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Methodology for droop control dynamic analysis of
multi-terminal VSC-HVDC grids for offshore wind

farms
Eduardo Prieto-Araujo, Fernando D. Bianchi, Adrià Junyent-Ferré,Student Member, IEEEOriol Gomis-Bellmunt,

Member, IEEE

Abstract—The article addresses the control of multi-terminal
voltage source converters (VSC) at high voltage direct current
(HVDC) in the context of offshore wind farms. Droop control
is commonly used to regulate the DC voltage in this kind of
grids, droop parameters are selected on the basis of steady-state
analyses. Here, a control design methodology is proposed based
on the frequency response analysis. This methodology provides
a criterion to select the droop gains taking into account the
performance specifications,i.e., the desired voltage errors and
the maximum control inputs (currents). The application of the
methodology is illustrated with a four-terminal grid.

Index Terms—Offshore wind power, multi-terminal, droop
control, HVDC.

I. I NTRODUCTION

Nowadays, there is an increasing number of offshore wind
farms. In these offshore facilities, turbines can be located
tens or hundreds of kilometers away from the coast and
connected to the main power grid by submarine cables. In
these situations, studies have proved that the most convenient
power transmission systems are the High Voltage Direct Cur-
rent (HVDC) networks [1]. These grids consist of two or
more converters connected to a common DC grid [2]. The
most common technology in the last years has been the Line
Commuted Converters (LCC) [3]. However, there is a growing
trend towards the use of Voltage Source Converters (VSC)
in offshore HVDC grids [1, 4, 5]. These power converters
offer more possibilities for the operation of the offshore wind
farms. VSC-HVDCs permit the independent control of active
and reactive power and a continuous AC voltage regulation.
They present no commutation failure, black-start capability,
and there is no need of voltage polarity reversal to reverse
power. As additional advantages, the filters are more compact
and the cables lighter [6, 7]. On the other hand, the costs and
the commutation losses are higher and they are able to handle
only limited levels of voltage and power. The first HVDC
using VSC technology in wind farms, named BorWin1, has
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de Catalunya. ETS d’Enginyeria Industrial de Barcelona, Av. Diagonal, 647,
Pl. 2. 08028 Barcelona, Spain. Tel: +34 934016727, Fax: +34 934017433,
e-mail: eduardo.prieto-araujo@citcea.upc.edu.

F.D. Bianchi and O. Gomis-Bellmunt are with the Catalonia Institute for
Energy Research (IREC), Power Electronics and Electric Power Grids Dept.,
Josep Pla, B2, 08019 Barcelona, Spain.

This work was supported by theMinisterio de Ciencia e Innovaciónunder
the project ENE2009-08555.

been commissioned in2010 in Germany. A total of80 wind
turbines of5 MW each are connected by75 km underground
cable and125 km submarine cable at±150 kV [8].

In the near future, there will be a large amount of offshore
wind farms connected with VSC-HVDC. It seems reasonable
to devise offshore VSC-HVDC grids interfacing a number of
such different terminals with different AC grids, resulting in
the so-called multiterminal VSC-HVDC system. Multiterminal
VSC-HVDC stands as an interesting solution to connect
efficiently a number of offshore wind farms, but also implies
several technical challenges that will have to be addressed,
including control [9], operation [7] and protection [6] issues.
The first multi-terminal using LCC-HVDC technology goes
back to 1960s [10, 11]. It was not until2003 that the use
of multi-terminal VSC-HVDC in the aggregation of offshore
wind power was proposed by Lu and Ooi [12]. A detailed
analysis of different system topologies can be found in [6].
Important projects involving HVDC multi-terminal transmis-
sion are currently under study, such as the Desertec project
[13] and the European offshore Supergrid [14].

The stability of AC power systems has been widely dis-
cussed in the literature, see for example [15, 16]. These studies
also include HVDC systems and their possible contribution
to improve AC system stability. Some DC grid management
strategies based on coordinated closed-loop DC voltage control
and DC droop characteristics were proposed and simulated in
[17]. Liang et al. [9] addressed the modeling and simulation
of multi-terminal VSC-HVDC transmissions for offshore wind
power. However, to the best of our knowledge, there is no
stability analysis nor systematic control design procedure for
multi-terminal VSC-HVDC grids connecting offshore wind
farms to AC systems. This paper investigates the stability
and the dynamic behavior of multi-terminal HVDC grids in
offshore wind farms applications. A design methodology of
proportional control of the DC voltage based on frequency
response analysis is proposed.

