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

Fernando D. Bianchiviember IEEE, José Luis Dominguez-Garcia, and Til Kristian Vrana

Abstract—Expansion of offshore wind power and the use of electrical machines. Exactly these essential sourcesstéisy
HVDC technologies in power transmission are modifying the inertia are slowly disappearing, as more and more of these
power system dynamics making them more sensitive t0 POWer i actly connected machines are replaced with other mashin

disturbances. Thus, in order to ensure power system securend ith ter interf ind trah
stable operation, transmission system operators are reqtng with power-converter Interfaces as wind power genera a

wind power and HVDC systems to provide ancillary services HVDC technologiesT].

such as frequency support. In this paper, a distributed conrol Primary frequency control is traditionally provided by eon
scheme is proposed to coordinate the contribution of wind peer  yentional power stations, and every synchronous area bas it
plants (WPPs) to mitigate frequency deviations in isolatedAC own generation reserves for primary frequency contgl [
synchronous areas connected through a multi-terminal HVDC . .
grid. The control scheme aims to share the power reserves it With the trend towards sustainable power sources, the share

limited information exchange. of synchronous-machine-based conventional power s&i®n

Index Terms—Distributed control, primary frequency support, decreasing. This leads Transmission System Operatorsg)TSO

reduced information, grid integration, multi—terminal Hv DC tO require both any generation technology and HVDC based
grids, wind power plants systems to provide support to ensure frequency stabifity [

Thus, power electronic based technologies may provide such

I. INTRODUCTION support through the regulation of active power injectiéf [

. . . , - [9]-
O FFSHORE wind power installations have being rapidly \ying nower can only use two approaches to provide fre-
growing In the last years mainly due_ to Ilmltqt!ons ! uency support: releasing part of the kinetic energy stamed
onshore locations but also due to better wind conditions tr’{
can be found far from shord]. The trend in the new offshore in
wind power plants (WPPs) is towards larger power ratings a

longer distances between generation and inland consurrlsspti(ial

For this scenario, the most suitable power transmissioln-te chieved through sharing of reserves between synchromeus a

nology is based on High Voltage Direct Current (HVDC). Th%as see e.qlBl-[16]). Recently. some authors have proposed
increase of offshore WPPs and the need for additional crogs ( 9LE-{16)). Y. prop

e provision of frequency support using WPPs connected
border electrical interconnections is also fostering thewv P a y SUPD d
. . through MT-HVDC grids L7]-[20].

of wind farms as electrical offshore node3,[and the use
of an additional meshed power transmission grid based
Multi-terminal HVDC (MT-HVDC) technology 8]. This kind
of networks may also provide higher power flow controlldili
through the different terminall], [5].

The power system frequency is the active power balan

indicator in an AC grid, giving frequency control a hlghcontrol in AC areas, which allows to restore the wind power

priority. The frequency has to be kept in a narrow operatiq serves, and droop control for DC voltage regulation, wisc

range for a variety of reasons. The system inertia is cruug ell-accepted strategy for ensuring the power transomissi

for dynamic frequency stability, singe it covers shorier In addition, the new control requires less information exie
imbalances (seconds range) and limits the rate of changea ong agents, simplifying the implementation and imprgvin
frequency f]. This important system inertia is subject to ar?eliability '

ongoing continuous reduction. The system inertia is based o
the inertia of all directly grid-connected rotating threlease

e wind rotors (slowing down the wind turbine) or tempaoyall
reasing the power production, for which it is necessary
keep certain generation capacity reserve (see é@- [
2]). From MT-HVDC system side, frequency control may be

This paper introduces a distributed control scheme aimed
f'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 #][considering MT-
ER/pc systems with less communication links, local power

Il. MT-HVDC NETWORKS WITHWPPs AND AC AREAS
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CERCA Programme from the Generalitat de Catalunya. primary frequency control in the AC areas. This implies that



1

a37j = 7_—
VSC vsC 9
WPP 1 . . : AC area 1 B. WPP rnOde”Ing
. grid . The response times of the VSCs in WPPs are much faster
than the time constants expected in the dynamics of the AC
| VSe VSC I areas given byl) and @). Hence, for control design purposes,
WPP m AC area n WPPs can be modelled as power sources delivering into the

) ) ) ) DC grid a power
Figure 1. Schematic representation of a MT-HVDC networknemting AC

areas and WPP{ A )
Q] Ru_’j:ijQ—JCP(Qj,Wj,Hj)Wf, j:l,...7m,

WPPs must be capable of increasing the active power detfiverehere the WPPs are represented as aggregated models, and

to the grid in order to temporally balance consumption andl; is the number of wind turbines in the farm; is the

generation in the AC areas and thus limit the frequencgtor area ang is the air density. The power coefficie@tp

deviations. This power available for provision of ancilaris a function of the pitch anglé;, the wind speedV;, and

services is commonly known as power reserve. the shaft spee€;, which governs the energy captured by the
wind rotor.

