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Distributed frequency control with partial
information using MT-HVDC grids and WPPs

Fernando D. Bianchi,Member IEEE, José Luis Domı́nguez-Garcı́a, and Til Kristian Vrana

Abstract—Expansion of offshore wind power and the use of
HVDC technologies in power transmission are modifying the
power system dynamics making them more sensitive to power
disturbances. Thus, in order to ensure power system secure and
stable operation, transmission system operators are requiring
wind power and HVDC systems to provide ancillary services
such as frequency support. In this paper, a distributed control
scheme is proposed to coordinate the contribution of wind power
plants (WPPs) to mitigate frequency deviations in isolatedAC
synchronous areas connected through a multi-terminal HVDC
grid. The control scheme aims to share the power reserves with
limited information exchange.

Index Terms—Distributed control, primary frequency support,
reduced information, grid integration, multi–terminal HV DC
grids, wind power plants

I. I NTRODUCTION

OFFSHORE wind power installations have being rapidly
growing in the last years mainly due to limitations in

onshore locations but also due to better wind conditions that
can be found far from shore [1]. The trend in the new offshore
wind power plants (WPPs) is towards larger power ratings and
longer distances between generation and inland consumptions.
For this scenario, the most suitable power transmission tech-
nology is based on High Voltage Direct Current (HVDC). The
increase of offshore WPPs and the need for additional cross-
border electrical interconnections is also fostering the view
of wind farms as electrical offshore nodes [2], and the use
of an additional meshed power transmission grid based on
Multi-terminal HVDC (MT-HVDC) technology [3]. This kind
of networks may also provide higher power flow controllability
through the different terminals [4], [5].

The power system frequency is the active power balance
indicator in an AC grid, giving frequency control a high
priority. The frequency has to be kept in a narrow operation
range for a variety of reasons. The system inertia is crucial
for dynamic frequency stability, since it covers short-term
imbalances (seconds range) and limits the rate of change of
frequency [6]. This important system inertia is subject to an
ongoing continuous reduction. The system inertia is based on
the inertia of all directly grid-connected rotating three-phase
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electrical machines. Exactly these essential sources of system
inertia are slowly disappearing, as more and more of these
directly connected machines are replaced with other machines
with power-converter interfaces as wind power generation and
HVDC technologies [7].

Primary frequency control is traditionally provided by con-
ventional power stations, and every synchronous area has its
own generation reserves for primary frequency control [8].
With the trend towards sustainable power sources, the share
of synchronous-machine-based conventional power stations is
decreasing. This leads Transmission System Operators (TSOs)
to require both any generation technology and HVDC based
systems to provide support to ensure frequency stability [7].
Thus, power electronic based technologies may provide such
support through the regulation of active power injection [5],
[9].

Wind power can only use two approaches to provide fre-
quency support: releasing part of the kinetic energy storedin
the wind rotors (slowing down the wind turbine) or temporally
increasing the power production, for which it is necessary
to keep certain generation capacity reserve (see e.g. [10]–
[12]). From MT-HVDC system side, frequency control may be
achieved through sharing of reserves between synchronous ar-
eas (see e.g. [13]–[16]). Recently, some authors have proposed
the provision of frequency support using WPPs connected
through MT-HVDC grids [17]–[20].

This paper introduces a distributed control scheme aimed
to coordinate the power contributions of WPPs and AC areas
connected through a MT-HVDC grids. The purpose is to share
power reserves and thus minimize frequency deviations in AC
areas. This work extends the results in [20] considering MT-
HVDC systems with less communication links, local power
control in AC areas, which allows to restore the wind power
reserves, and droop control for DC voltage regulation, which is
a well-accepted strategy for ensuring the power transmission.
In addition, the new control requires less information exchange
among agents, simplifying the implementation and improving
reliability.

