2max vs Vdc Lookup Tables

Converter 2 has lookup tables to get both Id2max and Id2min as a function of the DC voltage. Each of these lookup tables has only 2 x/y coordinate points.
Values below the first point are treated as equal to the Y value of the first point. Values after the last specified point are treated as equal to the Y value of

the last specified point.

Liomax a0d Iomin versus V; ., Lookup Table with 2 points. |

(0, Igzmaxv2pc)

(Vdc2X2max' IdZmaxYZDC)
(0' IdZmaxYlDC) V
dc2

(Vdclemax' IdZmaxYlDC)

»

»
(0, Igzminy2nc)
(Vdc2X2min' [dZminYZDC)

(Vd62X1min' 1d2minY1DC)

(0' IdZminYlDC)

After point #1, any pair of (0,0) indicates the curve is terminated and previous point is the final point.
Example on the right represents input parameters when (V.14 = 0, I j1maxya = 0)

Idlmax (Vaczxzmax = 0, lazmaxv2pc = 0)

(0, Igzmaxvinc) 9 (%0, Izmaxyinc)

(Vdclemax: IdZmaxYlDC)

Vaczxzmin = 0, lazminyznc = 0)

(20, Igzminy1inc)

(0: IdZminY1DC) ®
(VdCZleiTll Id2minY1DC)

Rate Limiters

PI Controllers with Non-Windup Limits

There are 6 sets of rate limits using the parameters.

(Qac2refrateup, Qac2refratedown) (Id1refrateup, Id1refratedown) oz
(Qaclrefrateup, Qaclrefratedown) (IdZrefrateup, Id2refratedown) / @
(PacZrefrateup, Pac2refratedown)

RateDown
Rate limiters are modelled algebraically by calculating a temporary TempMax
minimum and maximum value at the beginning of each time step
TempMax = StateX + TimeStep*RateUp
TempMin = StateX + TimeStep*RateDown TempMin

gains.
(KpVdc1, KiVdc1) (KpVaclw, KiVaclw)
(KpVdc2, KiVdc2) (Kplaclw, Kilaclw)

There are 4 PI Controllers with non-windup Max
Kp + Ki/S

limits. They are implemented as a Kp and Ki
Min

— Max
Ki/S

All PI Controllers will be implemented in
software as shown in the bottom image to the
right: an integrator state with non-windup limits
with the same limits applied at the summation of
the proportional and integral paths.




Description of a State Freeze Logic Blocks: Output is TRUE or FALSE

Inputs from block diagram
|X| :input from block diagram into freeze decision block is the absolute value of an AC voltage deviation from a reference
PresentTime : the present time of the simulation

Modal Input Parameters related to State Freeze Block
dVActh : deviation of X value at which state freezing occurs (done for both high and low deviations)

Tdrop :seconds that must elapse after voltage recovers before the state will unfreeze

Variables stored with the Model for a particular State Freeze Block

FreezeState : boolean // Initialize as FALSE - specifies whether state is frozen
UnFreezeTimerActive : boolean // Initialize as FALSE - specifies whether the UnfreezeTimer is active
UnFreezeTimerStart : single // Initialize as O stores the time at which voltage first recovers

Timer Logic that must be run each time-step of the numeric simulation
If |X| >= dvVacth Then
FreezeState = TRUE
UnFreezeTimerActive = FALSE

Else
If FreezeState Then
If UnFreezeTimerActive = FALSE Then

UnFreezeTimerActive = TRUE
UnFreezeTimerStart = PresentTime
Else

If (PresentTime - UnFreezeTimerStart) >= Tdrop Then
FreezeState = FALSE
UnFreezeTimerActive = FALSE
EndIf
EndIf
EndIf
EndIf

AC to DC Power Conversion for Side 1 and Side2

This calculation takes the PacMW and Vdc values and calculates the Idc current injection and Ploss of the converter

(Pacmw+Pioss) Aloss Pminioss
I, = ————"—22" and P =max|——+ B 1|, ———=
dc Ve loss 1000 lossl dcl; 1000

Assume for now that Idc is positive and the parameter Pminloss less than the final loss amount. That means
lacVac = = (PacmW + Sloss + BlossldC) 2 IacVac + Biosslac = — (Pame + M)

1000 1000
(Pacmw+?é%sos) . . . . . . ..
Thus I3, = — T Use this equation along with approximatios to avoid divide by zero and you can calculate
dcTDBloss

the /. and P, 4 based only on the inputs PacMW and Vdc.

User parameters from the

Power Flow ObjeCt' These ¥gc\t;:.eg =dvgco 1 th VdcUsed 0.1 EndIf
values must be >=0 cUse : en vdcdsed = ©.1 &n
Pminloss : in kW If (PacMW+Aloss/1000) > 0) Then
Aloss : in kW BlossSigned = -Bloss
Bloss : in MW/kA Else .
BlossSigned = +Bloss
Inputs this calculati EndIf
;ggh; lscécfélggl If (VdcUsed + BlossSigned) < 0.1 Then
T Idc = - (PacMW+RAloss/1000) / 0.1

Vdc : in kV Else

. . . Idc = -(PacMW+Aloss/1000) / (VdcUsed + BlossSigned)
Local Variable in calculation End
Vchse§ : 1? kv Ploss = Aloss/1000 + BlossSigned*Idc
BlossSigned : in MW/kA If Ploss < Pminloss/1000 Then

) Idc = - (PacMW+PminLoss/1000) / VdcUsed
Values being calculated Ploss = PminLoss/1000
Idc : in kA EndIf

Ploss : in MW




DC Circuit Natural Frequency Calculation to determine when to ignore Cdc

PowerWorld attempts to ensure that the maximum natural frequency does not result in a oscillation period which is

smaller than 8 time-steps. If it does, PowerWorld may take the value of C,;. and split it between the sides of the model

. c c .
and internally treat C;50q = C; + % ; Cousea = €y + % ; Cacusea = 0. PowerWorld Simulator also uses the natural

frequencies to inform how many internal subintervals to use for numerical integration. Details are shown below.

