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Generalized Dynamic VSC MTDC Model for
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Stijn Cole, Student Member, IEEE, Jef BeertenStudent Member, IEEE, Ronnie Belmanskellow, IEEE

Abstract—In this paper, a new general Voltage Source Con- to multi-terminal systems. Furthermore, there alreadystexi
verter High Voltage Direct Current (VSC MTDC) model is  two multi-terminal CSC HVDC systems. Research is mostly
derived mathematically. The full system model consists of the limited to the particular topologies of those existing syss.

converter and its controllers, DC circuit equations, and coupling - S . - .
equations. The main contribution of the new model is its valid for For VSCs the situation is quite different. Firstly, as weeatly

every possible topology of the DC circuit. Practical implementa- Mentioned, they can be easily extended to multi-terminal
tion of the model in power system stability software is discussed systems, possibly with a large number of converters. Sdgond

in detail. The generalized DC equations can all be expressedit is hard to predict which topology future MTDC systems will
in terms of matrices that are byproducts of the construction of have. While it can be conjectured that the first actual VSC

the DC bus admittance matrix. Initialization, switching actions MTDC t il h imole tonol ith a limited
resulting in different topologies and simulation of the loss of DC System will have a simpie fopology with a fimite

lines amount to a simple calculation or recalculation of the DC Number of converters, quite a wide variety of “supergrid”
bus admittance matrix. The model is implemented in Matlab. topologies are conceivable.
Examples on a two- and six-terminal system show that the new  This paper aims to redress this lacuna by proposing a
model is |r_1deed _capable of accurately simulating VSC MTDC general dynamic model of VSC MTDC, valid foevery
systems with arbitrary topology. . S
conceivable topology of the DC circuit. The model allows
Index Terms—HVDC converters, HVDC transmission, POWer  aqding or removing converters and lines without changireg th
system modelling, power system simulation model itself. The model is susceptible of integration wélge
step size, so that it can be used for the simulation of large
|. INTRODUCTION scale AC/DC systems. A converter model including controls
ITH an ever increasing number of installations, VSGs first derived in section Il. In section lll, the general DC
HVDC systems become more and more importagircuit equations are derived. It is explained in section IV
in the power system world. One advantage of VSC HvVD@ow to combine the converter and DC circuit equations to
compared to conventional Current Source Converter (CS@present any VSC MTDC system. In section V, practical
HVDC is that the extension to Multiterminal DC (MTDC)implementation of the general MTDC equations in transient
systems is relatively easy. Although up till now, there aoe rstability programs is discussed. The paper is concludetd wit
VSC MTDC systems installed or even in concrete plannirgimulations that show the generality of the model.
phase, quite a number of publications are devoted to the
subject of VSC MTDC. They deal with various aspects of
MTDC operation such as location of DC faults and protection
[1], [2], control strategy [3], harmonics [4], and applicats

in wind farms [5], [6]. Also, numerous papers exist on th(g1 :

. . phase reactor, represented here by an impeddpce=
modelling of two-terminal VSC HVDC .systerns [71, (8], [8], R, +7X,r, that can also include the effect of the transformer
[10] and some on the modelling of multi-terminal CSC HVDC(Fig 1). The basic equation of this circuit

systems and their implementation in stability programg, e.
[11] and [12]. As for basic modelling of VSC MTDC systems
in power system stability programs, literature is limiteal t Ue —Us = L
non-existant. The multi-terminal models that are used & th

aforementioned papers on MTDC have a fixed topology. It is can be transformed to a power system synchronized rotating
not explained how to extend the models to other topologiagy reference frame:

In case of CSC HVDC, this would be understandable because
topologies are limited to a few simple configurations anyhow
due to the inherent difficulties associated with extendis§f€