II. MT-HVDC NETWORKS WITH WPPS AND AC AREAS

Figure 1 sketches the system under study consisted of a
MT-HVDC grid, n AC areas andm WPPs. Voltage Source
Converters (VSCs) are used to connect the AC areas and WPPs
to the DC grid. The main purpose of the MT-HVDC network
is the power transmission from the WPPs to the consumptions
in the AC areas. In addition, the system may also help in the
primary frequency control in the AC areas. This implies that
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Figure 1. Schematic representation of a MT-HVDC network connecting AC
areas and WPPs [20]

WPPs must be capable of increasing the active power delivered
to the grid in order to temporally balance consumption and
generation in the AC areas and thus limit the frequency
deviations. This power available for provision of ancillary
services is commonly known as power reserve.

A. AC area modelling

Commonly for frequency control studies, AC areas are
modelled as a single aggregated synchronous generator witha
load depending on the frequency [8]. This is a reasonable ap-
proximation as the response of AC grids based on conventional
power sources is dominated by slow synchronous generators.
Therefore, the dynamics of thej-th AC area (j = 1, . . . , n)
can be expressed by

dfj
dt

=
Pg,j − Pl,j − Pdc,j

4π2f̄jJj
−

(
Pl,jDl,j

4π2f̄jJj
+

Dg,j

Jj

)
(
fj − f̄j

)
, (1)

dPg,j

dt
=

1

τg,j
(Pr,j − Pg,j), (2)

where fj is the electrical frequency,̄fj is the nominal fre-
quency,Jj andDg,j are the inertia and the generator damping,
respectively,Dl,j is the load damping,Pg,j is the mechanical
power,Pl,j is the power demand in the area, andPdc,j is the
DC power extracted from the multi-terminal network. Equation
(2) corresponds to the speed governor in the synchronous
generator, whereτg,j is the time constant andPr,j is the set-
point.

Linearizing (1) and using the following incremental vari-
ables

yj = fj − f̄j, xj = Pg,j − P̄g,j ,

uj = Pdc,j − P̄dc,j , dj = Pl,j − P̄l,j ,

qj = Pr,j − P̄r,j ,

the small-signal dynamics of thej-th AC area is given by

dyj
dt

= −a1,jyj + a2,j(xj − dj − uj), (3)

dxj

dt
= −a3,jxj + a3,jqj , (4)

where the bar over the variables denotes values at the operating
point and

a1,j =
Dg,j + P̄l,jDl,j/(4π

2f̄j)

Jj
, a2,j =

1

4π2f̄jJj
,

a3,j =
1

τg,j
.

B. WPP modelling

The response times of the VSCs in WPPs are much faster
than the time constants expected in the dynamics of the AC
areas given by (1) and (2). Hence, for control design purposes,
WPPs can be modelled as power sources delivering into the
DC grid a power

Pw,j = Nj
ρAj

2
CP (Ωj ,Wj , θj)W

3
j , j = 1, . . . ,m,

where the WPPs are represented as aggregated models, and
Nj is the number of wind turbines in the farm,Aj is the
rotor area andρ is the air density. The power coefficientCP

is a function of the pitch angleθj , the wind speedWj , and
the shaft speedΩj , which governs the energy captured by the
wind rotor.

C. MT-HVDC grid modelling

The DC grid is described as a resistive electrical network,
inductances and capacitances in cables are neglected as their
dynamics are faster than those analyzed here. As a result,
Stationj is assumed delivering to the DC grid a power given
by

Pdc,j = Vdc,j

n+m∑

k=1

Vdc,j − Vdc,k

Rjk
, (5)

whereRjk is the resistance between Stationsj and k, and
Vdc,j is the DC voltage at the nodej. If no direct electrical
connection between the Stationsj andk exists,Rjk is assumed
infinite.

Linearizing (5) and definingvj = Vdc,j − V̄dc,j, with V̄dc,j

the DC voltage at the operating point, the small-signal version
of (5) results

uj =
P̄dc,j

V̄dc,j
vj + V̄dc,j

n+m∑

k=1

vj − vk
Rjk

. (6)

III. C ONTROL STRATEGY FOR FREQUENCY SUPPORT

In this section, we propose a distributed control strategy
to coordinate the power contributions of the WPPs in order
to provide fast frequency compensation in the AC areas. The
proposed control strategy consists of the following parts.