Natural Frequency of the DC circuit Ry La. L  Ra

Assuming that the control systems creating I;., Vo 22 2 2 Vies

and 1., have much slower oscillations than the DC  laax | Lycs

circuit, then we can concentrate only on the natural

frequency of oscillation for the DC circuit by itself. I Cac G2 I v len

There are 2 two frequencies of oscillation for this. = = = = = =
Mode Natural Frequency Natural Frequency for | Natural Frequency

Cac =0 Ci,=C,and Ry, =0

C;and C
etz oéc?ﬁatiozn J+ - ( s i) = (i - 1)2 + - (M)Z \/+ %dc (Cil + é) B (;szcc)z \/Ldjcl

) Ci C ci. 2Lgc
against Ly,

C, and C Infinite (20
ede O;C?ﬁatiozn \/+L(i+i+i)+1 (i 1)2+i_(ﬁ)2 et +i(é+éc)

. LN\, ©
against Cy,

Lgc \C1  C2 = Cqc cic  \2Lgc

Wede > W2 always, and in particular if the value of ;. < C;, then w4, Will become very large. A common set of
input parameters for a short VSC DC Line may have relative large values of C; while C,, is very small. This can create
extremely high oscillation frequencies that are not relevant for positive sequence simulation.

To better understand, assume C; = C,, Ry = 0, and C;. = kC; 6
(where k is a scalar multiplier). You can then show that 1

12
_ k+2
Wede = We12 & 10

which expresses one frequency as a multiple of the other.

8
6
The figure on the right shows a plot of /% versus k. Small ¢
2
0

values of k will result in very high frequencies that can not be
simulated in our positive sequence simulations. R S R
PowerWorld attempts to ensure that the maximum natural frequency does not result in a oscillation period which is
smaller than 8 time-steps. If it does, PowerWorld may take the value of C,;. and split it between the sides of the model

Cac . _ Cac .
TcaCZused - CZ +Tca
frequencies to inform how many internal subintervals to use for numerical integration. PowerWorld always rounds up
to a number of subintervals that is a power of 2. The equations used to inform the number of subintervals are as
follows.

If Cacusea =0
11 1 Rac \
Then wpatyrar = \/+ I (C_1 + C_z) - (TC:C)

2 2
1 1 1 2 1 1 1 4 Ra
Else  Wnaturar = —(—+—+—)+— (———) +—2—(—C)
Lac \C1 G2 Cac Lac C1 C2 Cic 2Lgc

21

and internally treat C;50q = C; + Cacusea = 0. PowerWorld Simulator also uses the natural

) then treat L;. = 0 and model only R, C;, and C,

( natural 8xT imeStep
Wnatural

Number of Subintervals = 256 * W , then round up to a power of 2, but no larger than 128.
8xTimeStep



DC Circuit Handle Equations as Terms become zero

This model requries C; > 0 and C, > 0. These are fundamental parts of the voltage source converter and a value of
zero does not make sense. In the software minimum values of 5 microFarad are enforced for both. Other parameters
in the DC circuit model are allowed to be equal to zero (C4. = 0, Ly = 0, or Ry, = 0). Also if (Rg. < 0.01) and

(Lge = 0), then we assume R;. = 0. The equations used then vary as shown below.

Cqur Coding f°." Equati.ons _ Original Dynamic States in Blue Vaer
'(A)lrlgltr;al. DIyE/naml.c quazozs in Blue Algebraic States in Red V.
I\/I(g::lifrizlg Des:;?:;rlljateions in Green T DHTE e ST 1T Ty
Inputs to circuit luca
If (Cqc > 0) ngD (Lac > 0) Then [(Cac > 0, (Lge > 0), (Rge > 0] OR [(Cae > 0), (Lge > 0), (Rge = 0)]
(1) (Cl) 2= (Idcl - Ilinel) R, Ly
dV c ¢ lac
(2) (C) ai 2= (Linez — Icu + lacz) Vacr 2 2
avgae lycq
(3) (Cdc) 4 (Ilinel - IlineZ) T
Lac dl ine Rac -
(4)( ; ) i” : (Vdcl —Vac — liinex Z ) -4
L C dI me R C
(5)( tzi ) iit 2 (Vdc - VdCZ IllneZ ;i )
Else If (Rgc = 0) AND (Lg4c = 0) Then [(Cac > 0), (Lge = 0), (Rge = 0)] OR [(Cae = 0), (Lye = 0), (Rge = 0)]
dv e 1
(1) di L= C1+Co+Cap (Idcl +Igc — [CH) Vet Vac  Raye=1Lge=0 Vi
(2) Vch = Vdcl laer Iy; Liinez Gz
inel mne:
(3) Vae = Vaer - -
G,
@) L, = HierC2¥Cad~Caez=le) (€ T" T G T Y
me C1+C+Cqc Current equations come from current divider to get (4) and (5)
+14c1(C2)~Ugcz—Icu)(C1+Cqc)
(5) Ilinez = C1+C2+Cdc ICI = (Idﬂ + Idcz ICH)m Ilinel = +1d51 - 151
Iy = (geq +1gen — ICH)m liinez = —lagcz + Iy + 12
Else If (Cqc = = 0) AND (Lgc > 0) Then [(Cac = 0), (Lge > 0), (Rye > 0)] OR [(Cae = 0), (Lye > 0), (Rye = 0)]
(1) (C1) =22 = (ger — iner) o e bl Fa
dV c dcl dc 2
(2) (Cz) 12 = (Linez — Icn + lac2) Lt AN~ —— T A\
(3) VdC = (Vdcl + VdCZ) Line Linea
2 —
al ine _T—1 C c = 0
(4) (de)% = (Vdcl —Viez — [linelec) “
(5) Ilinez = Ilinel
Else If (C4c = 0) AND (Lgc = 0) Then [(Cac = 0), (Lae = 0), (Rgc > 0)]
dv e
(1) (C ) det (Idcl - Ilinel) v % L o L 0 &
dV c dc1 dc — dc dc = Vdc
(2) (C2) 222 = (Lyez — Ien + Laca) e MW\ ~VW T e
- Ilinel IlineZ
(3) Vdc (Vdcl + Vdcz) —o Cie=0 C,——
(4) Illnel — Vac1=Vacz) Icy
Rac
(5) Liinez = Liine1
Else If (Lg, ;VO) Then [(Cae > 0), (Lge = 0), (Rye > 0)]
(1) (C1) =2 = (Iger — Linet) Rac Rac
ch Vi 2 Lpe=0 Vac Lee=0 2y,
(2) (€2) =2 = (Line2 — Icn + lac2) les AN — W= I
dVdC _— —_— ) dc2
(3) (Cdc) (Ilinel - Ilinez) 1 Liinex L linez 1
—G —1— Cac o0 1
(4) Liner = R_dc Vaer — Vae) ci
2
(5) lLiinez = o Vae = Vacez)




Object Parameters

Measurement Bus 1. This is the terminal bus of the Measurement Branch 1 at which Qac1, Pac1, Vac1 and Thetal are measured. Note that the

MeasBusT OtherObject0 parameter MeasFlag1 determines whether the flow is measured into or out of the branch.

