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Abstract - This paper reveals a novel approach for generic
modeling of a Line Commutated Converter (LCC) based MultiTerminal (MT) High Voltage Direct Current (HVDC) system.
The model is based on the mathematical correlations and
appropriate transfer functions of a point-to-point connection; an
expansion to a MT system is realized by the superposition of
partial currents in the Multi-Terminal topology, which is easily
applicable to a configuration with a large number of terminals.
Furthermore the Combined and Coordinated Control
Method (CCCM) is implemented in the model and investigated.
Advantages and differences in the dynamic behavior compared
to standard control approaches are carried out. By comparing
the generic stability model with an EMT (Electro-MagneticTransient) HVDC model during a startup process and a
subsequent AC voltage drop the consistence of the dynamic
behavior is shown.
Keywords - HVDC Generic Modeling, HVDC Control Design,
MTDC, LCC Control Methods, CCCM.

I. INTRODUCTION
LCC based HVDC systems already exist for decades and are
therefore well known and described e.g. in [1] - [3]. For bulk
power transmission over long distances they are still the
preferred solution since VSC technology is not capable of
higher current ratings and AC technology is uneconomical for
longer distances [4].
Recently, the desire to integrate HVDC systems into AC
power systems has gained interest. E.g. Germany’s national
energy transition leads to the concept of building HVDC lines
from northern to southern Germany according to the German
Grid Development Plan [5]. In [6] and [7] conceptual studies
for a European super grid, which could enhance the
transmission of power from renewable energy sources, are
provided. These systems are planned to be built in self
commutated VSC technology. The majority of the existing
MT systems – e.g. the Quebec-New England and the ItalyCorsica-Sardinia HVDC, which are in operation for more
than 20 years [8] – comprise LCC technology. A new LCC
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based Multi-Terminal network will be built in India between
the hydroelectric power plants in Biswanath, Chariali,
Kishanganj and the City of Agra, where commissioning is
planned for 2016 [9].
Currently existing Multi-Terminal systems are built in a
parallel structure as exemplarily depicted in Fig. 1 and a
maximum of three terminals are connected. In parallel
structures, the current is used to control the transmitted
power, while the voltage is nearly constant at every converter
and only the voltage drop over the line causes differences.

Fig. 1: Basic scheme of a three terminal parallel HVDC converter
arrangement

A step further in this development is the application of
meshed DC grids, which offer multiple routes for the power
flow and grant a higher flexibility and more service security
[10].
Generic stability models for LCC based HVDC systems,
which are based on the system transfer functions, have been
carried out e.g. in [11] and [12] . Multi-Terminal LCC based
HVDC systems are introduced in [13], but detailed
mathematical modeling approaches of these systems are not
well known.
Control strategies and concepts for LCC based MT
HVDC systems have not been intensively investigated either,
since there are only a few concepts existing [14] - [16].
Newer concepts usually do not investigate pure LCC HVDC
systems; for instance in [17] a control study of a hybrid
system is performed and [18] cares especially about the
integration of large onshore windfarms in LCC MT systems.
This paper reveals a novel modeling approach using the

superposition of partial currents in the Multi-Terminal DC
(MTDC) network in section II. In Section III a modern
control strategy for LCC based HVDC systems – the
Combined and Coordinated Control Method (CCCM) – is
investigated. Simulation results, which include a comparison
of the developed stability model with an EMT model,
comprise a startup process of the HVDC system and a
subsequent voltage drop; they are presented in chapter IV.
II. HVDC MODELING
The generic stability model is based on the calculation of the
average DC voltage during one converter period and the
transfer function of the DC system; it neglects the converter
switching behavior as it might be used for power system
stability studies and the converter switching is therefore not
of interest. At the beginning, the basic modeling approach of
a point-to-point system and the extension to a three and four
terminal system is carried out. Afterwards a novel modeling
approach for larger Multi-Terminal systems, using the
superposition of partial DC currents, is determined.
A. Basic HVDC modeling
The structure of a six-pulse, two terminal HVDC system is
presented in Fig. 2. Where XCR1 und XCI1 are the short circuit
reactances of the converter transformers, VLLR1 and VLLI1 are
the AC voltages of the transformer secondary side. fR1 and fI1
are the frequencies of the corresponding AC grids and VR1
and VI1 are the DC voltages at the converter stations. IR1/I1 is
the direct current, Ld and Rd are representing the DC line
impedance.

The differential equation of the simplified DC transmission
line, as illustrated in Fig. 2, is stated in (4).