• Local power controls implemented at each station, basi-
cally an automatic generator control (AGC) in the AC
areas and power generation control in the WPPs.

• A DC voltage control to ensure a proper power transmis-
sion under normal operation (droop control).

• A distributed control based on limited communication
links aimed to restore or at least reduce the frequency
deviation in all the AC areas using the power reserves in
the WPPs.

Each part is explained in the next three subsections and a
discussion about the coordination of all controls is presented
in SectionIII-D .
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Figure 2. De-loading power control strategy in the WPPs

A. Local power control

1) WPP local control: The WPPs are assumed controlled
using a de-loading strategy tracking a power reference accord-
ing to the curve in Figure2 [21]. Once the wind speedW
reaches the valueWr, the power is maintained at a valuePw,r

lower than the rated valuePrated in order to have some power
reserve for providing fast frequency support. Based on the as-
sumption in SectionII-B, this yieldsPr,j+n = Pw,j = Pw,r,j.

2) Local frequency control at AC areas: Each AC area is
equipped with a frequency control in order to ensure a long-
term balance between generation and consumption at local
level. This control acts as the well-known AGC imposing a
power reference

qj = −Kfp,jyj −KPi,j

∫
xj dt, (7)

whereKfp,j = P̄g,j/σj f̄j [8] and KPi,j a parameter to be
designed [22]. The control law (7) aims to stop the frequency
drop without power contributions from the multi-terminal grid.
The last term in (7) ensures that the power demanded by the
AC area to the MT-HVDC grid returns slowly to zero after
the power imbalance. On one hand, this allow restoring the
power reserves in the WPPs to the initial values. On the other
hand, this ensures that the frequency can be restored locally, in
case of lack of wind power reserves or fails in communication
links.

The parameterKPi,j is usually a small value and can be set
according to the acceptable time for restoring the wind power
reserve without affecting the capability of the whole system
to provide frequency support.

B. Voltage control

In a MT-HVDC grid, the power transmission is ensured by
regulating the DC voltage. Although there exist several control
schemes, droop control is commonly used due to its high
reliability. In normal operation, the stations on the AC areas
are responsible for the DC voltage regulation of the entire
MT-HVDC grid. The DC voltage droop control is basically a
decentralized proportional law defined as

uV,j = −KV p,jvj , j = 1, . . . , n. (8)

where KV p,j = P̄g,j/Vnom and Vnom is the nominal DC
voltage. Notice that the voltage droop control is implemented
only in the AC stations.

C. MT-HVDC control for frequency support

The local controls are complemented with a
communication-based scheme in order to coordinate the
power contribution of the WPPs and thus to provide fast
frequency support in the AC areas. For this purpose, letCj be
the set of communication links carrying frequency measures
of other stations to thej-th station (e.g.Cj = {i, k, h} denotes
that Stationj receives frequency measures from Stationi,
k, andh), then the following control law is implemented in
each AC area

uf,j =
∑

k∈Cj

α

∫
(yj − yk) dt+ β (yj − yk) (9)

and the following one in each WPP

uw,j =





umin,j , ûw,j < umin,j,
ûw,j, umin,j ≤ ûw,j < umax,j ,
umax,j , ûw,j ≥ umax,j ,

(10)

where

ûw,j =
∑

k∈Cj

α

∫
yk dt+ β yk,

umin,j andumax,j denote the minimum and maximum power
reserve values, respectively. Expressions (9) and (10) are the
set-points sent to the lower level controls in AC area and
WPP stations. Notice that every station might not have full
information regarding the status of the remaining stations. This
covers for instance the circumstance in which fiber-optic links
included in the DC cables are used to transmit the station
status.

To sum up, combining (8)-(10) the coordinated control
strategy for frequency support consists in

uj = uf,j + uV,j, for j = 1, . . . , n (AC areas),

uj+n = uw,j, for j = 1, . . . ,m (WPPs).