Measurement Branch 1. Branch on which Qac1 and Pac1 are measured. This branch should be in series with the VSCDCLine on the SideBus1 side of
MeasBranch1 OtherObject:1 the VSCDClLine, but does not have to be directly connected to the terminal SideBus1. If MeasBranch1 is not specified, then the Qac1 and Pac1 will be

the output of the converter on Side 1 into the AC system, and Vac1 and Theta1 will be at the Side1Bus converter terminal.

. Measurement Bus 2. This is the terminal bus of the Measurement Branch 2 at which Qac2, Pac2, Vac1 and Thetal are measured. Note that the

MeasBus2 OtherObject:2 . . .

parameter MeasFlag2 determines whether the flow is measured into or out of the branch.

Measurement Branch 2. Branch on which Qac2 and Pac2 are measured. This branch should be in series with the VSCDCLine on the SideBus2 side of
MeasBranch2 OtherObject:3 | the VSCDCLine, but does not have to be directly connected to the terminal SideBus2. If MeasBranch?2 is not specified, then the Qac2 and Pac2 will be

the output of the converter on Side 2 into the AC system, and Vac2 and Theta2 will be at the Side2Bus converter terminal.

Parameters that are taken from the Power Flow Data input for VSCDCLine

Rdc Resistance in Ohms of the DC Line used in the DC Line Model

ACMVABasel1 | For converter at the Side1Bus, Maximum AC MVA which is used as the ACMVABase for the converter dynamic model
Aloss1 For converter at the Side1Bus, Constant term of the converter loss function [kW]

Bloss1 For converter at the Side1Bus, Linear term of the converter loss function [MW per kA] or [KW per Amp]

Pminloss1 For converter at the Side1Bus, Minimum loss of the converter [kW]

ACMVABase2 | For converter at the Side2Bus, Maximum AC MVA which is used as the ACMVABase for the converter dynamic model
Aloss2 For converter at the Side2Bus, Constant term of the converter loss function [kW]

Bloss2 For converter at the Side2Bus, Linear term of the converter loss function [MW per kA] or [kW per Amp]

Pminloss2 For converter at the Side2Bus, Minimum loss of the converter [kW]

Integer Parameter Flags

0 | OpMode O=Interconnection; 1=Islanded operation (for example an off-shore wind farm) (default = 0)

1 | QmodeTFlag Side-1 Q control mode: 0=Q; 1=QV; 2=PF (default = 0)

2 | Qmode2Flag Side-2 Q control mode: 0=Q; 1=QV, 2=PF (default = 0)

3 | MeasFlag1 0 indicate that positive flow for MeasBranch1 is leaving MeasBus1 going out to the line. 1 indicate that positive flow for MeasBranch1 is arriving at MeasBus1
coming in from the line.

4 | MeasFlag2 0 indicate that positive flow for MeasBranch? is leaving MeasBus2 going out to the line. 1 indicate that positive flow for MeasBranch? is arriving at MeasBus2
coming in from the line.

Float Parameters

Network Interface 0 | TPLLsync If <2*AT use 0 PLL synchronization time constant for both Side 1 and Side 2 [seconds] 0.05
If <4*AT use 4*AT

1| Rla Side 1 arm resistance in per unit on Side 1 ACMVABase 0.10

2 | Xla Side 1 arm resistance in per unit on Side 1 ACMVABase 0.10

DC Line Model 3 | Vdcrated Rated DC voltage of the converters [kV] 525.0

4 | Ldc If <0 use O DC line total inductance [milli Henry] 129.3

5 | Cdc If <0 use O DC line total capacitance [micro Farad] 140.5

6| Cl If <5 use 5 Equivalence Capacitance of Side 1 converter [micro Farad] 221.7

7]¢2 If <5 use 5 Equivalence Capacitance of Side 2 converter [micro Farad] 221.7




Main Converter 8 | Tvaclf2 If <4*AT use 0 Side 1, Second AC voltage filter time constant [s] 0.02
Control 9 | TId1f If <4*AT use 4*AT Side 1, Id filter time constant (>0) [s] 0.02
on 10 | Tvfllong If <4*AT use 0 Side 1, AC voltage filter long time constant [s] 60.0
Side 1 for 11 | Tuql If <4*AT use 4*AT Side 1, Integral time of Iq controller (>0) [s] 10.0
Interconnection 12 | DIglctrlmax Use +(absolute value) Side 1, Maximum Delta Iq control limit [pu] 0.3
Applications 13 | Iglctrlmax Use +(absolute value) Side 1, Maximum Iq control limit [pu] 0.35
14 | Tglmax Side 1, Maximum Iq limit [pu] 1.1
15 | Kvacldyn Side 1, Vac error gain during faults 1.0
16 | dbVacldyn Use +(absolute value) Side 1, Deadband Uac error in faults [pu] 0.1
17 | dvaclthl Use +(absolute value) Side 1, First high AC voltage error threshold [pu] 0.1
18 | Tdropll Side 1, First delay of high AC voltage error [s] 0.01
19 | dbvdcl Use +(absolute value) Side 1, Deadband of DC voltage error [pu] 0.01
20 | Kvdcldyn Side 1, Feedforward Vdc gain 6.0
21 | Kpvdcl Side 1, Gain of Proportional control of DC Pl controller 40
22 | Kivdcl Side 1, Gain of Integral control of DC Pl controller (>=0. Zero allowed.) [1/s] 0.05
23 | bIdlctrlmax Use +(absolute value) Side 1, Maximum Delta Id control limit [pu] 0.3
24 | Idlrefrateup Use +(absolute value) Side 1, Id limit ramp-up rate [pu/s]. Up is defined as away from zero, therefore 9.0
this is used in negative ramp direction for Id1min.