The paper is organized as follows. The next section pro-
vides a brief discussion of the control of VSC-HVDC multi-
terminal networks. Section III presents the main contribution, a
modelling procedure for complex VSC-HVDC multi-terminal
systems and a methodology for the selection of the droop con-
stant. The application of the proposed procedure is illustrated
in the case of a four-terminal grid in Section IV. Finally, in
Section V, some conclusion remarks are drawn.
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II. M ULTI -TERMINAL GRID CONTROL

Figure 1 illustrates a typical multi-terminal HVDC network.
It consists of the DC grid, the main AC grid (or AC grids),
the wind farm grids, the wind farm converters (WFCs) and the
AC grid side converters (GSCs). The multi-terminal HVDC
network permits the transfer of power among the different
units, where the WFCs act as power sources and the GSC as
loads. In this power transmission scheme, the sources inject all
the available power into the grid whereas the control of the
GSCs seek to maintain the DC voltage. This also includes
the power sharing among the different GSCs. The normal
operation may be altered when some of the converters reach
the current limits. This usually occurs during severe voltage
faults in the AC grid. Under these circumstances, the WFCs
enter in voltage regulation mode and the GSCs extract the
maximum power possible without regulating the DC voltage.
In both operation modes, some converters seek to maintain
the DC voltage and the others inject or extract power without
controlling the voltage [7].

Figure 1. Typical HVDC multi-terminal network

To regulate the DC voltage, it is employed the so-called
droop control, which is a technique that allows the power
distribution among different terminal without communications.
The control of each converter is usually implemented in two
levels, an inner loop controlling the currents and an outer
loop regulating the DC voltage. The droop control acts on
the outer loop imposing a current referencei∗ to the inner
loop. The current and thus the power in the converter is
directly governed by the current control in accordance withthe
reference imposed by the voltage loop. This control scheme is
shown in Figure 2. The control law is given by the following
expression

i∗ = Kdroop(E − E0), (1)

whereE is the DC voltage,E0 is the reference andKdroop

is the droop gain. For the present study, the dynamics of
current loop can be considered much faster than the outer loop.
Therefore, the DC currenti flowing through the converter will
be assumed to be equal to the referencei∗.

The selection of the gainKdroop for each converter must
be done taking into account the entire multi-terminal behavior.
In addition to the static consideration associated to the distri-
bution of the power sources and sinks, each local controller

Figure 2. Droop control scheme of a VSC

can affect the global stability and the DC voltage in other
terminal. For these reasons, the droop constant selection must
be addressed in the context of multi-variable system theory.

III. F REQUENCY RESPONSE ANALYSIS FOR DROOP GAIN

SELECTION

In this section, a methodology for the droop constant
selection based on multi-variable frequency response analysis
is presented. Previous to propose this methodology, it is intro-
duced a systematic procedure to obtain a linear representation
of complex multi-terminal HVDC networks.

A. Multi-terminal HVDC networks modelling

From the viewpoint of a DC grid analysis, the multi-
terminal can be represented as the interconnection of nodes
and branches. An example of this representation is shown in
Figure 3. The WFCs injecting power into the grid are the
power input nodes and the GSCs extracting power from the
grid are the power output nodes. The cables interconnecting
the nodes are the branches. There are also nodes where only
cables converge, those ones are called intermediate nodes.The
general multi-terminal setup depicted in Figure 3 consistsof m
power input nodes,n power output nodes andp intermediate
connection nodes andr branches. This last number depends
on the particular interconnection pattern. Next, the modeling
of each type of nodes is explained briefly.

Figure 3. A node and branch scheme of a multi-terminal HVDC network

Input and output power nodes:The wind farms and the
AC systems are connected to the HVDC grid through HVDC
power converters. For the present analysis, it is sufficientto
consider the average dynamic behavior. In this situation, the
AC side of the converters are modeled as three voltage sources
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and the DC side as a current source and a capacitor [18]. Using
this simplified representation, each wind farm and each AC
system are modeled as DC current sources, as it is illustrated
in Figure 4. At the converter DC side, the power flow in the
nodek is represented by a currentik coming from a source
of value

ik =
Pk

Ek
, (2)

wherePk is the incoming power andEk is the DC voltage
at the nodek. It will be assumed that the voltageEk remain
close to the nominal valuesE0. Under this assumption, the
currentik can be assumed proportional to the powerPk.