In order to find the closed-loop system and determine the
parametersα andβ in the control laws (9) and (10), consider
the following vectors

y = [y1, . . . , yn]
T , u = [u1, . . . , un+m]T ,

v = [v1, . . . , vn+m]T ,

the Laplacian matrixL of dimensionn× n corresponding to
the communication graph among the different stations with
elements

[L]ji =

{
−1 for i ∈ Cj ,
−∑k∈Cj

[L]jk for j = i,

the matrixQ of dimensionsm× n with elements

[Q]ji =

{
1 for i ∈ Cj+m,

0 otherwise,

and the diagonal matrixHl of dimensionsm×m and elements

[Hl]jj =

{
1 if uw,j = ûw,j,

0 otherwise,
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wherel enumerates the particular saturation configuration [23].
With this definitions, the control laws (9) and (10) result in

ua = α

∫
Ly dt+ βLy

︸ ︷︷ ︸
uf

−K̂V pv

︸ ︷︷ ︸
uV

,

uw = Hl

(
α

∫
Qy dt+ βQy

)
+ H̄lusat,

with H̄l+Hl = Im (identity matrix),K̂V p =
[
KV p 0n×m

]
,

KV p = diag(KV p,1, . . . ,KV p,n), andusat denotes the lower
or upper saturation values.

The DC voltage equation (6) can be expressed as
[
uf − K̂V pv

uw

]
=
(
P̄dcV̄

−1
dc + V̄dcG

)
v

where P̄dc = diag(P̄dc,1, . . . , P̄dc,n+m), V̄dc =
diag(V̄dc,1, . . . , V̄dc,n+m) and G the admittance matrix.
Therefore,

v =


P̄dcV̄

−1
dc + V̄dcG+

[
K̂V p

0

]


+ [
uf

uw

]
=

=

[
T11 T12

T21 T22

] [
uf

uw

]
.

where the superscript (+) denotes the Moore-Penrose pseudo-
inverse matrix. Thus, the power extracted by the AC areas
from the MT-HVDC grid, including the effects of the droop
control, results

ua = (I−KV pT11)uf −KV pT12uw.

Substituting these expressions ofuj in (3) and (4), the
closed-loop system in matrix form is given by

dθθθ

dt
= Acl,lθθθ −Bcl,ld, (11)

whereθθθT =
[
yT xT ϕϕϕT µµµT

]
, ϕϕϕ =

∫
u dt, µµµ =

∫
y dt,

Acl,l =




−A1 − βA2Fl A2 0 −αA2Fl

−A3Kfp −A3 A3 0
βFl 0 0 αFl

I 0 0 0




Bcl,l =
[
A2 0 0 0

]T
,

Ak = diag(ak,1, · · · , ak,n), k = 1, 2, 3

Fl = ((I−KV pT11)L −HlKV pT12Q).

Tuning of the control law (9) requires the selection of two
scalar parametersα andβ. The simplest method is setα = β
and find the value that produces a suitable closed-loop pole
locations for (11). For the system under study, this method
might achieve a reasonable frequency regulation.

Alternatively, it can be used optimal control concepts to
find two independent values ofα andβ that stabilize (11) and

ensure certain performance criterion [24]. More concretely, the
closed-loop matrix can be expressed as

Acl =




−A1 A2 0 0
−A3Kfp −A3 A3 0

0 0 0 0
I 0 0 0


+




−A2

0
I
0




[
αI βI

]
︸ ︷︷ ︸

K

[
0 0 0 Fl

Fl 0 0 0

]

and definingzT =
[
Weµµµ

T Wuua

]T
as a performance

output, then the tuning of the coordinated control gains results
in computing a static-output feedback gainK such us

‖z‖2 < γ ‖d‖2 , (12)

whereγ > 0 is a real scalar, andWe andWu are weighting
transfer functions. The weightWe penalizes the frequency
deviations andWu the control actions. Thus, the optimization
based on criterion (12) seeks to find a trade-off between a good
frequency regulation and reasonable control inputs. This can
be solved for instance with algorithms like those given in [25].

