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Abstract—In this paper, a new general voltage source converter
high voltage direct current (VSC MTDC) model is derived math-
ematically. The full system model consists of the converter and
its controllers, DC circuit equations, and coupling equations. The
main contribution of the new model is its valid for every possible
topology of the DC circuit. Practical implementation of the model
in power system stability software is discussed in detail. The gener-
alized DC equations can all be expressed in terms of matrices that
are byproducts of the construction of the DC bus admittance ma-
trix. Initialization, switching actions resulting in different topolo-
gies and simulation of the loss of DC lines amount to a simple calcu-
lation or recalculation of the DC bus admittance matrix. The model
is implemented in Matlab. Examples on a two- and six-terminal
system show that the new model is indeed capable of accurately
simulating VSC MTDC systems with arbitrary topology.

Index Terms—HVDC converters, HVDC transmission, power
system modeling, power system simulation.

1. INTRODUCTION

ITH an ever increasing number of installations, voltage
W source converter high voltage direct current (VSC
HVDC) systems become more and more important in the
power system world. One advantage of VSC HVDC com-
pared to conventional current source converter (CSC) HVDC
is that the extension to multi-terminal DC (MTDC) systems
is relatively easy. Although up until now, there are no VSC
MTDC systems installed or even in concrete planning phase,
quite a number of publications are devoted to the subject of
VSC MTDC. They deal with various aspects of MTDC op-
eration such as location of DC faults and protection [1], [2],
control strategy [3], harmonics [4], and applications in wind
farms [5], [6]. Also, numerous papers exist on the modeling
of two-terminal VSC HVDC systems [7]-[10] and some on
the modeling of multi-terminal CSC HVDC systems and their
implementation in stability programs, e.g., [11] and [12]. As
for basic modeling of VSC MTDC systems in power system
stability programs, literature is limited to nonexistent. The
multi-terminal models that are used in the aforementioned pa-
pers on MTDC have a fixed topology. It is not explained how to
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Fig. 1. One-line diagram of the AC circuit. Subscript s for system side. Sub-
script ¢ for converter side.

extend the models to other topologies. 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 extending CSCs to multi-terminal
systems. Furthermore, there already exist two multi-terminal
CSC HVDC systems. Research is mostly limited to the par-
ticular topologies of those existing systems. For VSCs the
situation is quite different. Firstly, as we already mentioned,
they can be easily extended to multi-terminal systems, possibly
with a large number of converters. Secondly, it is hard to predict
which topology future MTDC systems will have. While it can
be conjectured that the first actual VSC MTDC system will
have a simple topology with a limited number of converters,
quite a wide variety of “supergrid” topologies are conceivable.

This paper aims to redress this lacuna by proposing a gen-
eral dynamic model of VSC MTDC, valid for every conceiv-
able topology of the DC circuit. The model allows adding or re-
moving converters and lines without changing the model itself.
The model is susceptible of integration with large step size, so
that it can be used for the simulation of large scale AC/DC sys-
tems. A converter model including controls is first derived in
Section II. In Section III, the general DC circuit equations are
derived. It is explained in Section IV how to combine the con-
verter and DC circuit equations to represent any VSC MTDC
system. In Section V, practical implementation of the general
MTDC equations in transient stability programs is discussed.
The paper is concluded with simulations that show the gener-
ality of the model.

II. CONVERTER MODELING

VSC HVDC converters are connected to the system through
a phase reactor, represented here by an impedance Z,, = Ry +
JX,r, that can also include the effect of the transformer (Fig. 1).
The basic equation of this circuit

— + Rpripr (1)
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can be transformed to a power system synchronized rotating dg
reference frame

4 (i, 71)
dt
= —L—pzﬁre“t + wil et + — (ud —uf) !
pr pr
(2a)
. jwt
d (Zgre] ) _ RPT 4 ejwt _ Wid ejwt
dt Ly pr pr
1 .
+ (ud — ud) et (2b)
Ly

The angle wt is provided by the phase-locked loop (PLL),
arbitrarily assumed here to align system voltage with the q-axis.
Dividing by e/“?, the dynamic equations of the AC circuit in the
dg-frame are finally obtained:

did R 1
pr _ pr .d p d d
o= T i +wid, + I (ud —u?) (3a)
did R 1
pr pr . -d
dt - Lpr Zgr — Wip, + Lpr (ug - ug) . (3b)

Most VSC converters have a cascaded control structure, com-
prising inner current control loop and outer controllers [13]. The
controllers themselves are usually PI controllers, “the de facto
industry standard for current control”, that guarantee high per-
formance [14], and also used in, e.g., [15]. In this paper, the em-
phasis is not placed on the control scheme. Therefore, a standard
control scheme, consisting of cascaded PI controllers, is imple-
mented here.