Figure 4. Equivalent representation of the wind farm and theAC grid
converters for a DC grid analysis

Branches:The cables between nodes are modeled byπ-
equivalent circuits, see Figure 5. When these circuits converge
to input or output nodes and to otherπ-circuits, there are
several capacitors in parallel. In these circumstances, and with
the aim of keeping the number of variables as minimum as
possible, the total capacitances can be reduced to an equivalent
one given by

Ck =
l∑

i=1

Ci. (3)

Figure 5. π-circuit modeling a branch element

Intermediate nodes:The cables in the DC grid may join
two or more terminal at intermediate points. These nodes will
be denoted as intermediate nodes, the node marked withm+
p in Figure 3 is an example of this type of nodes. Again,
the number of capacitances can be reduced by replacing the
capacitances of theπ-equivalent circuits and the input and
output nodes by a total capacitances given by (3).

An equivalent circuit can be obtained from the intercon-
nection of the nodes and branches after the simplifications
above-mentioned. Then using circuits laws and after some
variable manipulations, it is possible to find a set of first
order differential equations describing the dynamic behavior
of the entire multi-terminal HVDC grid. These differential
equations are known as the state-space representation and can
be expressed in the following compact form

dx

dt
= Ax +Bww +Buu,

z = Czx,

y = Cyx,

(4)

wherex is the state vector,w andu are the inputs,z andy are
the outputs, andA, Bw, Bu, Cz andCy are matrices of suitable
dimensions. These matrices are obtained after arranging the
variables and applying matrix computation laws.

The state vectorx consists of internal variables that char-
acterize the entire state of the system. In electrical system,
the currents in the inductors and the voltages in the capacitors
are commonly selected as states. Therefore, in the case of the
multi-terminal HVDC network in Figure 3, the state vector is
given by

x = [E1, · · · , Em+p+n, iL1, · · · , iLr ]
T .

Each node has one capacitor and each branch one inductor,
therefore the total number of states isn+ p+m+ r.

The inputs are divided into two vectors, the vectoru gathers
the variables that can be used to control the system andw are
disturbances,i.e., external variables that are not possible to
manipulate. In the case of the multi-terminal HVDC networks,
the inputs of the system are the current injected or extracted
by the converters, therefore

w = [i1, . . . , ij, . . . , innc ]
T j ∈ Jnc

u = [i1, . . . , ij, . . . , inc ]
T j ∈ Jc

whereJnc corresponds to the set of indexes of the nodes where
the converters inject or extract power without voltage control
andJc denotes the set of indexes of the nodes where the droop
control is applied. Notice that the relationnc + nnc = m+ n
must be held.

Similarly, the output is partitioned into two vectors. The
vectory contains the variables that can be used in the control
of the DC voltage. On the other hand,z stands for the vector
of variables that are not available to be used by the controller.
In the multi-terminal HVDC scheme, the controllers can only
use the information provided by the voltage at the nodes where
droop control is applied. The rest of the voltages must also
be maintained close to the rated values but they cannot be fed
back to the controllers. Hence,

z = [E1, . . . , Ej , . . . , Ennc ]
T j ∈ Jnc

y = [E1, . . . , Ej , . . . , Enc ]
T j ∈ Jc

The transfer matrix of the system

G(s) =

[
Gzw(s) Gzu(s)
Gyw(s) Gyu(s)

]
(5)
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is obtained from the state-space equation (4), where

Gzw(s) = Cz(sI −A)−1Bw,

Gzu(s) = Cz(sI −A)−1Bu,

Gyw(s) = Cy(sI −A)−1Bw,

Gyu(s) = Cy(sI −A)−1Bu.

The transfers matricesGzu and Gyu relate the currents im-
posed by the controller with the controlled and non directly
controlled voltages, respectively. Whereas, the transfermatri-
cesGzw andGyw connect the current not used in the control
with the controlled and non directly controlled voltages, re-
spectively.