25 | Idlrefratedown Use - (absolute value) Side 1, Id limit ramp-down rate [pu/s]. Down is defined as towards zero, -9999

therefore this is used in positive ramp direction for IdTmin.
Reactive Power 26 | TVacl If <4*AT use 0 Side 1, Q Control Vac filter time constant [s] 0.02
Control 27 | TP1 If <4*AT use 0 Side 1, Q Control P filter time constant [s] 0.5
on Side 1 for 28 | Tpflorder If <4*AT use 0 Side 1, Smoothing time constant of PF order [s] 1.0
Interconnection 29 | dbVacl Use +(absolute value) Side 1, Deadband QV control [pu] 0.0
Applications 30 | DVaclmax Side 1, Maximum AC voltage error in Q-V control [pu] 0.2
31 | Kiul Side 1, Proportional gain QV control [pu] 20.0
32 | Kdroopl Side 1, Inverse droop in deltaV/deltaQ [pu] 0.1
33 | dvaclth2 Use + (absolute value) Side 1, Second high AC voltage error threshold [pu] 0.18
34 | Tdropl2 Side 1, Second delay of high AC voltage error [s] 0.15
35 | pflmin Side 1, Minimum PF value 0.9
36 | pflmax Side 1, Maximum PF value 1.0
37 | Qaclmax Side 1, Maximum reactive power [pul] 0.33
38 | Qaclmin Side 1, Minimum reactive power [pu] -0.33
39 | Qaclrefrateup Use + (absolute value) Side 1, Reactive power setpoint ramp-rate upper limit [pu/s] 9999
40 | Qaclrefratedown | Use -(absolute value) Side 1, Reactive power setpoint ramp-rate lower limit [pu/s] -9999
Id1max vs Vac1 41 | Iclmax If <=0 then ignore limit Side 1, Maximum Total Current [pu] 1.1
Lookup Table 42 | Tvaclfl If <4*AT use 0 Side 1, First AC voltage filter time constant [s] 0.04
for Side 1in 43 | VaclX1l Side 1, X1 for Id1max vs Vac1 lookup table 0.0
Interconnection 44 | IdlmaxY1AC Side 1, Y1 for Id1max vs Vac1 lookup table 0.2
applications 45 | VaclX2 Side 1, X2 for IdTmax vs Vac1 lookup table 0.5
46 | IdlmaxY2AC Side 1, Y2 for Id1max vs Vac1 lookup table 0.2
47 | VaclX3 Side 1, X3 for IdTmax vs Vac1 lookup table 0.85
48 | IdlmaxY3AC Side 1, Y3 for Id1max vs Vac1 lookup table 1.1
49 | Vaclx4 Side 1, X4 for IdTmax vs Vac1 lookup table 2.0
50 | IdlmaxY4AC Side 1, Y4 for IdTmax vs Vac1 lookup table 1.1
51 | VaclX5 Side 1, X5 for Id1max vs Vac1 lookup table 2.1




52 | IdlmaxY5AC Side 1, Y5 for Id1max vs Vac1 lookup table 1.1
53 | VaclX6 Side 1, X6 for Id1max vs Vac1 lookup table 2.2
54 | IdlmaxY6AC Side 1, Y6 for Id1max vs Vac1 lookup table 1.1
Main Converter 55 | TVaclf3 If <4*AT use 0 Side 1, Third AC voltage filter time constant [s] 0.0001
Controller 56 | Kpvaclw Side 1, Proportional gain voltage controller [pu] 4.0
on Side 1 in 57 | Kivaclw Side 1, Integral gain of voltage controller (>= 0. Zero allowed) [1/s] 2.0
Islanded 58 | Iglctrlimaxw Side 1, Maximum Iq in Vac control [pu] 0.3
Applications 59 | Kvaclfw Side 1, Feed-forward gain in Vac control [pu] 3
60 | Iglmaxw Side 1, Maximum current Iq [pu] 1.1
61 | TIglfw If <4*AT use 0 Side 1, Time constant of filter iqg [s] 0.02
62 | Kplaclw Side 1, Proportional gain of current controller [pu] 0.25
63 | Kilaclw Side 1, Integral gain of current controller (> 0. Zero not allowed) [1/s] 2.0
64 | Vclminw Side 1, Minimum limit of offshore converter voltage [pu] -0.1
65 | Vclmaxw Side 1, Maximum limit of offshore converter voltage [pu] 1.3
DC Chopper 66 | Vdc2CHon DC Chopper, activation threshold voltage [pu] 1.035
67 | Kvdc2CH Use - (absolute value) DC Chopper, Proportional gain control (<= 0) [pu] -20.0
68 | TVdc2CH If <4*AT use 4*AT DC Chopper, Integrator time constant control (>0) [s] 0.025
69 | Idc2CHmax DC Chopper, Maximum current [pu] 14
70 | KIdc2CH 1f >1 use 1 DC Chopper, Proportional gain of current control [pu] 0.9
71 | TIdc2CH If <4*AT use 4*AT DC Chopper, Integrator time constant of current control (>0) [s] 0.15
72 | InomCH DC Chopper, nominal current [kA] 1.8
73 | ECHmax DC Chopper, Maximum energy [MJ] 2142.2
Main Converter 74 | Tvac2f2 If <4*AT use 0 Side 2, Second AC voltage filter time constant [s] 0.02
Control 75 | TId2f If <4*AT use 4*AT Side 2, Id filter time constant (> 0) [s] 0.02
on Side 2 76 | Tvi2long If <4*AT use 0 Side 2, AC voltage filter long time constant [s] 60.0
77 | Tug2 If <4*AT use 4*AT Side 2, Integral time of iq controller (>0) [s] 10.0
78 | DIg2ctrlmax Use +(absolute value) Side 2, Maximum Delta Iq control limit [pu] 03
79 | Ig2ctrlmax Use +(absolute value) Side 2, Maximum Iq control limit [pu] 0.35
80 | Tg2max Side 2, Maximum Iq limit [pu] 1.1
81 | Kvac2dyn Side 2, Vac error gain during faults 1.0
82 | dbVac2dyn Use +(absolute value) Side 2, Deadband Uac error in faults [pu] 0.1
83 | dvac2thl Use +(absolute value) Side 2, First high AC voltage error threshold [pu] 0.1
84 | Tdropzl Side 2, First delay of high AC voltage error [s] 0.01
85 | dbvdc2 Use +(absolute value) Side 2, Deadband of DC voltage error [pu] 0.01
86 | Kvdc2dyn Side 2, Feedforward Vdc gain 6.0
87 | Kpvdc2 Side 2, Gain of Proportional control of DC Pl controller 40
88 | Kivdc2 Side 2, Gain of Integral control of DC Pl controller (>=0. Zero allowed.) [1/s] 0.05
89 | PId2ctrlmax Use +(absolute value) Side 2, Maximum Delta Id control limit [pu] 0.3
90 | Id2refrateup Use +(absolute value) Side 2, Id limit ramp-up rate [pu/s]. Up is defined as away from zero, therefore 9.0
this is used in negative ramp direction for Id2min.