A. Current Controllers

The converter (3a) and (3b), obtained in the previous section,
can be controlled by two parallel control loops, using PI con-
trollers. The cross-coupling terms

Aul = wL,,i? 4)

pr

Aul = —wLp,il, 5)

compensate for the cross coupling between the two control
loops, introduced in (3a) and (3b) by the transformation to
a rotating reference frame. The reference voltage in d and q
components are then expressed as

(6a)

S

K; ) .
u@:@+A@+@h+ j@;rﬁg

K; . .
ul. =ul + Aul + <Kp1 n 1) (zgr,‘ef - zgr) . (6b)

S
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After introducing two state variables, M, and M, such that

aM, . )
i = Ko (s =15 72
dM, . )
= K (i — i) (7b)
the current controller equations become
wher =l Al + Ko (ifher — it ) + Ma - (80)

a  _ 4 :
W =l At + Ky (#0, = 8 ) + M. (8b)
The actual value of the voltage lags the reference due to the
time-lag of the converter’s power electronics. The relation be-
tween the actual value and the reference value can be repre-

sented by a time delay with time constant 7, [14]:

Uda 1
=T ©)
U(‘ref o8+ 1
or in the time-domain
du? 1
;tn =7 (uler —ud) (10a)
dul 1
o = 7 (e — ). (10b)

Combining the time-lag (10a) and (10b) and the equations of
the current controllers (8a) and (8b) yields

dud Kpl i Lpr 1 i
Qe _ sd a Lo
dt T, ‘v T e T e
1 K, . 1
o Ma + —Tplzﬁrref + (11a)
dul Ky, . Lwa 1,
at T, e T e T e
1 Ky . 1
My o+ S+ (11b)

B. Outer Controllers

1) Reactive Power Control and Voltage Control: In a VSC
HVDC system, every converter can independently control its
reactive power injection in the power system. When the system
voltage is aligned with the g-axis, the reactive power () can be
calculated as follows:

-d
Q = uliy,

(12)

The d-axis current setpoint, izrmf, is thus calculated from the
reactive power setpoint ,.r. A combination of an open loop
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and a PI controller is used to drive reactive power to its desired
value, leading to the equation [16]

. Qref K i2
'l;,l)rref = ug + Kp2 + s (Qref - Q) (13)

We finally introduce state variable N¢, resulting in an addi-
tional differential equation for the PI controller

dN?

_ -d
T - Ki2 (Qref - ngpr) (14)
such that substitution of (12) and (14) in (13) leads to an expres-

sion for the d-axis current reference

-d _ Qref

10 vet = ——
pr ul

+ Nd + Kp2 (Qrcf - Ugtgr)

(15)
which can thereafter be substituted in (11a).

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

K;
i e = (Kp3 + 53> (Ugeet — U) (16)
with
U, =/ (ud)? + (ud)? = ud. (17)

After we introduce state variable N ?, the following equations
can be written down:

dN¢
W = 1A;3 (Urcf - u(sl) (18)
i et = N+ K3 (Urer — ) . (19)

Equation (19) can be substituted in (11a).

2) Active Power Control: In a two-terminal VSC HVDC
system, one converter sets the active power setpoint. The vari-
able z'f)rref is calculated from this active power setpoint. The
other converter controls the DC voltage. We call it the “slack”
converter, because it compensates the losses in the DC network
and thus has a similar function as a slack node in an AC grid. In
general, an n converter VSC HVDC system has n— 1 converters
controlling active power, and one controlling DC voltage. One
must therefore differentiate between the slack converter and the
other converters for the calculation of the g-axis current set-
point. As only n — 1 converters can set an active power setpoint,
n— 1 g-axis reference currents can be calculated from the active
power setpoint. As we will explain in Section IV, the remaining
g-axis reference current can be obtained from the DC voltage
control equation of the slack converter. Again using a combi-
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Fig. 2. DC circuit of two-terminal VSC HVDC system.

nation of an open loop and a PI controller, the g-axis reference
current can be expressed as

. Pref Ki4
i = i+ <Kp4+ - )(Pref—P) (20)
with
P =uldil. (21)

Introducing a new state variable N ? leads to an extra equation

dN1?

dt
After substitution of (22) and (21) in (20), the expression for
the g-axis reference current to be substituted in (11b) becomes

= N4q (Prof —ulil ) . (22)

s‘pr

i = Dt |y + Kps (Prer — ulil) .

ref q s pr
pr ud

(23)
All the equations of the converters are now derived.