B. Droop gain selection

In a multi-terminal scheme, the distance among converts
is usually large and the communications are not reliable
enough to be used in the DC voltage control. As consequence,
each controller must compute the control variables from the
information provided by the voltage at the own node. In matrix
terms, the multi-variable controller has an expression of the
form

K =



KG · q1 0

. . .
0 KG · qnc


 = KG



q1 0

. . .
0 qnc




(6)
whereKG is a scalar parameter to be determined andqj are
thenc constants obtained from a steady-state study [17]. These
constants are associated with the resistance values of the line
and the amount of power incoming or outgoing from each
terminal. These constants are positive in the case of power
output nodes and negative in the case of power input nodes.

The droop control scheme is depicted in Figure 6. It can be
observed that only the variabley is fed back into the controller
K. The objective of the droop control is to maintain the DC
voltage within desired limits when the system is disturbed by
the varying currents of the nodes without voltage control. The
control input also must be kept under the limits imposed by the
maximum currents in the converters. Therefore, the selection
of the gainKG must take into account these performance
specifications besides guaranteing closed loop stability.From
Figure 6, it is easy to prove that the variables of interest are
given by the following expressions

e(s) = y(s)− E0(s) =
[
S(s)Gyw(s) −S(s)

]
v(s), (7)

z(s) = [(Gzw(s) +Gzu(s)KS(s)Gyw(s))

−Gzu(s)KS(s)] v(s), (8)

u(s) =
[
KS(s)Gyw(s) −KS(s)

]
v(s). (9)

wherev(s) = [w(s) E0(s)]
T , S(s) = (Inc − Gyu(s)K)−1 is

the sensitivity transfer function withInc the identity matrix of
dimensionnc × nc.

The effect of the gainKG on the stability can be analyzed
by computing the eigenvalues of the closed loop matrixAcl.
Replacingu = K(y−E0) in the state-space equations (4), the
closed loop matrix is given byAcl = A + KGBuCy. Then,
for closed loop stability, the gainKG must ensure that all

Figure 6. Droop control scheme in a multi-terminal grid

eigenvalues ofAcl have negative real part. A simple power
analysis reveals that the closed loop system is stable for any
KG > 0. In fact, since the control law makes the currentik
(with k ∈ Jc) proportional to the voltageEk at the same node,
the gainKGqk can be interpreted as an passive admittance.
That is, the droop control is similar to add energy dissipation
to the system and therefore the closed loop system will be
always stable forKG > 0.

The relation between the gainKG and the performance
objectives can be analyzed with the help of the frequency
response of the system. This analysis consists in evaluating
the transfer function ins = jω and in analyzing the singular
values of the resultant complex matrix functions ofjω. The
singular values of the frequency response ofG(s) is denoted
as

σi(G(jω)) = λi(G(jω)TG(jω))

where λi(·) denotes thei-th eigenvalue of the matrix. The
singular values provide information about how a vector of
sinusoidal signals of frequencyω is altered by the system. In
multi-input multi-output linear systems, a vector of sinusoidal
signals suffers not only a change in its magnitude and phase,
but also a change in its direction. The maximum amplification
that the vector can experience is given by the maximum
singular valueσ̄(G(jω)) and the minimum amplification by
the minimum singular valueσ(G(jω)). This analysis can be
interpreted as the extension of the popular single-input single-
output frequency response analysis to multi-variable systems.
Here, the magnitude of the frequency response is replaced by
the singular values (see [19] for a more detailed explanation).

The performance specifications are to minimize the effect
of the disturbances on the DC voltages and to maintain the
control input under reasonable limits. These specifications
can be expressed in terms of the singular values in order to
determine the constraints onKG. For example, the maximum
energy of the error caused by any inputv of bounded energy
is given by

max
v 6=0

‖e‖2
‖v‖2

= max
ω

σ̄(Tev(jω)),

where‖e‖22 =
∫
eT e dt denotes the2-norm ofe. Therefore, to

minimize the effects of the disturbancev on the voltage error
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Table I
PARAMETER OF THE FOUR-TERMINAL EXAMPLE

Grid parameters Value

Line resistanceR1 0.50 Ω

Line resistanceR2 0.25 Ω

Line resistanceR3 0.40 Ω

Line inductanceL1 5.0 mH

Line inductanceL2 2.5 mH

Line inductanceL3 4.0 mH

CapacitancesCk (k = 1, . . . , 4) 150 µF

Rated line currentirtdL 667 A

Rated input currentirtdk 667 A

Converter rated powerPk 100 MW

Rated DC voltageEk 150 kV

Reference voltageE0 145 kV

e and onz can be interpreted as minimizing

σ̄
([
S(jω)Gyw(jω) −S(jω)

])
,

σ̄ ([(Gzw(jω) +Gzu(jω)KS(jω)Gyw(jω))

−Gzu(jω)KS(jω)])

and to maintain the control input under reasonable limits can
be expressed as ensuring that

σ̄
([
KS(jω)Gyw(jω) −KS(jω)

])

is bounded in the frequencies of interest.