91 | Id2refratedown Use - (absolute value) Side 2, Id limit ramp-down rate [pu/s]. Down is defined as towards zero, -9999

therefore this is used in positive ramp direction for Id2min.
92 | Tpac?2 If <4*AT use 4*AT Side 2, Integral time of active power controller (>0) [s] 20.0
93 | PacZ2refrateup Use +(absolute value) Side 2, Upper limit of active power setpoint ramp-rate [pu/s] 9999
94 | PacZ2refratedown | Use - (absolute value) Side 2, Lower limit of active power setpoint ramp-rate [pu/s] -9999




Reactive Power 95 | TVac?2 If <4*AT use 0 Side 2, QControl Vac filter time constant [s] 0.02
Control 96 | TP2 If <4*AT use 0 Side 2, QControl P filter time constant [s] 0.50

on Side 2 97 | Tpf2order If <4*AT use 0 Side 2, Smoothing time constant of PF order [s] 1.00

98 | dbVac2 Use + (absolute value) Side 2, Deadband QV control [pu] 0.00

99 | DVacZmax Side 2, Maximum AC voltage error in Q-V control [pu] 0.20

100 | Kiu2 Side 2, Proportional gain QV control [pu] 20.0

101 | Kdroop2 Side 2, Inverse droop in deltaV/deltaQ [pu] 0.10

102 | dvac2th2 Use +(absolute value) Side 2, Second high AC voltage error threshold [pu] 0.18

103 | Tdrop22 Side 2, Second delay of high AC voltage error [s] 0.15

104 | pf2min Side 2, Minimum PF value 0.90

105 | pf2max Side 2, Maximum PF value 1.00

106 | Qac2Zmax Side 2, Maximum reactive power [pu] 0.33

107 | Qac2min Side 2, Minimum reactive power [pu] -0.33

108 | Qac2refrateup Use +(absolute value) Side 2, Reactive power setpoint ramp-rate upper limit [pu/s] 9999

109 | Qac2refratedown | Use -(absolute value) Side 2, Reactive power setpoint ramp-rate lower limit [pu/s] -9999

Id2max vs Vac2 | 110 | Ic2max If <=0 then ignore limit Side 2, Maximum Total Current [pu] 1.1
Lookup Table 111 | Tvac2fl If <4*AT use 0 Side 2, First AC voltage filter time constant [s] 0.04
for Side 2 112 | Vac2X1l Side 2, X1 for Id1max vs Vac1 lookup table 0.00

113 | Id2maxY1AC Side 2, Y1 for Id2max vs Vac2 lookup table 0.20

114 | Vac2X2 Side 2, X2 for IdTmax vs Vac1 lookup table 0.50

115 | Id2maxY2AC Side 2, Y2 for Id2max vs Vac2 lookup table 0.20

116 | Vac2X3 Side 2, X3 for Id2max vs Vac2 lookup table 0.85

117 | Id2maxY3AC Side 2, Y3 for Id2max vs Vac2 lookup table 1.05

118 | Vac2Xx4 Side 2, X4 for Id2max vs Vac2 lookup table 2.00

119 | Id2maxY4AC Side 2, Y4 for Id2max vs Vac2 lookup table 1.05

120 | Vac2X5 Side 2, X5 for ld2max vs Vac2 lookup table 2.10

121 | Id2maxY5AC Side 2, Y5 for Id2max vs Vac2 lookup table 1.05

122 | Vac2X6 Side 2, X6 for Id2max vs Vac2 lookup table 2.20

123 | Id2maxY6AC Side 2, Y6 for Id2max vs Vac2 lookup table 1.05

Id2min vs Vdc2 124 | Vdc2X1min Side 2, X1 for Id2min vs Vdc2 lookup table 1.05
Lookup Table for 125 | Id2minY1DC Side 2, Y1 for Id2min vs Vdc2 lookup table -1.00
Side 2 126 | Vdc2X2min Side 2, X2 for |[d2min vs Vdc2 lookup table 1.10

127 | Id2minY2DC Side 2, Y2 for Id2min vs Vdc2 lookup table 0.00

Id2max vs Vdc2 128 | Vdc2X1lmax Side 2, X1 for Id2max vs Vdc2 lookup table 0.90
Lookup Table 129 | Id2maxY1DC Side 2, Y1 for Id2max vs Vdc2 lookup table 0.00
for Side 2 130 | Vdc2X2max Side 2, X2 for Id2max vs Vdc2 lookup table 0.96

131 | Id2maxY2DC Side 2, Y2 for Id2max vs Vdc2 lookup table 1.10
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    I  d 1 r e f   =   I  d 1 i n  (     I  c 1 m a x    I  c m d 1 )


    I  q 1 r e f   =   I  q 1 i n  (     I  c 1 m a x    I  c m d 1 )


   (   I  d 1 r e f − j   I  q 1 r e f )   e  j   𝛿  P L L


    𝛿  P L L 1


    𝛿  P L L 1


    I  d 1 r e f


    I  q 1 r e f


    I  d 1 m a x


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟏 𝑸


   1  1 + s   T  P L L s y n c h


    𝜃 1


    I  x 1 + j   I  y 1


   V  dcpu 1 ref


  ∑


    K  V d c 1 d y n


  ∑


   I  d 1


   1  1 + s   T  I d 1 f


    K p  v d c 1 +   K   i  V d c 1  s


    I  d 1 + j   I  q 1 =  (   I  x 1 + j   I  y 1 )   e  − j   𝛿  P L L 1


    I  d 1 = +   I  x 1   c o s ⁡   (   𝛿  P L L 1 ) +   I  y 1   s i n ⁡   (   𝛿  P L L 1 )


    I  q 1 = −   I  x 1  sin ⁡   (   𝛿  P L L 1 ) +   I  y 1  cos ⁡   (   𝛿  P L L 1 )


  − 1


   V  ac 1


   1  1 + s   T  v a c 1 f 1


    I  d 1 max


    V  t e r m 1


    I  d 1 r e f r a t e u p


    I  d 1 r e f r a t e d o w n


    I  d 1 max


    I  d 1 min


    I  d 1 m i n


  −


  +


  − 1


   1  1 + s   T  V f 1 l o n g


  A / B


    K  x f m r 1 r a t i o


   1  s   T  u q 1


    Q  a c 1


  ∑


  ∑


  ∑


   1  1 + s   T  v a c 1 f 2


  ∑


   | x |


   ( d   V  a c 1 t h 1 ,   T  d r o p 11 )