VR1  VI1  I R1/I1 Rd  Ld

d
I R1/I1
dt

(4)

If equation (4) is solved for the direct current and transferred
into the Laplace domain, equation (5) is gained.
I R1/I1 (s) 

VR1 (s)  VI1 (s)
Rd  sLd

(5)

The direct current in the system mainly depends on the
voltage difference at the converter stations. With equations
(1) and (3) to (5) a point-to-point HVDC system can be
modeled as shown in Fig. 3.
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B
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Fig. 3: Block diagram of a point-to-point HVDC system

The system of Fig. 2 is now extended by an inverter; the
resulting network is illustrated in Fig. 4. In order to obtain the
currents at the inverters in the network the equations (6) and
(7) can be used. In contrast to a two terminal system there are
different opportunities to gain an expression for the DC
current at the inverters. The current at the rectifier – stated in
equation (8) – is the superposition of (6) and (7).

Fig. 2: Schematic layout of a six-pulse point-to-point HVDC system

The direct voltage at a converter can be calculated for a
rectifier with (1) and for an inverter with (2) [1].
VR1  B

3 2
3
 VLLR1 cos  R1  B X CR1 I R1
π
π

(1)

3 2
3
 VLLI1 cos  I1  B X CI1 I I1
π
π

(2)

VI1  B

Where α is the firing angle, γ is the extinction angle and the
parameter B = 1 for six-pulse HVDC systems and B = 2 for
twelve-pulse units. Since α is the control variable at the
inverter, γ has to be replaced with α in equation (2). Taking
the correct sign of the direct current and the voltage drop due
to the commutation into account, equation (3) can be stated.
VI1   B

3 2
3
 VLLI1 cos  I1  B X CI1 I I1
π
π

(3)

Fig. 4: Basic scheme of a three terminal system

I I1 (s) 
I I2 

VR1 (s)  VI1 (s)  I R1 ( RdR1  sLdR1 )
( RdI1  sLdI1 )

VR1 (s)  VI2 (s)  I R1 ( RdR1  sLdR1 )
( RdI2  sLdI2 )
I R1 (s)  I I1 (s)  I I2 (s)

(6)
(7)
(8)

Using the equations (1) and (3) in order to obtain the DC
voltages at the rectifier or the inverter respectively, and using
the equations (6) to (8) for the determination of the DC
currents, the block diagram of the three terminal system can
be revealed, as depicted in in Fig. 5.

And the rectifier current reveals as:
3 2
B
π

I R1 (s)  I R1I1 (s)  I R1I2 (s).

RdR1  sLdR1

Using the equations (11) to (13) the block diagram can be
derived as shown in Fig. 7.
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Fig. 7: Superposition of partial DC currents in a three terminal system

Fig. 5: Block diagram of a three terminal HVDC system

If the system is expanded by another rectifier, as shown in
Fig. 6, there are even more opportunities to determine the
direct currents in the system.

If the system is expanded to a four terminal system according
to Fig. 6, the resulting impedances are determined as shown
in equation (14), where i  {1, 2} and k  {1, 2}. The
determination of the partial currents of the four terminal
system is shown in Fig. 8. As it can be seen, a partial current
is defined as the contributing current of one rectifier-inverterpair to the resulting converter current. There are two partial
currents for every converter, since the system comprises two
rectifiers and two inverters. The resulting currents at the
converters are calculated as a superposition of the partial
currents.
RdRi Ik  sLdRi Ik  RdRi  RdIk  s( LdRi  LdIk )

Fig. 6: Basic scheme of a four terminal system

If further converters would be added the complexity and
effort of the calculation would rise continuously. Therefore,
this method is insufficient in calculating complex networks in
an efficient way. Instead, a new method to determine a
mathematical model of a MT HVDC system is needed and
explained in section B.
B. Modeling of Multi-Terminal HVDC systems using the
superposition of partial currents
In Fig. 7 the basic idea of the principle is visualized applying
a three terminal system according to Fig. 4. At first, the
partial currents between the converters are calculated as it is
done in a two terminal system. For a three terminal system,
the current from the rectifier R1 to inverter I1 and
subsequently the current from the rectifier R1 to the inverter
I2 is determined as it is done for a point-to-point system.
Hence, the current of the rectifier is the sum of the inverter
currents. The appropriate impedances between the converter
units are obtained by summarizing the resistances and
reactances between the converters:
RdR1I1  sLdR1I1  RdR1  RdI1  s( LdR1  LdI1 ),

(9)

RdR1I2  sLdR1I2  RdR1  RdI2  s( LdR1  LdI2 ).