In general, large values ofKG achieves a smaller voltage
error but may also demand large control inputs. The optimal
KG is a compromise among all these objectives.

IV. FOUR-TERMINAL GRID EXAMPLE

A simple four-terminal HVDC grid is used to illustrate the
droop selection methodology presented in previous sections.
The four-terminal grid is depicted in Figure 7 and consists of
two offshore wind farm converters WFC1 and WFC2 and two
onshore grid side converters GSC1 and GSC2. The values of
the parameters are listed in Table I. The four-terminal HVDC
grid has two power input nodes, two power output nodes and
three branches representing the cables linking the converters.
The capacitors are the result of combining the capacitancesof
the nodes and the corresponding branch side, as explained in
Section III-A.

Two scenario are analyzed. In the first case, droop control
is applied in both grid side converters whereas the wind farm
converters inject all the wind power available. In the second
scenario, due to a fault in the AC grid, both wind farm con-
verters regulate the DC voltages and the grid side converters
extract power from the HVDC grid at their maximum capacity.

Figure 7. Four-terminal grid used to illustrated the droop constant selection
methodology

A. Case 1: Droop control in the AC grid side

Applying circuit laws to the four-terminal grid in Figure 7,
the following differential equations can be obtained

dE1

dt
=

1

C1
iC1 ,

dE2

dt
=

1

C2
iC2 , (10)

dE3

dt
=

1

C3
iC3 ,

dE4

dt
=

1

C4
iC4 , (11)

diL1

dt
=

1

L1
(−R1 iL1 + E1 − E3), (12)

diL2

dt
=

1

L2
(−R2 iL2 + E1 − E2), (13)

diL3

dt
=

1

L3
(−R3 iL3 + E2 − E4), (14)

and the following algebraic equations

iC1 = i1 − iL1 − iL2 , (15)

iC2 = i2 − iL3 − iL2 , (16)

iC3 = −i3 + iL1 , (17)

iC4 = −i4 + iL3 . (18)

There are four capacitors and three inductor; therefore, the
variablesE1, E2, E3, E4, iL1, iL2 and iL3 are sufficient to
completely define the state of this system,i.e.,

x = [E1 E2 E3 E4 iL1 iL2 iL3 ]
T .

As the WFCs are injecting all available power into the grid
and in the GSCs are regulating the DC voltages, the input and
output result divided into

w = [i1 i2]
T , u = [i3 i4]

T ,

z = [E1 E2]
T , y = [E3 E4]

T .

The purpose of the droop control applied on the right side
of the four-terminal grid in Figure 7 is to maintain the DC
voltage stable when the currents coming from the wind farm
converters WFC1 and WFC2 change. Therefore, the vector of
these currents is the disturbancew and the control inputu is
the vector of the currents of the GSCsi3 andi4. The voltages
measured and fed back to the controller are the voltagesE3
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andE4 whereas the voltagesE1 andE2 are not available for
the controller but it is desirable to maintain them close to the
rated value.

After the previous definitions, substituting the currents in
the capacitors in (10)–(11) by the relations (15)–(18) and
reorganizing the differential equations, the matrices in the
state-space representation (4) result

A =




0 0 0 0 − 1
C1

− 1
C1

0

0 0 0 0 0 − 1
C2

− 1
C2

0 0 0 0 − 1
C3

0 0

0 0 0 0 0 0 − 1
C4

1
L1

0 − 1
L1

0 −R1

L1
0 0

1
L2

− 1
L2

0 0 0 −R2

L2
0

0 1
L3

− 1
L3

0 0 0 −R3

L3




,

Bw =




1
C1

0

0 1
C2

0 0
0 0
0 0
0 0
0 0




, Bu =




0 0
0 0

− 1
C3

0

0 − 1
C4

0 0
0 0
0 0




,

Cz =

[
1 0 0 0 0 0 0
0 1 0 0 0 0 0

]
,

Cy =

[
0 0 1 0 0 0 0
0 0 0 1 0 0 0

]

The droop controller in the case of two inputs and two
outputs is simply

K = KG ·
[
1 0
0 1

]
= KG · I2

The constantsq1 and q2 have been set in1 because all the
lines are of the same longitude and it is desired to extract the
same amount of power from each terminal.