Il. CONVERTERMODELLING

VSC HVDC converters are connected to the system through

a3, + Rpriprv (1)
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The actual value of the voltage lags the reference due to

d(id eiwt) R . ‘ 1 ‘ the time-lag of the converter's power electronics. Thetiata
— P L = P e+ wil e+ —(uf — ul)e’’,  between the actual value and the reference value can be

pr
d Lpr Lpr (2a) represented by a time delay with time constapt[14]:
. : dq 1
d(ZgTeJUJt) RPT . jwt -d _jwt 1 jwt Uc = 9
— Tmlgrej — wip, e + E(ug —ul)el. Ug:lef Tos+1 9)
(2b) or in the time-domain:
The anglewt is provided by the phase-locked loop (PLL), du? 1,y 4
arbitrarily assumed here to align system voltage with the g- dr i(UCT‘EJ' — ug), (10a)
axis. Dividing bye/“*, the dynamic equations of the AC circuit dud 1
in the dg-frame are finally obtained: dtc = T*(Usz —ugd). (10b)
_d Combining the time-lag equations (10a), (10b) and the
dipr _ Ry i 4owil 4 1 (ud — u?) (3a) equations of the current controllers (8a), (8b) yields:
dt Lpr pr pr Lpr c s/
d
did R 1 dug  Kpi 4 Ly, . d
= TP v+ — (). @) g o, W, et
pr pr
1 K. 1
Most VSC converters have a cascaded control structure, TMd + Tingmf + T*Ugv (11a)
comprising inner current control loop and outer contraller 7 7 7
[13]. The controllers themselves are usually Pl contrs|ler dud K I 1
“the de facto industry standard for current control”, that dtc =— Tpl i +w jf””igr - T—ug+

guarantee high performance ( [14]), and also used in e.4. [15

In this paper, the emphasis is not placed on the control seshem TLM‘] + %z’fwmf + Tiug (11b)

Therefore, a standard control scheme, consisting of caslcad

PI controllers, is implemented here.
B. Outer Controllers

1) Reactive Power Control and Voltage Control: In a VSC
] ] ~ HVDC system, every converter can independently control its
The converter equations (3a) and (3b), obtained in thegactive power injection in the power system. When the system
previous section can be controlled by two parallel contrghiage is aligned with the g-axis, the reactive powgrcan

A. Current Controllers

loops, using PI controllers. The cross-coupling terms, be calculated as follows:
d .
Auf = wLpyid, (4) Q = ulil,. (12)
Aul = —wLyyif,, (®)  The d-axis current setpoint! .., is thus calculated from

compensate for the cross coupling between the two contflaf3 reactive power setpqlr@mf - A comblnatlon of an open.
loops, introduced in (3a), (3b) by the transformation to loop and a PI controller is used to drive reactive power to its

rotating reference frame. The reference voltage in d andd&Slred value, leading to the equation [16]:

components are then expressed as: , K,
igTref = 7§f + (Kp2 + ﬁ)(@ref - Q) (13)

Us S
uler = ud + Aud + (Kpl + Kﬂ) (i%ver —i5,)  (62)  We finally introduce state variablev?, resulting in an

§ additional differential equation for the PI controller,
K\ . .
oy =ttt (o + B2 1, i), (6) v »

W = Ki2(Qref - USZPT), (14)

After introducing two state variable3/; and M, such that T )
such that substitution of (12) and (14) in (13) leads to an

expression for the d-axis current reference:

dMy d d
— = K1 (i5,er —15,) (7a)
dt e p’“ id = Q—qf + N4 Ko (Qrey —udid),  (15)
dM, . » pr ud sp
— Kﬂ(zpr”f — Zpr)? (7b) . . .
dt which can thereafter be substituted in (11a).