(10)

Thus, the partial currents of the system can be stated:
I R1I1 (s) 

VR1 (s)  VI1 (s)
,
RR1I1  sLR1I1

(11)

I R1I2 (s) 

VR1 (s)  VI2 (s)
.
RR1I2  sLR1I2

(12)

(14)

This approach can be extended to a Multi-Terminal system
with an arbitrary number of rectifiers (n) and inverters (m);
for this case, the calculation method of the rectifier and
inverter currents is shown in Fig. 9 as a superposition of the
respective partial currents. The appropriate impedances can
again be calculated according to equation (14), where
i  {1,..., n} and k  {1,..., m}.
1
RdR1I1  sLdR1I1

1
RdR1I2  sLdR1I2
1
RdR2I1  sLdR2I1

1
RdR2I2  sLdR2I2

Fig. 8: Superposition of partial DC currents in a four terminal system

As illustrated in Fig. 9, the DC current of rectifier R1 is the
superposition of the contributing partial currents of rectifier
R1 connected to the respective inverters of the system (red
sigma sign). The same principle applies for the inverters, as
e.g. the DC current of inverter m is the superposition of the
respective partial currents of the rectifiers connected to
inverter m (green sigma sign). This approach provides a
simple method to model MT HVDC systems with a large
amount of converters.

1
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1
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1
RdRnI1  sLdRnI1
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1
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RdRnIk  sLdRnIk

1
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1
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1
RdRnIm  sLdRnIm

Fig. 9: Block diagram of a Multi-Terminal system with superposition of partial currents

C. Modeling of a meshed system with partial current
approach
Considering a meshed MTDC system which consists of two
rectifiers and two inverters, as shown in Fig. 10, the
appropriate impedances of the system can be determined by
applying equation (15). The red and green marked lines in
Fig. 10 illustrate exemplarily the two possible ways of the
power flow between rectifier R1 and inverter I1 and therefore
the resulting impedance can be stated as a parallel circuit of
the respective impedances.
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Fig. 10: Basic scheme of a meshed four terminal system
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u , v 1
u i v  k

( Rduv  sLduv )

di

(15)

D. Grid connection via dynamic load
As the described model might be used for power system
stability studies it needs to be connected to the AC grid.
Therefore a dynamic load block – as this block is available in
most of the simulation tools – can be used, where the active
and reactive power are applied as input signals. The active
power under the neglection of converter losses can be stated:
P  VR/I  I R/I .

(16)

In order to calculate the reactive power the overlap angle is
needed. The overlap angle can be identified during a
commutation cycle; solving the differential equations with the
appropriate initial conditions yields [1]:


2 ILCR / I
u  arccos  cos( ) 

2VLLR / I



   .


III. CONTROL METHODS FOR MTDC
Up to now, LCC MT HVDC systems under operation use the
Marginal Current Control Method (MCCM), which is
described e.g. in [11]. Another control method for MT HVDC
systems is the Combined and Coordinated Control Method
(CCCM), which was invented by F. Karlecik-Maier [19];
detailed analyses can be found in [20]. The goal was to
improve the dynamic behavior in case of disturbances and
fault recovery. The CCCM has never been used in a
commercial application, in spite of its advantages, especially
for weak AC grids; therefore the CCCM will be applied and
investigated in this paper.
Using this approach, the rectifiers directly control the
active power which is transmitted via the DC link, where the
following control function – which is also shown in Fig. 11 applies:

(17)

Equation (18) describes the reactive power in dependence of
the AC voltage, the DC current, the firing and overlap angle
[1].
2u  sin(2 )  sin  2(  u ) 
3 2
Q
VLLR/I I R/I
(18)
π
4  cos   cos(  u ) 

(19)

dv

The difference between the reference voltage level and actual
voltage level, as well as the difference between the actual and
reference current, is controlled. Once Vdref  Vd and I dref  I d
equation (19) is complied, hence the reference power is
transmitted and the controller is in steady state. By solving
equation (19) for Vd, equation (20) is revealed.
Vd  

Vdref
I d  2Vdref
I dref

(20)

It can be seen, that equation (20) is the tangent on the
hyperbola, which is revealed out of the power equation in the
V-I-diagram in Fig. 12:
Vd 

Pdref
.
Id

(21)

Using the CCCM, the inverters control a so-called equivalent
resistance, where the following control function applies:


Id  
Vd 
1 
  1 
  0.
I dref   Vdref 

 

di

(22)

dv

Solving this equation for the direct voltage yields in (23),
which is a line through the origin in the V-I-diagram. Hence,
it is representing an equivalent resistance.