D. Coordination of each control level

The different control levels working together ensure the
power transmission and the provision of fast frequency sup-
port.

• The droop law (8) regulates the voltage at all terminals
and thus ensuring the proper power transmission in nor-
mal operation.

• The local power control law (7) in the AC areas forces
the long-term local power balance between generation
and consumption.

• The aim of the high-level distributed control laws (9) and
(10) is to coordinate the contribution of the WPPs and
the power extraction from the MT-HVDC grid to provide
a fast frequency restoration when a power imbalance in
the AC areas arises.

The last term in (7) forces a local power balance in long-
term without contributions from the MT-HVDC grid. Thus, the
power reserves in the WPPs are restored to the initial values.
The control (9) seeks to share the power reserve among the
AC area to minimize the frequency deviations. The control
(10) seeks to increase the power contribution from the WPPs
in order to minimize the frequency erroryj and make the
frequencies in all AC areas close to the nominal values.

Comparing with the control scheme in [20], the control
strategy introduced in this section includes the local power
control (7) and the droop law (8). The former is needed
to restore the wind power reserves and is not considered
in [20]. The drop control replaces the master-slave scheme
in [20], this improves reliability but also participates in the
coordinated response aimed at regulating the frequency and
must be considered in the control tuning. Furthermore, the
new scheme uses less information as can be observed in (9).
In this case, the controls implemented in the AC areas need
some partial information about the frequency in other areas
but no information about the WPP contributions.
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Figure 3. Power system analyzed in the case study

Table I
PARAMETERS CORRESPONDING TO POWER SYSTEM UNDER STUDY

AC areaj 1 2 3

Jj (kgm2) 64845.60 145902.50 64845.60
Dg,j (kWs2) 60.79 81.06 60.79
Dl,j (s) 0.08 0.10 0.08
τg,j (s) 6.00 8.00 6.00
P̄g,j (MW) 799.30 1207.50 801.30
Kfp,j (MW/Hz) 799.30 1106.80 801.30
Kfi,j (1/s) 0.30 0.30 0.30
σj (s) 0.02 0.0218 0.02
f̄j (Hz) 50.00 50.00 50.00

Line resistances R12 = 9.5Ω R13 = 7.6Ω R14 = 3.8Ω

R23 = 3.8Ω R25 = 5.4Ω R45 = 5.7Ω

IV. CASE STUDY

The proposed frequency control strategy was evaluated by
simulation in a commonly used multi-terminal network [26]
with small changes for frequency control studies. In particular,
the case study corresponds to a MT-HVDC grid with three
AC areas and two WPPs (n = 3 andm = 2) as illustrated
in Figure3. TableI lists the parameters of each AC area and
the MT-HVDC network. WPP 1 and WPP 2 correspond to
wind farms with eighty5 MW-turbines and seventy5 MW-
turbines, respectively, modelled as aggregated turbines using
a two-mass model. The wind turbines corresponds to the
NREL benchmark turbine proposed in [27]. AC areas 1, 2
and 3 are assumed generating799.30 MW, 1207.50 MW and
801.30 MW, respectively. Simulations were performed with
Simulink and Simscape.

The DC voltage in the MT-HVDC grid is controlled using
a droop strategy with constantsKV p,j = P̄g,j/Vnom at the
AC stations (j = 1, 2, 3), where the nominal DC voltage is
Vnom = 400 kV. The local power controllers were designed
according to (7), the resulting values are given in TableI.

It is assumed that communications among stations are
implemented via the fiber-optic links included in the DC
cables. Therefore, in this case, the communication scheme is
given by

C1 = {2, 3} , C2 = {1, 3} , C3 = {1, 2} ,
C4 = {1, 3} , C5 = {1, 3} .

It can be observed that there is no direct communication-link
between the WPPs and AC area 2. For the design procedure
in SectionIII-C, this implies that

L =




2 −1 −1
−1 2 −1
−1 −1 2


 , Q =

[
1 0 1
1 0 1

]
.