    V  a c 1


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟏


    K  V a c 1 d y n


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟏


   1    V  d c r a t e d


    V  a c 1 r e f


   V  ac 1 ref  


    V  a c 1 i n i t


  +


  +


   Q  ac 1 ref  


    Q  a c 1 i n i t


  0


  1


  2


   Q  ac 2 ref


   V  ac 2 ref


   1  1 + s   T  p 2


    P  a c 2


  ×


   | x |


   1  1 + s   T  p f 2 o r d e r


   V  ac 2


   1  1 + s   T  v a c 2


  ∑


  ∑


   | x |


      K  i u 2  s


    K  d r o o p 2


   ( d   V  a c 2 t h 2 ,     T  d r o p 22 )


    I  c m d 2 =    I  d 2 i n 2 +   I  q 2 i n 2  


    I  c m d 2 <   I  c 2 m a x


    I  d 2 r e f   =   I  d 2 i n


    I  q 2 r e f   =   I  q 2 i n


    I  d 2 r e f   =   I  d 2 i n  (     I  c 2 m a x    I  c m d 2 )


    I  q 2 r e f   =   I  q 2 i n  (     I  c 2 m a x    I  c m d 2 )


   (   I  d 1 r e f − j   I  q 1 r e f )   e  j   𝛿  P L L


    𝛿  P L L 2


    𝛿  P L L 2


    I  d 2 r e f


    I  q 2 r e f


    I  d 2 m a x


  0


  1


   1  1 + s   T  P L L s y n c h


    𝜃 2


  A / B


    K  x f m r 2 r a t i o


   1  s   T  p a c 2


   P  ac 2


  ∑


  ∑


   P  ac 2 ref


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟐


    I  x 2 + j   I  y 2


   V  dcpu 2 ref


  ∑


    K  V d c 2 d y n


  ∑


   I  d 2


   1  1 + s   T  I d 2 f


    K p  v d c 2 +   K   i  V d c 2  s


    I  d 2 + j   I  q 2 =  (   I  x 2 + j   I  y 2 )   e  − j   𝛿  P L L 2


    I  d 2 = +   I  x 2   c o s ⁡   (   𝛿  P L L 2 ) +   I  y 2   s i n ⁡   (   𝛿  P L L 2 )


    I  q 2 = −   I  x 2  sin ⁡   (   𝛿  P L L 2 ) +   I  y 2  cos ⁡   (   𝛿  P L L 2 )


  − 1


   V  ac 2


   1  1 + s   T  v a c 2 f 1


    I  d 2 max


    V  t e r m 2


   V  dc 2


    I  d 2 max


    V  d c 2


    I  d 2 r e f r a t e u p


    I  d 2 r e f r a t e d o w n


    I  d 2 max


   V  dc 2


  M i n


    I  d 2 min


    V  d c 2


  −   I  d 2 r e f r a t e d o w n


  −   I  d 2 r e f r a t e u p


    I  d 2 min


  0


  1


  M a x


  − 1


  0


  1


  ∞


  − ∞


    I  d 2 min


    I  d 2 m i n


  −


  +


    D I  q 2 c t r l m a x


  −   D I  q 2 c t r l m a x


   1  1 + s   T  V f 2 l o n g


  A / B


    K  x f m r 2 r a t i o


   1  s   T  u q 2


    Q  a c 2


  ∑


  ∑


  ∑


   1  1 + s   T  v a c 2 f 2


  ∑


   | x |


   ( d   V  a c 2 t h 1 ,   T  d r o p 21 )


    V  a c 2


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟐


    K  V a c 2 d y n


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟐


   1    V  d c r a t e d


   1    V  d c r a t e d


   1    V  d c r a t e d


  +


  +


    I  q 2 c t r l m a x


  −   I  q 2 c t r l m a x


  −


  +


    I  q 2 m a x


  −   I  q 2 m a x


  +


  +


    I  q 2 i n


    I  d 2 i n


   V  ac 2 ref  


    V  a c 2 i n i t


    V  a c 2 r e f


  +


  +


   Q  ac 2 ref  


    Q  a c 2 i n i t


   (   V  a c 1 X 1 ,   I  d 1 m a x Y 1 A C )


   (   V  a c 1 X 2 ,   I  d 1 m a x Y 2 A C )


   (   V  a c 1 X 3 ,   I  d 1 m a x Y 3 A C )


   (   V  a c 1 X 4 ,   I  d 1 m a x Y 4 A C )


   (   V  a c 1 X 5 ,   I  d 1 m a x Y 5 A C )


   (   V  a c 1 X 6 ,   I  d 1 m a x Y 6 A C )


   ( ∞ ,   I  d 1 m a x Y 6 A C )


   ( 0 ,   I  d 1 m a x Y 1 A C )


    I  d 1 m a x


    V  a c 1 m e a s


    I  d 1 m a x


    V  a c 1


    I  d 2 m a x


    V  a c 2


        I  d 1 m a x


    V  a c 1


   (   V  a c 1 X 1 ,   I  d 1 m a x Y 1 A C )


   (   V  a c 1 X 2 ,   I  d 1 m a x Y 2 A C )


   (   V  a c 1 X 3 ,   I  d 1 m a x Y 3 A C )


   ( ∞ ,   I  d 1 m a x Y 3 )


   ( 0 ,   I  d 1 m a x Y 1 A C )


    I  d 1 m a x


    V  a c 1 m e a s


   (   V  a c 1 X 4 = 0 ,   I  d 1 m a x Y 4 = 0 )


   (   V  d c 2 X 1 m a x ,   I  d 2 m a x Y 1 D C )


   (   V  d c 2 X 2 m a x ,   I  d 2 m a x Y 2 D C )


   ( ∞ ,   I  d 2 m a x Y 2 D C )


   ( 0 ,   I  d 2 m a x Y 1 D C )


    I  d 1 m a x


    V  d c 2


        I  d 2 m a x


    I  d 2 m i n


    V  d c 2


   (   V  d c 2 X 1 m i n ,   I  d 2 m i n Y 1 D C )


   (   V  d c 2 X 2 m i n ,   I  d 2 m i n Y 2 D C )


   ( 0 ,   I  d 2 m i n Y 1 D C )


   ( ∞ ,   I  d 2 m i n Y 2 D C )


   (   V  a c 1 X 4 = 0 ,   I  d 1 m a x Y 4 = 0 )


   (   V  d c 2 X 1 m a x ,   I  d 2 m a x Y 1 D C )


   (   V  d c 2 X 2 m a x = 0 ,   I  d 2 m a x Y 2 D C = 0 )


   ( ∞ ,   I  d 2 m a x Y 1 D C )


   ( 0 ,   I  d 2 m a x Y 1 D C )


    I  d 1 m a x


   (   V  d c 2 X 1 m i n ,   I  d 2 m i n Y 1 D C )


   ( 0 ,   I  d 2 m i n Y 1 D C )