A. AC area modelling

Commonly for frequency control studies, AC areas ai€ \T-HVDC grid modelling
modelled as a single aggregated synchronous generatoawith
load depending on the frequend].[This is a reasonable ap-. . . .
proximation as the response of AC grids based on Convemioggiuctances and capacitances in cables are neglectedias the

power sources is dominated by slow synchronous generat namics are faster thgn those analyzed here. As a result,
Stationj is assumed delivering to the DC grid a power given

The DC grid is described as a resistive electrical network,

Therefore, the dynamics of theth AC area ( = 1,...,n)

can be expressed by by e
V c,] V c,
dfi _ Pyj—Pj—FPacj Pacj=Vac; Y %, (5)
dt Am2 f;J; k=1 dk

P iDij Dy, oz 1 where R;;, is the resistance between Statiohsind &, and

W J; (fi=1f) @) Ve, is Fhe DC voltage at the nodg If no diregt electrical
qp. . 1 ponnecﬂon between the Statiopandk exists, R, is assumed
—2 = —(P,; - P,;), (2) infinite.

d 79,3 Linearizing 6) and definingu; = Vac j — Vac,;, With Vae
where f; is the electrical frequenc;gf_j is the nominal fre- the DC voltage at the operating point, the small-signalieers
quency,J; andD, ; are the inertia and the generator dampin@f (5) results
respectively,D; ; is the load dampingP, ; is the mechanical

M n-rm

power, P2,; is the power demand in the area, aRg.; is the uj = Fac v; + Ve i Y — Yk (6)

DC power extracted from the multi-terminal network. Eqoati Ve, j st Ry

(2) corresponds to the speed governor in the synchronous

generator, Wheregyj is the time constant anﬂ’m is the set- I11. CONTROL STRATEGY FOR FREQUENCY SUPPORT

oint.
P Linearizing (1) and using the following incremental vari- In this' section, we propose a Qistributed control ;trategy
ables to coordinate the power contributions of the WPPs in order
B ~ to provide fast frequency compensation in the AC areas. The

yi = fi— I, xj =Py — Py, proposed control strategy consists of the following parts.
uj = Pac,j — Pac,j, d; =P ; — P, « Local power controls implemented at each station, basi-
qj = Prj — P, cally an automatic generator control (AGC) in the AC

areas and power generation control in the WPPs.

the small-signal dynamics of theth AC area is given by « A DC voltage control to ensure a proper power transmis-

dy; — —avy; + as(z; —d; —u;) 3) sion under normal operation (droop control).
dt LYy T azg\E5 = G = i), « A distributed control based on limited communication
% e o 4 links aimed to restore or at least reduce the frequency
AT i @ deviation in all the AC areas using th i
g the power reserves in
where the bar over the variables denotes values at the oerat ~ the WPPs.
point and Each part is explained in the next three subsections and a
Dy i+ P ;D /(472 f;) 1 discussion about the coordination of all controls is présgn
15 = 7, T g in Sectionlll-D.



P, (W) C. MT-HVDC control for frequency support

| Prated_ _ _ _ The local controls are complemented with a

Py / Power reserve 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; jdie

the set of communication links carrying frequency measures

Wr W (m/s) of other stations to thg-th station (e.gC; = {i, k, h} denotes
that Stationj receives frequency measures from Station
Figure 2. De-loading power control strategy in the WPPs k, and k), then the following control law is implemented in

each AC area

A. Local power control upj =y @ / (yj —yi) dt + B (y; — yr) )

1) WPP local control: The WPPs are assumed controlled ket

using a de-loading strategy tracking a power referencerdecoand the following one in each WPP
ing to the curve in Figure [21]. Once the wind speedl’
reaches the valu®/,., the power is maintained at a valé®, ,
lower than the rated valuB,,i.q in order to have some power
reserve for providing fast frequency support. Based on the a
sumption in Sectionl-B, this yieldsP, i, = Py j = Py, ;. Where