III. DC CIRCUIT MODELING

The DC circuit of a VSC HVDC system consists of a large
capacitor at the converter station and a DC cable. Fig. 2 repre-
sents the DC side of a two-terminal VSC HVDC system with
two cables of opposite voltage level. The basic equations are

dudc . .
Cd(‘, dt L= tdc; — tec (24)
duge, . .
Cd(‘,d—i = ldc, + e (25)
L dice _ Ract (26)
dc dt = Udc, Udc, dclcc-

A converter of an MTDC system can be connected to a
number of other converters (Fig. 3). We fix the current direc-
tions in the DC lines such that the current from converter ¢ to
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Fig. 3. Node in an MTDC circuit.

converter j is positive if ¢ is smaller than j. Converter 1 has
thus only incoming currents, and converter n only outgoing
currents. For every other converter ¢, there are n — 1 incoming,
and n — ¢ outgoing currents. The generalized dynamic equations
of any DC circuit can then be written as

n

duge, . . .
Cac; 1;;‘ L= ge, — Z beciy i=1 (27a)
J=1+1
du 1—1 n
dc; . . .
Cd(‘,i dt = dc; + Z'Lcc]i - Z Z(‘,r,ij
7=1 Jj=1+1
i=2...n—1 (27b)
du i1
Cd(-n d(im = idm + Z 'L.cr,],-, 1=n (270)
7=1
and
I dice,, _ R i
dc dt = Udc;, ude dc; Lcc,]
Vj<n,Vi<j (28)

The DC voltage control equations have to be appended to the
above equations. The slack converter controls the DC voltage.
When a PI controller is used, the reference DC current of the
slack converter can be expressed as

: K;

ch‘:f = <Kp + ?) : (udcref - udc,,) . (29)
For the control of the DC voltage, the dynamics of the DC

circuit are approximated by a time constant 7y., determined by

the DC capacitors:

ide, 1
idcref o Tyes + 1

(30)
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TABLE 1
EQUATIONS SLACK CONVERTER

Converter 3)

an, m
(14), (15)

I controller

Q controller

or or
U controller | (18), (19)
Coupling 33)
TABLE II

EQUATIONS OTHER CONVERTERS

Converter 3)
1 controller an), (7
Q controller | (14), (15)
or or

U controller | (18), (19)
(22), (23

(34

P controller

Coupling

Combining this equation with (29), and introducing

dMy.
dt

the following control equation is obtained:

= Kidc (udcref - udcn) (31)

dige, 1
dt Ty

(_Z.dcn + Kpdc(udcrof - udcn) + Mdc)- (32)

IV. FULL MODEL

A. Full Model Equations

Finally, the AC and DC circuit equations have to be coupled.
The coupling equations follow from the active power balance
between AC and DC side of the converter. They allow to calcu-
late the g-axis reference current of the slack converter, and the
dc currents of the other converters:

. . d
q _ 2ch’7 ) udc"’ B Zprn ) /u’C” (33
1 ref T q )
pry, U
d  .d q .49
g, = o on UG T g (3
2udc7

The full model of a VSC MTDC system is obtained by com-
bining the equations of the converters with their current and
outer controllers, DC circuit equations, and the AC-DC cou-
pling equations. A general n convertor system is composed of
one slack converter, defined by the equations in Table I, n — 1
converters defined by the equations in Table II, and a DC circuit
(Table III).