the current controller equations become Instead of controlling reactive power, the AC system volt-
age can be controlled. The d-axis current reference can be
calculated in a similar manner:

ugref = u? + Aul + Kp (izrref — igr) + My, (8a)
Ger = Ul Aud + K (i, — i)+ M. (8b) ifrer = (Ko +

cref

K3
s

u )(Usw,f — U, (16)



with Ry . L.
Udcl lee Udc2
Us =/ (ud)? + (ud)? = ut. (17) AN

After we introduce state variabl®&’¢, the following equa- —
tions can be written down:

dT]\f = Kig (Urey — ug), (18) G> e T L = | e G>

i rer = N4 Ky (Upep — u). (19) T [
Equation (19) can be substituted in (11a). /\/\/\/—;\QQQQ/
2) Active Power Control: In a two-terminal VSC HVDC Rae ““ Lge

system, one converter sets the active power setpoint. The
variableigmf is calculated from this active power setpointFig. 2. DC Circuit of two-terminal VSC HVDC system
The other converter controls the DC voltage. We call it the

‘slack’ converter, because it compensates the losses iDhe i,
network and thus has a similar function as a slack node in an Lyc ar

AC grid. In general, am converter VSC HVDC system has
g g 4 A converter of a MTDC system can be connected to a num-

n — 1 converters controlling active power, and one controlling  oth : Fia 3). We fix th t directii
DC voltage. One must therefore differentiate between theks| er of other conver ers (Fig. 3). We fix the curren Irecsion
ﬁhe DC lines such that the current from conveitey converter

converter and the other converters for the calculation ef th R ]
g-axis current setpoint. As only — 1 converters can set an’ S positive ifi is smaller thanj. Converter 1 has thus only

active power setpoint; — 1 g-axis reference currents can béncoming currents, and converteronly o_utgoin_g currents. Fpr
calculated from the active power setpoint. As we will explaievery_other converted, there aren — 1 incoming, an<_:ln !

in section IV, the remaining g-axis reference current can (ﬁéjtgqmg.currents. The ge.nerallzed dynamic equations pf an
obtained from the DC voltage control equation of the sla C circuit can then be written as:

converter. Again using a combination of an open loop and a

= Udcy — Udey — Rdcico (26)

-axi duge, ) L )
PI controller, the g-axis reference current can be expeease Cle Zc; b= g, — Z Gecy;y =1 (27a)
P.. K; j=i+1
i;];’l“'"ef = u(]f + <Kp4 + S4> (Pref — _P)7 (20) du i—1 n
’ Cdci des :idci + iCC‘i - iCCi,'v 1=2,...,n—1
with d ; ’ jz;l ’
P =ulil,. (21) (27Db)
1—1
; i q duge, ) . .
Intrpducmg a new state variabl&/? leads to an extra Cue, Ude; _ dor + Z iy i=m (27¢)
equation, dt =
dN1 . and
g = KialPrep — uiip,). (22)

After substitution of (22) and (21) in (20), the expression f dice,;
the g-axis reference current to be substituted in (11b)beso e q
. Pres _ The DC voltage control equations have to be appended
Uppres = u + N+ Kpy(Prey — uZ@ZT)- (23) to the above equations. The slack converter controls the DC
voltage. When a PI controller is used, the reference DC curren
of the slack converter can be expressed as:

= Ude; — Ude; — Rdc,;jiccij Vi <n,Vi<j. (28)

All the equations of the converters are now derived.

I1l. DC CIRCUIT MODELLING igeres = (Kp T IQ) - (Uderes — Ude, ) (29)
The DC circuit of a VSC HVDC system consists of a ' 5
large capacitor at the converter station and a DC cable.2Fig. For the control of the DC voltage, the dynamics of the DC
represents the DC side of a two-terminal VSC HVDC systefircuit are approximated by a time constahj., determined
with two cables of opposite voltage level. The basic equatioby the DC capacitors.

are: ide, 1

= . 30
dug Ggerer Taes +1 (30)
Cae ar e T e (24) Combining this equation with (29), and introducing
duge . . dMyg.
Cac di 2 = Ldey T+ e, (25) dtd = Kide (udcref - Udcn)a (31)



TABLE Il
EQUATIONS OTHER CONVERTERS

becir
Converter 3)
| controller | (11), (7)
iccij Q controller | (14), (15)
- or or
_ U controller | (18), (19)
P controller | (22), (23
lde; Q) — Coupling (34)
- foc. TABLE Il
ik DC CIRCUIT EQUATIONS
DC circuit (27), (28)
. DC controller | (31), (32)
Leey