Umin,j, Uw,j < Umin,j
Uy,j = Uy, gy Umin,j < U, j < Umax,j (10)

Umax,j; Uw,j > Umax,j

lhw,j = Za/ykdt-l-ﬁyk,

2) Local frequency control at AC areas. Each AC area is kec;
equipped with a frequency control in order to ensure a long-

X - in,j aNdumay ; denote the minimum and maximum power
term balance between generation and consumption at IOPégerve values, respectively. Expressioisand (L0) are the

level. This control acts as the well-known AGC imposing get-points sent to the lower level controls in AC area and
power reference WPP stations. Notice that every station might not have full
' information regarding the status of the remaining statidinss
4 = ~Kspyi = Kpij / z; dt, (") covers for instance the circumstance in which fiber-opikdi

_ _ included in the DC cables are used to transmit the station
where Ky, ; = P, j/o;f; [8] and Kp; ; a parameter to be a1t ,q.
designed 22]. The control law 7) aims to stop the frequency 14 gum up, combining -(10) the coordinated control
drop without power contributions from the multi-terminaidy strategy for frequency support consists in
The last term in 7) ensures that the power demanded by the
AC area to the MT-HVDC grid returns slowly to zero after Uj = Uus; + Uy, forj=1,...,n (AC areas),
the power imbalance. On one hand, this allow restoring theuj+n = Uy forj=1,...,m (WPPs).
power reserves in the WPPs to the initial values. On the other
hand, this ensures that the frequency can be restoredyloicall I order to find the closed-loop system and determine the

case of lack of wind power reserves or fails in communicatid¥arameters: and g in the control laws §) and (L0), consider
links. the following vectors

The parameteip; ; is usually a small value and can be set T T
’ = Sy , u=|uUp,...,u s
according to the acceptable time for restoring the wind powe y=ln nl - b ntm]
reserve without affecting the capability of the whole syste V= [on e gl
to provide frequency support. the Laplacian matri. of dimensionn x n corresponding to
the communication graph among the different stations with

B. \oltage control elements

In a MT-HVDC grid, the power transmission is ensured by L), = -1 fori € Cj,
regulating the DC voltage. Although there exist severatin 7 — > pee, Ll for j =i,

J

schemes, droop control is commonly used due to its high

reliability. In normal operation, the stations on the ACawe the matrixQ of dimensionsn x n with elements
are responsible for the DC voltage regulation of the entire

MT-HVDC grid. The DC voltage droop control is basically a QL — {1 fori € Cjim,
decentralized proportional law defined as 7t 0 otherwise

uy,; = —Kypjv;, j=1,...,n (8) and the diagonal matrid; of dimensionsn xm and elements
where Kv,; = Py j/Viom and Viom is the nominal DC 1w — i s
voltage. Notice that the voltage droop control is impleneent H,];; = 0 oth d
only in the AC stations. otherwise



wherel enumerates the particular saturation configurattdh[ ensure certain performance criteri@4]. More concretely, the
With this definitions, the control laws) and (L0) result in closed-loop matrix can be expressed as

R —-Ay A, 0 O —A,
U, = a/Ly dt + /5Ly _KVpV7 A= _A3Kfp —A3 A3 0 N 0
_— o 0 0 0 0 I
et w I 0 0 0 0
Uy = Hl <Oé/ Qy dt + 5QY> + I:Ilusatv I:(II BI} |:0 0 0 Fl:|
T 2F 00 0
with I, + H, = T,,, (identity matrix),Ky, = Ky, 0], <
Ky, = diag(Kvp1, ..., Kvpn), andug, denotes the lower and definingz” = |[W.u? W,u,| as a performance
or upper saturation valugs. output, then the tuning of the coordinated control gainsltes
The DC voltage equatiort) can be expressed as in computing a static-output feedback g&hsuch us
uf ,Kvpv _ (f)dc\_/—l +deG>V ||Z||2 <,Y||dH2’ (12)
Uy de wherevy > 0 is a real scalar, andv, and W, are weighting
transfer functions. The weighV. penalizes the frequency
where Py =  diag(Pac1s---, Picnim) Vae = deviationsandW,, the control actions. Thus, the optimization
diag(Vae1, - - -5 Vaemtm) and G the admittance matrix. based on criterionl() seeks to find a trade-off between a good
Therefore, frequency regulation and reasonable control inputs. Tais ¢
N be solved for instance with algorithms like those givenZ]|
v=[PaVy +VaG+ K(‘)/ ”] {Ef } = D. Coordination of each control level
¢ The different control levels working together ensure the
T Ti2| |uy power transmission and the provision of fast frequency sup-
o To1 Too Uy ’ pOI't.