Notice that in this case, the frequency deviations in Station
2 are not directly available for the controls in WPPs. The
parameters for the distributed control strategy were tunedas
indicated in SectionIII-C, in which the weighting functions
were set as

We(s) = I, Wu(s) = 0.05
0.1s+ 1

0.001s+ 1
I.

The weightWe penalizes the frequency deviations andWu

the fast changes in the DC powers (control actions). With this
setup, the optimization problem in SectionIII-C produces the
following parameters for the distributed frequency control

α = 176.03 MW, β = 70.28 MWs.

Three scenarios are considered to evaluate the proposed
control strategy. The first analyzes the case when the WPPs
have direct communication links with the AC areas in which
increases in power demand cause frequency falls. The second
consider the case when the WPPs do not have direct infor-
mation about the frequency disturbances. Lastly, the behavior
under some communication failures is analyzed.

A. Scenario 1: changes in Pl,1 and Pl,3

This scenario analyzes the system response when the power
demands in AC areas 1 and 3 change. The wind speed was
set at13 m/s in both WPPs, therefore both wind farms are
working above rated wind speed (region 3). The total wind
power delivered to the grid is675 MW (P̄w,1 = 360 MW
andP̄w,2 = 315 MW), reserving a10% of the power capacity
to provide frequency support. The initial power demands are
Pl,1 = 980 MW, Pl,2 = 1515 MW and Pl,3 = 980 MW. At
t = t1, the power demand in AC area 3 rises in59.95 MW
(7.5% of Pl,1) and att = t2 the power demand in AC area
1 increases in59.95 MW. Figure 4a shows the frequency
evolution when only the local control is applied. Notice that
the NADIR frequency for both areas is below the admissible
value49.80 Hz given in the grid codes.

The system response when the proposed control scheme
provides frequency support is shown in Figure5. The top plot
corresponds to the frequency at each AC area and the lower
one to the incremental power values injected and extracted
by the VSCs at each terminal of the MT-HVDC grid. For
t1 ≤ t ≤ t2, the coordinated control establishes an equal
power contributions from both WPPs. It can be observed that
only small contributions is required from the other AC areas
as the power reserves in the WPPs are enough to balance this
rise in the power demand. The small frequency changes in the
undisturbed stations are caused mainly by the change in the
power flow and the droop control. A subsequent increase in the
power demandPl,1 occurs att = t2. Under this circumstance,
the WPPs are not capable of bringing the frequencies back
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Figure 4. Scenario 1: a) Frequencies and b) power demands (disturbances)
without the proposed frequency control
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Figure 5. Scenario 1: a) Frequencies and b) DC powers for the closed-loop
system with the proposed frequency control scheme

to the nominal values in all AC areas and the other areas
must contribute to reduce the frequency falls. The local power
controllers increase the power generation in all AC areas. At
t = t3, the increase in AC area generation allows the WPPs
to enter linear zone and the coordinated control is now able to
drive the frequency deviations in all AC areas to zero. The slow
increase of the generation in the AC areas, as a consequence of
the local power control, allows the WPPs to recover the power
reserves. Figure6 shows the powers extracted by each AC area
decomposed into the droop control partuv,j (expression (8))
and the frequency control partuf,j (expression (9)).

B. Scenario 2: changes in Pl,2 and Pl,3

The second scenario analyzes a similar case but with an
increase in the power demand in Station 2 instead of in
Station 1. This is a more demanding scenario as the WPPs do
not have direct communication-link with Station 2. Figure7
displays the system response when the coordinated control is
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Figure 6. Scenario 1: DC powers a) from droop control (uv,j) and b)
from frequency control (uf,j ) for the closed-loop system with the proposed
frequency control scheme

not applied. The starting conditions are the same to those in
the previous scenario. In this case, the power demand increases
in 84.52 MW (7% of Pl,2) at t = t2. In this case, the NADIR
frequency is lower than49.80 Hz, although a less significant
fall is observed inf3.