Fig. 3. Node in a MTDC Circuit o
B. \alidity of the Model

. . . The main application of this model is the dynamic simula-
the following control equation is obtained: tion of AC systems connected to large scale, meshed VSC
dige, 1 , MTVDC systems with many converters, with emphasis on
Rl Tdc(—ldcn + Kpdc(Uderes — tac,) + Mac)  (32)  transient stability studies. Therefore, the level of detdi
the HVDC system model is limited, which allows fairly large
IV. FULL MODEL step sizes, necessary for the simulation of large scale &C/D

systems. The model can be used to study the influence of the
A. Full Model Equations VSC MTDC system on the AC system, and the dynamics of

Finally, the AC and DC circuit equations have to be couplef’® DC circuit. However, it should be noted that, as stated
The coupling equations follow from the active power baland® the introduction, the phasor modelling approach is used i
between AC and DC side of the converter. They allow thiS paper, as is customary in transient stability studfes.

calculate the g-axis reference current of the slack coexertd result, only information about the fundamental frequency
and the dc currents of the other converters: components can be obtained from this model; it is not the aim

) iy J of the proposed model to study phenomena such as harmonic
q _ 2ide,,  Ude, — Tpr, “ Ve, (33) transfer ( [4]). When information about harmonics is nee@ed,
pric! ud, ’ detailed converter model should be used, usually impleetent
in an EMTP type program, and solved with very small step
wd id 4wl oig size.
, Visn-—1 (34) In Fig. 4, the response to a step in DC voltage reference
) i of a detailed electromagnetic model, including detailgatee
The full model of a VSC MTDC system is obtained byseniation of three-level Neutral Point Clamped (NPC) VSC

combining the equations of the converters with their cuIrepy verters with sinusoidal pulse width modulation, contro
and outer controllers, DC circuit equations, and the AC'Dg/stems and PLL, is shown [17]

coupling equations. A generalconvertor system is composed In Fig. 5, a typical respons of a phasor model to a same

of one slack converter, defined by the equations in Table |, . . .
. . . step in DC voltage reference is shown. The high frequency
n — 1 converters defined by the equations in Table Il, and.g, o .
L information is absent, but the step size can be much larger.

DC circuit (Table 111).

idci =
2udci

TABLE |
EQUATIONS SLACK CONVERTER

Converter (3)
| controller | (11), (7)
Q controller | (14), (15)

or or ' 1‘.4 1‘.5 116 117 l‘.8 1.9
U controller | (18), (19) ts]

Coupling (33) Fig. 4. DC voltage: detailed EMTP type model (step Sizéus).




1.02 B. Dynamics
! \ | Eq. (27) can be written as a matrix equation:

T 098} 1
8 00al | dU;
> 096 \/\/\/\_ﬁ_,_ l:Cdci Z] = lgc + Clec. (43)

0.941 ] dt

os2—- s v - v s The matrixC is then x m incidence matrix of the directed

' ' i ' ' ' graph describing the DC network. The incidence matrix of a

directed graph is defined as a matrix with elemgnt= —1 if
line i leaves node j¢;; = 1 if line i enters node j and;; = 0
otherwise. This matrix can be obtained as a byproduct of the

Fig. 5. DC voltage: phasor model (step sizevs).

V. PRACTICAL IMPLEMENTATION construction of the DC bus admittance mat¥ix..
A. Seady-Sate
The steady-state DC network equations are C. Events
The proposed formulation allows easy inclusion of events
Idc = chUdm (35)

such as the loss of DC lines. The loss of a DC line can be
Pye, = 2Uqge; 1ge;, Vi < n. (36) simulated by removing the line from the power flow data and

Yu is the bus admittance matrix of the DC networkSIMPly recalculatingyc, which also gives matric€¥qcr, Yct

constructed using line resistances only. and the network incidence matrix The dynamic equations
The equations can be combined to form a system of nd3) are automatically updated.

linear equations:

p VI. SIMULATIONS
dc; :|

T (37)  A. Two-terminal system

As one DC bus controls DC voltage and the others active The proposed model is implemented in Matlab. All simula-
power, the problem has to be rearranged. To simplify natatidions are performed using modlflgd versions of Matpower [18]
but without loss of generality, we assume that the last atewe @ndMatDyn [19], [20]. Mat Dyn is an open-source program

controls DC voltage. The vector of the unknowns is then for dynamic simulation of power systems in Matlab. The ODEs
are solved with a Modified Euler method with time step 1 ms.