   ( ∞ ,   I  d 2 m i n Y 1 D C )


   (   V  d c 2 X 2 m i n = 0 ,   I  d 2 m i n Y 2 D C = 0 )


  +


  +


    K  p +   K  i / s


    K  i / s


  ∑


      K  p


  T e m p M a x


  T e m p M i n


  R a t e U p


  R a t e D o w n


      R  d c 2


      L  d c 2


    C  d c


    C 1


    C 2


    V  d c 1


      R  d c 2


      L  d c 2


    V  d c 2


      R  d c 2


      L  d c 2


    C  d c


    C 1


    C 2


      R  d c 2


      L  d c 2


   [  (   C  d c > 0 ) ,    (   L  d c > 0 ) ,    (   R  d c > 0 ) ]


   [  (   C  d c > 0 ) ,    (   L  d c > 0 ) ,    (   R  d c = 0 ) ]


    C  d c


    C 1


    C 2


    I  c 1 =  (   I  d c 1 +   I  d c 2 −   I  C H )     C 1  (   C 1 +   C 2 +   C  d c )


    I  c 2 =  (   I  d c 1 +   I  d c 2 −   I  C H )     C 2  (   C 1 +   C 2 +   C  d c )


    I  l i n e 1 = +   I  d c 1 −   I  c 1


    I  l i n e 2 = −   I  d c 2 +   I  C H +   I  c 2


    R  d c =   L  d c = 0


   [  (   C  d c > 0 ) ,    (   L  d c = 0 ) ,    (   R  d c = 0 ) ]


   [  (   C  d c = 0 ) ,    (   L  d c = 0 ) ,    (   R  d c = 0 ) ]


      R  d c 2


      L  d c 2


    C 1


    C 2


      R  d c 2


      L  d c 2


    C  d c = 0


   [  (   C  d c = 0 ) ,    (   L  d c > 0 ) ,    (   R  d c > 0 ) ]


   [  (   C  d c = 0 ) ,    (   L  d c > 0 ) ,    (   R  d c = 0 ) ]


      R  d c 2


    C 1


    C 2


      R  d c 2


    C  d c = 0


    L  d c = 0


    L  d c = 0


   [  (   C  d c = 0 ) ,    (   L  d c = 0 ) ,    (   R  d c > 0 ) ]


      R  d c 2


    C  d c


    C 1


    C 2


      R  d c 2


    L  d c = 0


    L  d c = 0


   [  (   C  d c > 0 ) ,    (   L  d c = 0 ) ,    (   R  d c > 0 ) ]


    I  C H


    I  d c 1


    I  d c 2


    V  d c 1


    V  d c 2


    I  l i n e 1


    I  l i n e 2


    V  d c


    I  C H


    I  d c 1


    I  d c 2


    V  d c 1


    V  d c 2


    I  l i n e 1


    I  l i n e 2


    V  d c


    I  C H


    I  d c 1


    I  d c 2


    V  d c 1


    V  d c 2


    I  l i n e 1


    I  l i n e 2


    V  d c


    V  d c 1


    V  d c 2


    I  l i n e 1


    I  l i n e 2


    V  d c


    I  C H


    I  d c 1


    I  d c 2


    I  d c = −    ( P a   c  m w +   P  l o s s )    V  d c


    P  l o s s =  max ⁡   [     A  l o s s 1000 +   B  l o s s  |   I  d c | ,     P  m i n l o s s 1000 ]


    I  d c   V  d c = −  ( P a   c  m w +     A  l o s s 1000 +   B  l o s s   I  d c )


    I  d c   V  d c +   B  l o s s   I  d c = −  ( P a   c  m w +     A  l o s s 1000 )


    I  d c = −    ( P a   c  m w +     A  l o s s 1000 )    V  d c +   B  l o s s


    I  d c


    P  l o s s


    C  d c


    C  1 u s e d =   C 1 +     C  d c 2


    C  2 u s e d =   C 2 +     C  d c 2


    C  d c u s e d = 0


    I  d c 1


    I  d c 2


    I  C H


    I  d c 1


    I  d c 2


    C  d c = 0


    C 1 =   C 2


    R  d c = 0


    𝜔  c 12


    C 1


    C 2


    L  d c


   +  1    L  d c  (  1    C 1 +  1    C 2 +  2    C  d c ) −  1  L       (  1    C 1 −  1    C 2 ) 2 +  4    C  d c 2 −    (     R  d c  2   L  d c ) 2


   +  1    L  d c  (  1    C 1 +  1    C 2 ) −    (     R  d c  2   L  d c ) 2


    2    L  d c   C 1


    𝜔  c d c


    C 1


    C 2


    C  d c


   +  1    L  d c  (  1    C 1 +  1    C 2 +  2    C  d c ) +  1  L       (  1    C 1 −  1    C 2 ) 2 +  4    C  d c 2 −    (     R  d c  2   L  d c ) 2


  ∞


   +  2    L  d c  (  1    C 1 +  2    C  d c )


    𝜔  c d c >   𝜔  c 12


    C  d c <   C 1


    𝜔  c d c


    C 1


    C  d c


    C 1 =   C 2


    R  d c = 0


    C  d c = k   C 1


  k


    𝜔  c d c =   𝜔  c 12    k + 2  k


     k + 2  k


  k


  k


    C  d c


    C  1 u s e d =   C 1 +     C  d c 2


    C  2 u s e d =   C 2 +     C  d c 2


    C  d c u s e d = 0


    C  d c u s e d = 0


    𝜔  n a t u r a l =  +  1  L  (  1    C 1 +  1    C 2 ) −    (     R  d c  2   L  d c ) 2


    𝜔  n a t u r a l =   1    L  d c  (  1    C 1 +  1    C 2 +  2    C  d c ) +  1    L  d c       (  1    C 1 −  1    C 2 ) 2 +  4    C  d c 2 −    (     R  d c  2   L  d c ) 2


    𝜔  n a t u r a l >  (   2 𝜋  8 ∗ T i m e S t e p )


    L  d c = 0


    R  d c


    C 1


    C 2


  N u m b e r   o f   S u b i n t e r v a l s = 256 ∗     𝜔  n a t u r a l   (   2 𝜋  8 ∗ T i m e S t e p )


    C 1 > 0


    C 2 > 0


    C  d c ≥ 0


    L  d c ≥ 0


    R  d c ≥ 0


   (   R  d c < 0 . 01 )  


   (   L  d c = 0 )


    R  d c = 0


   (   C  d c > 0 )


  (   L  d c > 0 )


   (   R  d c ≥ 0 )