B. Validity of the Model

The main application of this model is the dynamic simulation
of AC systems connected to large scale, meshed VSC MTVDC
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TABLE III
DC CIRCUIT EQUATIONS

DC circuit (27), (28)

@D, 32)

DC controller

Uy [pul

1.4 1.5 1.6 1.7 1.8 1.9
t[s]

Fig. 4. DC voltage: detailed EMTP type model (step size 7.4 ps).
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Fig. 5. DC voltage: phasor model (step size 1 ms).

systems with many converters, with emphasis on transient sta-
bility studies. Therefore, the level of detail of the HVDC system
model is limited, which allows fairly large step sizes, necessary
for the simulation of large scale AC/DC systems. The model
can be used to study the influence of the VSC MTDC system
on the AC system, and the dynamics of the DC circuit. How-
ever, it should be noted that, as stated in the introduction, the
phasor modeling approach is used in this paper, as is customary
in transient stability studies. As a result, only information about
the fundamental frequency components can be obtained from
this model; it is not the aim of the proposed model to study phe-
nomena such as harmonic transfer [4]. When information about
harmonics is needed, a detailed converter model should be used,
usually implemented in an EMTP type program, and solved with
very small step size.

In Fig. 4, the response to a step in DC voltage reference of a
detailed electromagnetic model, including detailed representa-
tion of three-level neutral point clamped (NPC) VSC converters
with sinusoidal pulse width modulation, control systems, and
PLL, is shown [17].

In Fig. 5, a typical response of a phasor model to a same step
in DC voltage reference is shown. The high frequency informa-
tion is absent, but the step size can be much larger.

V. PRACTICAL IMPLEMENTATION

A. Steady-State

The steady-state DC network equations are

|dc = chUdc
qu = 2Udci Idcm

(35)

Vi < n. (36)
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Y 4c is the bus admittance matrix of the DC network, constructed
using line resistances only.

The equations can be combined to form a system of nonlinear
equations:

(37)

Py
0:chUdc_|: d1:|~

2Udci

As one DC bus controls DC voltage and the others active
power, the problem has to be rearranged. To simplify notation,
but without loss of generality, we assume that the last converter
controls DC voltage. The vector of the unknowns is then

Ud(‘,l
X = [&} = : (38)
X2 UdC(n,l)
Pdcn
The DC bus admittance matrix is partitioned as follows:
Y Y
Yy = [Yu 12} . (39)
21 Yo2

The matrix Y13 is of dimension (n—1) x (n—1), Y 15 isacolumn
vector of length n — 1,Y 21 a row vector of length n — 1, and
120 a scalar.

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

{ 0=VY1uX1+Y12 tdcret — Pac,/(2X15) (40)

0= Y21X1 + Y22 * Udcref — X?/(Zudcref)-

Once the DC voltages are known, the currents between the
DC buses can be obtained by premultiplying the DC bus voltage
vector by Ycr or Yyct- Yqcf is the matrix which, multiplied by the
voltage vector, gives the currents leaving the buses (41). Analo-

gously, Yy relates bus voltages and currents entering the buses
42):

(41)
(42)

|ccf = chfUdc
Icct = chtUdc-

Y 4 and Y ¢ are obtained as byproducts of the construction of
the DC bus admittance matrix Y4 without extra computations.

B. Dynamics

Equation (27) can be written as a matrix equation:

dau;

|:Odci _:| = Idc + Clcc~

dt (“43)

The matrix C is the n X m incidence matrix of the directed
graph describing the DC network. The incidence matrix of a
directed graph is defined as a matrix with element ¢;; = —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
construction of the DC bus admittance matrix Y.
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Fig. 6. DC voltage of the two-terminal system. Dotted lines are reference
values and full lines real values.
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Fig. 7. Active power at rectifier and inverter of the two-terminal system. Dotted
lines are reference values and full lines real values.

C. Events

The proposed formulation allows easy inclusion of events
such as the loss of DC lines. The loss of a DC line can be simu-
lated by removing the line from the power flow data and simply
recalculating Y., which also gives matrices Yqcf, Y4 and the
network incidence matrix C. The dynamic (43) are automati-
cally updated.

VI. SIMULATIONS

A. Two-Terminal System

The proposed model is implemented in Matlab. All simula-
tions are performed using modified versions of Matpower [18]
and MatDyn [19], [20]. MatDyn is an open-source program for
dynamic simulation of power systems in Matlab. The ODEs are
solved with a modified Euler method with time step 1 ms. Equa-
tion (27) can be represented by a matrix equation, (43), that
can be conveniently entered in a Matlab based toolbox such as
M at Dyn. If this equation were to be implemented in all its gen-
erality in a commercial grade power system software, it should
be implemented at the source code level by the developer, as it
would be very difficult or even impossible to use block-diagram
based editors of commercial power system software.