Uge, Eq. (27) can be represented by a matrix equation, (43), that

0= VYgcUgc — |:

X, : can be conveniently entered in a Matlab based toolbox such
X = [ X, } "l ' (38) as MatDyn. If this equation were to be implemented in all
%“—*IL its generality in a commercial grade power system software,
den it should be implemented at the source code level by the
The DC bus admittance matrix is partitioned as follows: geveloper, as it would be very difficult or even impossible to
Y11 | Yia use block-diagram based editors of commercial power system
ch - |: Y21 Y22 :| (39) software.

We first consider a two-terminal VSC HVDC system in-
stalled in a 9-bus, 2-generator network (Fig. 12). The ame-|
diagram and data of this small power system are included in
e appendix. A VSC HVDC link, described by the proposed
odel, is installed between buses two and threet At0.2,

the DC voltage setpoint is changed. In Fig. 6 it can be sedn tha
{ the new reference value is reached after a small transiéet. T

The matrixYy; is of dimension(n — 1) x (n — 1), Y12 is a
column vector of lengtm — 1, Y>; a row vector of length
n — 1, andy.o a scalar.

This leads to a system of equations that can be solved bl
Newton method:

8 _ ;(,11))((1 iYm ) ZZ‘I“‘“‘f :)];dc/’?(/;jX”)) (40) transient propagates to the AC side: the VSC HVDC system

2101 T Y22 " Uderef — A2/ Elderef follows the DC voltage step by charging the capacitors, and

Once the DC voltages are known, the currents betwegfys increasing the voltage. Hence, a change in DC voltage
the DC buses can be obtained by premultiplying the DC bygtpoint has an influence on active power exchange, as can be
voltage vector byYuer OF Yaer. Yacr iS the matrix which, seen in Fig. 7. In Fig. 8, the influence on the system voltages

multiplied by the voltage vector, gives the currents leguine js shown. At the inverter side, the transient is higher beeau
buses (41). Analogously,y. relates bus voltages and currentgyis converter controls the DC voltage.

entering the buses (42).

B. Multi-terminal system

leet = YacrUqc (41) . . . .
A six-terminal VSC HVDC system is now simulated to
lect = YactUde (42) test the proposed model. The sixth converter controls the DC
Y4 andYy, are obtained as byproducts of the constructiovoltage, the five other converters control active power. The
of the DC bus admittance matriXy. without extra computa- DC circuit consists of seven lines, line 1-2, 1-6, 2-3, 3-4,4
tions. 4-6, and 5-6 (Fig. 9). For simplicity, the parameters of the a
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Fig. 6. DC voltage of the two-terminal system. Dotted lines r@ference
values and full lines real values.

El 03 5 154 4
n
& -04 —L\f\%,h
a Fig. 9. Topology of six-terminal system
0 0.2 0.4 0.6 0.8 1
Time [s]
1 0.6
= 0
(=% 12
E 0.5 0.4F —
Y ) ) ) ) , 0.2 ‘\/\J\/VWMN-OY '3
0 0.2 04 06 08 1 gy
Time [s] Bl of jﬂ\/\/\/\A,\,,W_____i —sF
‘:'8 02 ‘ % |46
Fig. 7. Active power at rectifier and inverter of the two-tenadi system. \\w/ P ———
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the DC lines are equal, and it is assumed that the convert -8, : : : ‘ ‘
are connected to a strong AC system, modelled by infini ‘ " Time [s] ' ‘
nodes. However, the validity of the model is not dependent on

these conditions. At = 0.2, the loss of line 5-6 is simulated. Fi9- 10- DC currents of the six-terminal system.