Vd 

Vdref
Id
I dref

(23)

verify the dynamic behavior of the developed mathematical
stability model (index MSM), an EMT model was built up in
MATLAB/Simulink using the SimPowerSystems Toolbox.
The DC circuit configuration of Fig. 10 is used for the
subsequent simulations. In order to compare both models, a
startup process of the MT HVDC system and a subsequent
AC voltage drop was performed, as depicted in Fig. 13 to Fig.
15, where Table I lists the most important parameters of the
MT HVDC system and its appropriate control.
1800
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Fig. 11: CCCM control scheme at rectifier and Inverter respectively
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The intersection of the tangent at the actual power in (20)
and the equivalent resistance, as line through the origin in
(23), is the stable operating point of the system. In Fig. 12 the
V-I-characteristic of the CCCM is shown; the rectifier
characteristics are highlighted in blue and the inverter
characteristics in red. They are limited by applying maximum
values for dv and di.
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Fig. 13: DC currents of the MT HVDC models
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The steady state operating point, shown in Fig. 12, is A0. If
the AC voltage at the rectifier drops and the rectifier cannot
compensate the voltage drop by increasing the firing angle,
the DC voltage at the rectifier drops too. Since the control
function of the rectifier applies as shown in equation (19), the
current drops with the voltage and a new operating point is
obtained at A1.
Applying the CCCM to a MT HVDC system is a major
advantage towards the MCCM, since in case of a voltage drop
in the AC grid of a rectifier the control mode does not have to
be changed. Applying the MCCM would cause the inverters
to change from voltage to marginal DC current control mode,
which might cause instabilities in the MT HVDC system.
Using the CCCM the reference DC voltage of the system
is the maximum possible DC voltage of the weakest inverter.
This leads to the necessity of communication between the
converters. There are high requirements for transmission rate
and reliability of the communication, which might be the
reason why the CCCM has not been implemented in a real
system yet.
IV. RESULTS
The developed model and its appropriate control system, as
described in the previous chapters, were implemented in
MATLAB/Simulink and PSSNETOMAC. In order to
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Fig. 14: DC voltages of the MT HVDC models
160
140

 R1,MSM

120
Firing angle in °

Fig. 12: Adjustment of the V-I-characteristic of the CCCM during an AC
voltage drop at a rectifier
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Fig. 15: Firing angles of the MT HVDC models
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According to Fig. 11, at the beginning of the startup process
the DC currents are increased; therefore the red marked 1 in
the upper part of Fig. 11 is ramped up from 0 to 1, at the
beginning of the simulation, with a time constant of 0.8 s.
Once the DC currents have reached their steady state values,
the green marked 1 in the lower part of Fig. 11 is ramped up
from 0 to 1, at t = 1 s, with again a time constant of 0.8 s, and
hence the DC voltages rise. The startup process of the entire
MT HVDC system is finished after around 2 s and the system
is in steady state. Using the CCCM, a very simple startup
procedure of the MT HVDC system can be applied compared
to other control approaches, where every converter needs an
individual startup procedure.
After the startup process is performed, a 20% voltage drop
in the AC grid of rectifier 1 is applied to the system, at t = 2 s.
According to Fig. 12, the firing angle of the rectifier R1
reaches its limitation after the voltage drop and therefore the
DC voltage of the system reaches a new steady state
operating point, which is lower than the old one. The DC
current of rectifier R1 decreases as described in chapter III
and hence the new operating point, according to Fig. 12, is
obtained. After the voltage drop, the HVDC system reaches a
new steady state with a decreased power transmission.
Table I: System parameters

VLLR/I
fR/I
Vdref
IdR1ref
IdR2ref
IdI1ref
IdI2ref

300 kV
50 Hz
350 kV
1500 A
1200 A
1700 A
1000 A

XCR/I
B
Rduv
Lduv
Kp
TN

The model is implemented in MATLAB/Simulink and
PSSNETOMAC, where the results of both simulation tools
also show a high conformity; it can be used for
comprehensive power system stability studies, as it comprises
a detailed large signal model with its entire control scheme.
[1]
[2]
[3]
[4]
[5]

[6]

[7]

[8]

5.27 Ω
1
1.1 Ω
1.5 H
0.4
0.03 s

Fig. 13 to Fig. 15 show a very large and high conformity
between the generic stability model and the EMT model.
Only small deviations between the models can be found
besides the deviations due to converter switching in the EMT
model.
V. CONCLUSION
In this paper, a novel approach for modeling of LCC MT
HVDC systems is derived. The approach uses the
superposition of partial converter currents in order to obtain
the appropriate DC currents; therefore the model is suitable
for large MT HVDC networks, since the connection of
further converters simply results in an addition of further
partial currents. The model is developed with regard to
simple system extendibility and can be easily adapted to VSC
MT systems.
The Combined and Coordinated Control Method is
applied to the model, as it is specially developed for
controlling LCC MT HVDC systems. Using the CCCM, the
active power of the system is controlled directly at the
rectifiers and the inverters control an equivalent resistance.
Finally, the developed mathematical stability model is
compared with an EMT model during a startup process and a
subsequent AC voltage drop and a high conformity between
the models could be figured out.
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