We first consider a two-terminal VSC HVDC system installed
in a nine-bus, two-generator network (Fig. 12). The one-line
diagram and data of this small power system are included in
the Appendix. A VSC HVDC link, described by the proposed
model, is installed between buses two and three. At ¢t = 0.2,
the DC voltage setpoint is changed. In Fig. 6 it can be seen that
the new reference value is reached after a small transient. The
transient propagates to the AC side: the VSC HVDC system
follows the DC voltage step by charging the capacitors, and thus
increasing the voltage. Hence, a change in DC voltage setpoint
has an influence on active power exchange, as can be seen in
Fig. 7. In Fig. 8, the influence on the system voltages is shown.
At the inverter side, the transient is higher because this converter
controls the DC voltage.
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Fig. 8. System voltages at rectifier and inverter of the two-terminal system.
Dotted lines are reference values and full lines real values.
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5 154 4

Fig. 9. Topology of six-terminal system.

B. Multi-Terminal System

A six-terminal VSC HVDC system is now simulated to
test the proposed model. The sixth converter controls the DC
voltage, the five other converters control active power. The DC
circuit consists of seven lines, line 1-2, 1-6, 2-3, 34, 4-5,
4-6, and 5-6 (Fig. 9). For simplicity, the parameters of the all
the DC lines are equal, and it is assumed that the converters are
connected to a strong AC system, modeled by infinite nodes.
However, the validity of the model is not dependent on these
conditions. At ¢ = 0.2, the loss of line 5-6 is simulated. The
current through the line drops to zero, and is distributed to the
other lines (Fig. 10). Observing Fig. 9, it is expected that the
loss of line 5-6, needs to be compensated for by a rise in current
through lines 1-6 and 4-6. It can be verified from Fig. 10 that
this is indeed what happens. In Fig. 11 the response of the
DC voltage is shown. As a result of the changed flows, the
DC voltages settle to new values after the transient. Only the
voltage of the regulated converter, Ug, returns to its pre-fault
value.

VII. CONCLUSION

Simulations on a two-terminal ans six-terminal system have
shown that the dynamic behavior of VSC MTDC systems with
arbitrary topology can be satisfactorily simulated by the gen-
eralized dynamic VSC MTDC model proposed in this paper.
The basic equations of the converters and its controllers were
first derived, whereby distinction had to be made between the
slack converter, which controls DC voltage, and the other con-
verters, which control active power. Next, the equations of the
DC system have been derived for the well-known two-terminal
system, which were subsequently generalized. Lastly, the cou-
pling equations between the AC and DC system were derived.
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Fig. 11. DC voltages of the six-terminal system.
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Fig. 12. Simulation two-terminal system: system layout.

By combining these equations, the complete system of equa-
tions is obtained. The main contribution of this paper is, that
this system of equations is valid for every possible VSC HVDC
multi-terminal system, independent of its topology. This means
that converters and lines can be added or removed during the
simulation, without changing the model itself. The model can
be integrated with large step size and is perfectly suited for the
study of large AC/DC systems. Furthermore, we have explained
how this model can be efficiently implemented in existing power
system software, how the initial conditions of the generalized
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TABLE 1V
POWER SYSTEM DATA

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 || P [MW] ] Q [MW]
5 90 30
7 100 35
9 125 50
Generator data
Bus [ H [ D [ [ 5 [ 7 [T ] T ]
1 3.74 | 0.02 | 1.97 | 023 | 5.2 | 0.81
8 374 1002 | 1.53 | 1.77 | 0.23 | 5.2 | 0.81

DC system can be obtained and how faults can be taken into ac-
count. The range of validity and limitations of the model were
discussed. It has been shown by numerical examples that VSC
MTDC systems with different topologies can indeed been repre-
sented by the same system of equations. A change of DC voltage
reference has been simulated for a two-terminal system and the
loss of a DC line for a six-terminal system. The results have
shown the model’s good performance. It has been verified that
the model is indeed valid for DC grids with arbitrary topologies.

APPENDIX
POWER SYSTEM DATA

The one-line diagram of the power system, used for the sim-
ulation of the two-terminal VSC HVDC system, is shown in
Fig. 12. The power system data are given in Table I'V.
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