In Figure 8, it can be found the eigenvalues of the close
loop matrixAcl for several values of gainKG. Notice that the
real parts of the eigenvalues become more negative for higher
values of gain. This stabilizing effect is in accordance with
the fact that an increment in the droop constant is similar to
incrementing the energy dissipation in the system.

As mentioned in Section III-B, the droop constant is se-
lected in accordance with a performance criterion measured
in terms of the2-norm of the voltage errore, of the voltage
not measuredz and of the control inputu.

The voltage error is given by (7), where we are interested in
the particular inputE0 = [145 kV 145 kV]T . In this situation,
the transferS(s) have a transmission zero ats = 0 for the
particular direction ofE0, e.g., for KG = 1

S(0) =

[
−0.32 0.32
0.32 −0.32

]
·
[
145 kV
145 kV

]
=

[
0
0

]
,

this also holds for any other value ofKG. As consequence,
the voltage error reduces to

e(s) = S(s)Gyw(s)w(s). (19)

The singular values ofS(s)Gyw(s) can be seen in Figure 9,
it is clear that the larger theKG the smaller the error. In
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Figure 8. Eigenvalues of the closed loop matrixAcl for several values of
KG (Case 1)

particular, ats = 0 and for the maximum voltage error of
10% (emax = ±15 kV) and the rated currentirtd = 667 A,

σ̄(S(0)Gyw(0)) ≤
‖e(0)‖2
‖w(0)‖2

=

√
150002 + 150002√
6672 + 6672

= 22.5.

This constraint can be extended to the rest of the frequencies
resulting in the shadow area in Figure 9. The constraint on the
error is relaxed in high frequencies since it it impossible to
satisfy a uniform limit without violating the bandwidth limi-
tations of the converters. The transfer functionsS(s)Gyw(s)
which their singular values are inside the shadow area in
Figure 9 satisfy the error constraints. In a case of2×2 transfer
matrix it is not possible to find that

σ̄(S(0)Gyw(0)) =
1

KG

therefore,KG ≥ 1/22.5. In more general cases, the limit on
the gainKG can be found numerically.
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Figure 9. The maximum singular values of the functionS(s)Gyw(s) for
several values ofKG (Case 1). The singular values inside the shadow area
satisfy the error constraint

The effect ofKG on the outputz is given by (8). The
objective is to maintain the DC voltage in the non directly
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controlled terminal voltage close to a rated value. Again, the
particular inputE0 = [145 kV 145 kV]T is considered. For
this particular input, the output ofGzu(s)KS(s) is indepen-
dent ofKG and results equal to the input,i.e.,

Gzu(0)KS(0) ·
[
145 kV
145 kV

]
=

[
145 kV
145 kV

]
.

Therefore, it is possible to analyze the deviation from the rated
value by definingez = z − E0,

ez(s) = (Gzw(s) +Gzu(s)KS(s)Gyw(s))w(s).

Figure 10 show the singular values of this transfer function. It
can be observed that for higher values ofKG the maximum
singular values ofGzw(s) +Gzu(s)KS(s)Gyw(s)) becomes
smaller in low frequencies. However, in high frequencies,
as Figure 10 shows, an increment ofKG may produce the
opposite effect in certain cases. It can be seen that for
KG ≥ 1/20 the singular values are inside the shadow area
and fulfilled the constraints on the variableez. In particular,
at s = 0 and KG = 1/22.5, the voltage in the wind farm
nodes result

ez(0) =

[
11.54 11.41
11.41 11.54

]
·
[
667A
667A

]
=

[
15.3 kV
15.3 kV

]

that is, a10% of error in the voltage.