The current through the line drops to zero, and is distrithute

to the other lines (Fig. 10). Observing Fig. 9, it is expecte .
that the loss of line 5-6, needs to be compensated for b)} slack converter, which controls DC voltage, and therothe

rise in current through lines 1-6 and 4-6. It can be verifiegPVEMers, which control active power. Next, the equation

from Fig. 10 that this is indeed what happens. In Fig. ﬁf the DC system have been derived for the well-known two-

the response of the DC voltage is shown. As a result of t %rminal system, which were subsequently generalized as

changed flows, the DC voltages settle to new values afE eﬁ i\fggp:;ngci%;?]?gs t?g[:'eeeenjgﬁoﬁg ?r?g Eoi]sf;t:n; \évtzrri
the transient. Only the voltage of the regulated convetfgy, of e ua.tior}:s is obtain%d The rgain con'tribution o? this ya e
returns to its pre-fault value. d ‘ Pap

is, that this system of equations is valid for every possite
HVDC multiterminal system, independent of its topologyisTh
VIl. CoNcLUSION means that converters and lines can be added or removed

Simulations on a two-terminal ans six-terminal system hawiring the simulation, without changing the model itselieT
shown that the dynamic behaviour of VSC MTDC systemgiodel can be integrated with large step size and is perfectly
with arbitrary topology can be satisfactorily simulatedthg suited for the study of large AC/DC systems. Furthermore, we
generalized dynamic VSC MTDC model proposed in thisave explained how this model can be efficiently implemented
paper. The basic equations of the converters and its cBol in existing power system software, how the initial conditio
were first derived, whereby distinction had to be made betwee

1.031

? |
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|l -,
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Fig. 8. System voltages at rectifier and inverter of the temrinal system. ) )
Dotted lines are reference values and full lines real values Fig. 11. DC Voltages of the six-terminal system.



of the generalized DC system can be obtained and how faults

can be taken into account. The range of validity and limotzgi

of the model were discussed. It has been shown by numerical
examples that VSC MTDC systems with different topologies
can indeed been represented by the same system of equations.

A change of DC voltage reference has been simulated fdt] L. Tang and B.-T. Ooi, “Locating and isolating DC faults multi-
a two-terminal system and the loss of a DC line for a six-

terminal system. The results have shown the model's go

ol
performance. It has been verified that the model is indee!g]

valid for DC grids with arbitrary topologies.

VIIl. A PPENDIX: POWER SYSTEM DATA

K]

The one-line diagram of the power system, used for the
simulation of the two-terminal VSC HVDC system, is shown 4
in Fig. 12. The power system data is given in the tables below”

| L]

I 2
4 1
6 5
I 3
Fig. 12. Simulation two-terminal system: system layout.

Transmission line data
From | To [[ R [pu] [ X [pu] | B [pu]

1 4 0 0.0576 0
4 5 0.017 | 0.092 | 0.158
5 6 0.039 | 0.17 | 0.358
3 6 0 0.0586 0
6 7 || 0.0119| 0.1008| 0.209
7 8 || 0.0085| 0.072 | 0.149
8 2 0 0.0625 0
8 9 0.032 | 0.161 | 0.306
9 4 0.01 0.085 | 0.176
Load data

Bus H P [MW] \ Q [MW]

5 90 30

7 100 35

9 125 50

Generator data
Bus H H ‘ D ‘ Tq ‘ Zq ‘ z/ ‘ T ‘ Té ‘
1 3741 0.02| 1 1.97| 0.23| 5.2 | 0.81
8 3.74| 0.02| 1.53| 1.77| 0.23| 5.2 | 0.81

(5]

(6]

(7]

(8]

El

(10]

(11]

(12]

(23]

(14]
(18]

(16]

[17]

(18]
(29]

(20]
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