The closed-loop response with the proposed coordinated
control can be observed in Figure8. In this case, the frequency
drop after the increase in the power demand att = t2 is more
significant. Clearly, the lack of direct communication links
between the WPPs and Station 2 results in a more marked
initial contribution from Station 1. However, the coordinated
control scheme is able to rapidly deduce the disturbance from
the frequency deviations in the other AC areas and find a
consensus to reduce the frequency drop in Station 2. It can
also be observed a larger time interval in which the WPPs
are delivering the maximum power. This is a consequence of
the more significant increase in the power demand, compared
with the previous case. This circumstance also allows a better
observation of the contributions of the all AC areas to find a
common frequency closer to the nominal value as a result of
the consensus imposed by the proposed control strategy forces.
The corresponding parts of the DC powers extracted by each
AC area can be seen in Figure9.

C. Scenario 3: communication failures

In the last scenario, the power demand changes discussed
in Scenario 2 were repeated but now considering two commu-
nication failures.

Figure 10 displays the frequencies and the DC powers
when the power demands change as in Figure7b. In this
case, it is assumed that Stations 4 and 5 (WPP1 and WPP2)
do not receive the frequency measure from Station 1 and 3,
respectively. This situation results in a change in the matrix
Q as follows

Q =

[
1 0 0
0 0 1

]
.
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Figure 7. Scenario 2: a) Frequencies and b) power demands (disturbances)
without the proposed frequency control
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Figure 8. Scenario 2: a) Frequencies and b) DC powers for the closed-loop
system with the proposed frequency control scheme
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Figure 9. Scenario 2: DC powers a) from droop control (uv,j) and b)
from frequency control (uf,j) for the closed-loop system with the proposed
frequency control scheme
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Figure 10. Scenario 3: a) Frequencies and b) DC powers for theclosed-loop
system with the proposed frequency control scheme considering the loss of
communication between Stations 1 and 5 and Stations 3 and 4, respectively

It can be observed in Figure10 that there is no a significant
change in the frequency regulation compared to Figure8.
However, the contributions of the WPP and even the AC areas
have changed. This is a consequence of the less information
that each WPP has, resulting in a not so well coordinated
actions from the WPPs that makes the frequency regulation a
little slower.

On the other hand, if it is assumed that the communication
link between Stations 1 and 3 is lost, the matrixQ remains
unchanged but the Laplacian matrix changes to

L =




2 −1 0
−1 2 −1
0 −1 2


 .

The system response can be seen in Figure11 under the
same power demand profiles in Figure7b. In this case, the
changes in the frequency regulation are less significant. The
small changes can be explained as a consequence that Station
1 detects the change inPl,2 indirectly through the DC network
instead of a faster communication channel.

These two simulations show that even under communication
failures, the proposed control is still capable of properly
regulating the frequency. Furthermore, the new control strategy
was able to restore the frequency in all the cases.

V. CONCLUSIONS

The proposed control seeks to coordinate the power contri-
bution of WPPs to MT-HVDC networks in order to mitigate
the frequency fluctuations in AC areas. This article extendsa
previous results on distributed control of MT-HVDC grids by
considering the limitation on communication-links and theuse
of local power controls to restore the power reserves in WPPs.
Simulations show that even without a direct communication
link with the disturbed AC area, the proposed control is
capable of reducing the frequency drops. Moreover, the control
scheme is also able to limit the frequency deviations in
situations with power imbalances in the AC areas higher than
the total power reserves available in the WPPs.
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Figure 11. Scenario 3: a) Frequencies and b) DC powers for theclosed-loop
system with the proposed frequency control scheme considering the loss of
communication link between Stations 1 and 3

APPENDIX

List of Symbols

fj Electrical frequency
Pl,j Power demand in AC areaj
Pdc,j DC power at Stationj
Pr AC set-point power at Stationj
yj Incremental frequency
dj Incremental power demand in AC areaj
uj Incremental DC power at Stationj
uv,j Incremental DC power due to droop control
uf,j Incremental DC power due to frequency control
uw,j Incremental DC power injected by WPP
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