10
−1

10
0

10 10
2

10
3

−20

−10

0

10

20

30

40

50

 

 

S
V

D
(d

B
)

Frequency (Hz)

1

1

1/3
1/7
1/20
1/50
1/100

Figure 10. The maximum singular values of the functionGzw(s) +
Gzw(s)KS(s)Gyw(s) for several values ofKG (Case 1). The singular
values inside the shadow area satisfy the constraint onez

The control input is given by (9). Again, as we are interested
in the particular inputE0 = [145 kV 145 kV]T , this signal
results governed by the transferKS(s)Gyw(s). Figure 11
shows the maximum singular values ofKS(s)Gyw(s) for
several values ofKG. The shadow area indicates the singular
values that satisfy the performance specifications. Noticethat
the constraint decreases in high frequencies to consider the
limits on the bandwidth of the converters. It can be observed
that the low frequency components of the control input are
independent of the value ofKG. However, in high frequencies
this transfer presents resonance peaks that for some valuesof
KG violate the constraints indicated by the shadow area. This
constraint imposes a upper limit on the gainKG. In particular,

from Figure 11 it can be concluded thatKG ≤ 1/20 to fulfil
the constraint on the control input.
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Figure 11. The maximum singular values of the functionKS(s)Gyw(s)
for several values ofKG (Case 1). The singular values inside the shadow
area satisfy the constraint on the control input

From the previous analysis, it can be concluded that the gain
KG that better suits the performance specifications is1/20.

In order to evaluate the droop gain previously selected,
simulations were carried out in Matlab-Simulink. The analyzed
scenario corresponds to two simultaneous and equal changesin
the power injected into the DC grid by the WFCs. The powers
injected by the two converters change from0 MW to the rated
value at0.05 s and return to0 MW at 0.20 s. Figure 12a shows
the power flow at each converter. The solid lines correspond
to the power injected by the WFCs and the dashed lines to
the power extracted by the GSCs. It can be observed that the
power ongoing from the GSCs are almost coincident due to
the selection of the power distribution factorsq1 = q2 = 1.
As consequence, both GSCs extract approximately the same
amount of power. The power losses of the DC grid, at rated
power transmission, are around375 kW. The evolution of the
terminal voltages can be seen in Figure 12b. The DC voltages
remain at145 kV during the period where the power flow
is zero since there is no voltage drop in the grid resistances.
Once the power input increases, the DC voltages move toward
a new voltage equilibrium. Notice that during nonzero power
flow, there are differences between the voltage at the wind farm
terminals and the voltages in the grid side terminals due to the
power flow direction. Figure 12c shows the currents flowing
through each VSCs. Both power and current evolutions are
similar, except for a scale factor, which indicates that the
initial approximation of considering the current proportional
to the power has been reasonable. It can also observed that
the currents never exceed the converter limits.

B. Case 2: Droop control in the wind farm side

In the second case of study, it is assumed that a simultaneous
fault in both AC grids forces the GSCs to enter in current lim-
itation mode. In this circumstance, the WFCs are responsible
for regulating the DC voltage. Hence, the control inputs are
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Figure 12. Simulations corresponding to a change in the power injected into
the grid by the wind farm converters (Case 1)

the currents injected by the WFCs and the disturbances are
the currents extracted by the GSCs,i.e.

w = [i3 i4]
T , u = [i1 i2]

T .

On the other hand, the measured variables are the wind farm
side voltages and the non-directly controlled variables are the
grid side voltages,i.e.

z = [E1 E2]
T , y = [E3 E4]

T .

The state space model have the same matrixA but the input
and output matrices are now given by

Bw =




0 0
0 0

− 1
C3

0

0 − 1
C4

0 0
0 0
0 0




, Bu =




1
C1

0

0 1
C2

0 0
0 0
0 0
0 0
0 0




,

Cz =

[
0 0 1 0 0 0 0
0 0 0 1 0 0 0

]
,

Cy =

[
1 0 0 0 0 0 0
0 1 0 0 0 0 0

]
.

The droop controller in the case is

K = KG ·
[
−1 0
0 −1

]
= −KG · I2,

since the droop control is applied in the wind farm side.
Figure 13 shows the eigenvalues of the close loop matrix

Acl for several values of gainKG. Notice that the real parts
of the eigenvalues become more negative for higher values of
gain.

Also in this scenario, it is considered the case whereE0 =
[145 kV 145 kV]T . Therefore, the performance is associated
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Figure 13. Eigenvalue of the closed loop matrixAcl for several values of
KG (Case 2)

only with the inputw(s). In Figures 14-15, it can be seen
the maximum singular values of the transfersS(s)Gyw(s),
Gzw(s)+Gzw(s)KS(s)Gyw(s) andGzu(s)KS(s) for several
values ofKG. The resonance peaks are lighter damped in this
case. For this reason, in order to fulfil the low frequencies
error, larger values must be accepted in high frequencies.
Notice in Figure 16 that the constraint on the control input
has been relaxed in high frequency for the same reason. As
consequence, the gainKG has been set at1/20.