   (   C 1 )   d   V  d c 1  d t =  (   I  d c 1 −   I  l i n e 1 )


   (   C 2 )   d   V  d c 2  d t =  (   I  l i n e 2 −   I  C H +   I  d c 2 )


   (   C  d c )   d   V  d c  d t =  (   I  l i n e 1 −   I  l i n e 2 )


   (     L  d c 2 )   d   I  l i n e 1  d t =  (   V  d c 1 −   V  d c −   I  l i n e 1     R  d c 2 )


   (     L  d c 2 )   d   I  l i n e 2  d t =  (   V  d c −   V  d c 2 −   I  l i n e 2     R  d c 2 )


   (   R  d c = 0 )


   (   L  d c = 0 )


   (   C  d c ≥ 0   )


    d   V  d c 1  d t =  1    C 1 +   C 2 +   C  d c  (   I  d c 1 +   I  d c 2 −   I  C H )


    V  d c 2 =   V  d c 1


    V  d c =   V  d c 1


    I  l i n e 1 =   +   I  d c 1  (   C 2 +   C  d c ) −  (   I  d c 2 −   I  C H )   ( C 1 )      C 1 +   C 2 +   C  d c


    I  l i n e 2 =   +   I  d c 1  (   C 2 ) −  (   I  d c 2 −   I  C H )   ( C 1 +   C  d c )      C 1 +   C 2 +   C  d c


   (   C  d c = 0 )


   (   L  d c > 0 )


   (   R  d c ≥   0 )


   (   C 1 )   d   V  d c 1  d t =  (   I  d c 1 −   I  l i n e 1 )


   (   C 2 )   d   V  d c 2  d t =  (   I  l i n e 2 −   I  C H +   I  d c 2 )


    V  d c =  1 2  (   V  d c 1 +   V  d c 2 )


   (   L  d c )   d   I  l i n e 1  d t =  (   V  d c 1 −   V  d c 2 −   I  l i n e 1   R  d c )


    I  l i n e 2 =   I  l i n e 1


   (   C  d c = 0 )


   (   L  d c = 0 )


   (   R  d c > 0 )


   (   C 1 )   d   V  d c 1  d t =  (   I  d c 1 −   I  l i n e 1 )


   (   C 2 )   d   V  d c 2  d t =  (   I  l i n e 2 −   I  C H +   I  d c 2 )


    V  d c =  1 2  (   V  d c 1 +   V  d c 2 )


    I  l i n e 1 =    (   V  d c 1 −   V  d c 2 )    R  d c


    I  l i n e 2 =   I  l i n e 1


   (   L  d c = 0 )  


   (   R  d c > 0 )


   (   C  d c > 0 )


   (   C 1 )   d   V  d c 1  d t =  (   I  d c 1 −   I  l i n e 1 )


   (   C 2 )   d   V  d c 2  d t =  (   I  l i n e 2 −   I  C H +   I  d c 2 )


   (   C  d c )   d   V  d c  d t =  (   I  l i n e 1 −   I  l i n e 2 )


      I  l i n e 1 =  2    R  d c  (   V  d c 1 −   V  d c )


      I  l i n e 2 =  2    R  d c  (   V  d c −   V  d c 2 )


    V  d c


    V  d c 1


    I  l i n e 1


    I  d c 1


    I  C H


    I  d c 1


    V  d c 1


    I  d c 2


    V  d c 2


    I  l i n e 1


    I  l i n e 2


    V  d c


    V  a c 2 r e f


  ∑


   Q  ac 2 ref


   Q  ac 2 ref


    𝑭 𝒓 𝒆 𝒆 𝒛 𝒆  𝟐 𝑸


  −


  +


    D I  d 2 c t r l m a x


  −   D I  d 2 c t r l m a x


  +


  +


    P  a c 2 r e f r a t e u p


    P  a c 2 r e f r a t e d o w n


    I  q 2 m a x


  −   I  q 2 m a x


  −


  +


   V  dc 2


    D I  d 2 c t r l m a x


  −   D I  d 2 c t r l m a x


  +


  +


  +


  +    1 −   p f 2 m a x 2   | p f 2 m a x |


  −    1 −   p f 2 m i n 2   | p f 2 m i n |


    Q  a c 2 max


    Q  a c 2 min


  −


  +


    D V  a c 2 max


    − D V  a c 2 max


    Q  a c 2 max −


    Q  a c 2 min −


  +


  −


    Q  a c 2 max


    Q  a c 2 min


    Q  a c 2 r e f r a t e u p


    Q  a c 2 r e f r a t e d o w n


  Qac 2 cmd


    I  q 2 c m d


    I  d 2 c m d


    I  q 2 r e f


    I  d 2 r e f


    V  a c 1 r e f


  ∑


   Q  ac 1 ref


   Q  ac 1 ref


    D I  q 1 c t r l m a x


  −   D I  q 1 c t r l m a x


  +


  +


    I  q 1 c t r l m a x


  −   I  q 1 c t r l m a x


  −


  +


    I  q 1 m a x


  −   I  q 1 m a x


  +


  +


  −


    I  q 1 i n


    I  d 1 i n


    I  q 1 m a x


  −   I  q 1 m a x


  −


  +


   V  dc 1


    D I  d 1 c t r l m a x


  −   D I  d 1 c t r l m a x


  +


  +


  +


  0


  1


  2


  +    1 −   p f 1 m a x 2   | p f 1 m a x |


  −    1 −   p f 1 m i n 2   | p f 1 m i n |


    Q  a c 1 max


    Q  a c 1 min


  −


  +


    D V  a c 1 max


    − D V  a c 1 max


    Q  a c 1 max −   Q  a c 1 r e f


    Q  a c 1 min −   Q  a c 1 r e f


  +


  −


    Q  a c 1 max


    Q  a c 1 min


    Q  a c 1 r e f r a t e u p


    Q  a c 1 r e f r a t e d o w n


  Qac 1 cmd


    I  q 1 c m d


    I  d 1 c m d


    I  q 1 r e f


    I  d 1 r e f


   1  1 + s   T  P L L s y n c h


    R  1 a + j   X  1 a


      R  d c 2


      L  d c 2


    C  d c


    V  d c


    I  l i n e 1


    V  d c 1


    V  d c 2


      R  d c 2


      L  d c 2


    C 1


    C 2


    𝑰  𝑪 𝟐


    𝑰  𝑪 𝑯


    𝑰  𝑪 𝟏


    I  l i n e 2


    𝑰  𝑪 𝒅 𝒄


      R  d c 2


      L  d c 2


    C  d c


    C 1


    C 2


    I  C H