10
−1

10
0

10
1

10
2

10
3

−20

−10

0

10

20

30

40

50

 

 

S
V

D
(d

B
)

Frequency (Hz)

1/3
1/7
1/20
1/50
1/100
1/150

Figure 14. The maximum singular values of the functionS(s)Gyw(s) for
several values ofKG (Case 2). The singular values inside the shadow area
satisfy the error constraint

The system has been also evaluated by simulations. In the
scenario considered, both WFCs inject the rated power value
while two voltage sags are applied in the AC grid. A three
phase voltage sag of10% of the nominal AC values is applied
to the AC grid connected to the GSC1. At the same time,
another voltage sag of20% is applied to the grid connected
to the GSC2. The both sags last0.2 s. The three phase
voltages at each AC grid are shown in Figure 17 whereas the
corresponding three phase currents can be seen in Figure 18.

Figure 19 presents the evolution of the variables in the
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Figure 15. The maximum singular values of the functionGzw(s) +
Gzw(s)KS(s)Gyw(s) for several values ofKG (Case 2). The singular
values inside the shadow area satisfy the constraint onez
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Figure 16. The maximum singular values of the functionKS(s)Gyw(s)
for several values ofKG (Case 2). The singular values inside the shadow
area satisfy the constraint on the control input

DC grid. It can be observed that the AC grid fault provokes
an increment of the all DC voltages (Figure 19b). These
increments are due to the fact that the GSCs operate in current
limitation mode to avoid the disconnection by over-currents
during the grid fault. When the WFCs voltages exceed160 kV,
the corresponding converters start to applied droop control in
the DC grid, reducing the power injected to the grid from
100 MW to 20 MW. (Figure 19a). The DC voltage limit is
164.5 kV. The DC current also decreases during the voltage
sag due to the power reduction caused by the droop control in
the WFCs (Figure 19c). Notice that the disconnection of the
system due to over-voltage was avoided during the fault.

V. CONCLUSIONS

A design methodology for droop control in multi-terminal
HVDC grids has been presented. The methodology includes
a systematic procedure to formulate a linear model of the
multi-terminal grids. Based on this model and a frequency
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Figure 17. Simulations corresponding to a voltage sag in theAC grids
(Case 2). a) Three phase voltages in the grid 1, b) three phasevoltages in the
grid 2
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response analysis, it is provided a criterion to select the droop
gain taking into account the dynamics of the entire multi-
terminal HVDC system. The limitation of DC voltage errors
and the converter currents defines a range on the droop gains
that achieve the better compromise between the specifications.
Each local controller can affect the global stability and the
DC voltage in other terminals. For these reasons, the droop
constant selection must be addressed in the context of multi-
variable system theory to consider the dynamic behavior of
the entire multi-terminal grid, both in normal operation and in
fault conditions.

A four-terminal grid example has been used to illustrate
the application of the use of the methodology. Nevertheless,
the procedure is applicable to any other multi-terminal HVDC
grids with more inputs and outputs. The complexity of the
model increases with the number of nodes and branches but the
computation of the singular values does not involve a serious
limitation with the current algorithms. The range of droop
gains is obtained only from the maximum singular values;
therefore, its computation is independent of the complexity of
the particular multi-terminal grid.

REFERENCES

[1] T. Ackermann. Transmission systems for offshore wind
farms. IEEE Power Engineering Review, 22(12):23–27,
Dec. 2002.

[2] J. Reeve. Multiterminal HVDC power systems.IEEE
Transactions on Power Apparatus and Systems, PAS 99
(2):729–737, 1980.

[3] J. Arrillaga. High Voltage Direct Current Transmission.
Institution of Electrical Engineers, London, U.K., 2nd
edition, 1998.

[4] U. Axelsson, A. Holm, C. Liljegren, M. Aberg, K. Eriks-
son, and O. Tollerz. The Gotland HVDC light project-
experiences from trial and commercial operation. In
Proc. of the 16th Int. Conf. and Exhibition on Contri-
butions Electricity Distribution CIRED., volume 1, page
5pp., 18–21 June 2001.

[5] J. Dorn, H. Huang, and D. Retzmann. A new multilevel
voltage-sourced converter topology for HVDC applica-
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