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

» The local power control law7) in the AC areas forces
the long-term local power balance between generation
and consumption.

« The aim of the high-level distributed control lan®) @nd
(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

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

U, = (I - KVpTll)uf - KVpT12uw~

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

a6 the AC areas arises.
T A0 — Be,d, (11) The last term in ) forces a local power balance in long-
term without contributions from the MT-HVDC grid. Thus, the
whered” = [y" xT o uT], ¢ = [udt, p= [ydt, power reserves in the WPPs are restored to the initial values
The control @) seeks to share the power reserve among the
—A; — BASF, A, 0 —aAyF AC area to minimize the frequency deviations. The control
A= —As3Ky, —Az Aj 0 (10) seeks to increase the power contribution from the WPPs
cl,l — H P
’ BF 0 0 oF in order to minimize the frequency errgr; and make the
I 0 0 0 frequencies in all AC areas close to the nominal values.
B.,=[A; 0 0 O]T, Comparing with the control scheme ir2(], the control

) strategy introduced in this section includes the local gowe
Ay = diag(ag,, - akn), k=123 control (7) and the droop law §). The former is needed
F=(I-Ky,Ti)L - HKy,T12Q). to restore the wind power reserves and is not considered

in [20]. The drop control replaces the master-slave scheme
Tuning of the control law ) requires the selection of twoin [20], this improves reliability but also participates in the
scalar parameters and 3. The simplest method is set= 3 coordinated response aimed at regulating the frequency and
and find the value that produces a suitable closed-loop peleist be considered in the control tuning. Furthermore, the
locations for (1). For the system under study, this methodew scheme uses less information as can be observe.in (
might achieve a reasonable frequency regulation. In this case, the controls implemented in the AC areas need
Alternatively, it can be used optimal control concepts teome partial information about the frequency in other areas
find two independent values of and 3 that stabilize {1) and but no information about the WPP contributions.



Station 1 Station 4 It can be observed that there is no direct communicatidn-lin
{} % g} j > between the WPPs and AC area 2. For the design procedure

AC area 1 WPP 1 in Sectionlll-C, this implies that
u_
2 -1 -1
200 km 1 0 1
500 km L=|-1 2 -1}, Q:{1 0 1},
400 km 300 km -1 -1 2

Notice that in this case, the frequency deviations in Statio
2 are not directly available for the controls in WPPs. The

200 km LJ 283 km L_

{} % {} % {} f parameters for the distributed control strategy were tuaed
indicated in Sectionll-C, in which the weighting functions
Station 2 AC area 2 Station 3 AC area 3 Station 5 WEP 2 were set as
: ; 0.1s+1
Figure 3. Power system analyzed in the case study W =1 W = 0.05 )
e(s) =1, u(s) 0.001s + 1
Table | The weightW,. penalizes the frequency deviations aWd,

PARAMETERS CORRESPONDING TO POWER SYSTEM UNDER STUDY the fast Changes in the DC powers (COI’]U’O| actions). Wltﬂ th|
setup, the optimization problem in SectidhC produces the

AC areaj 1 2 3 . L

following parameters for the distributed frequency cohtro
J; (kgm?) 64845.60 145902.50 64845.60
Dy.j (KWs?) 60.79 81.06 60.79 a = 176.03 MW, B =70.28 MWs.
Dy ; (s) 0.08 0.10 0.08 _ _
9.4 (S) 6.00 8.00 6.00 Three scenarios are considered to evaluate the proposed
P, (MW) 799.30 1207.50 801.30  control strategy. The first analyzes the case when the WPPs
Kyp,; (MW/HZ) 799.30 1106.80 801.30 have direct communication links with the AC areas in which
Kyi,j (1Us) 0.30 0.30 0.30 increases in power demand cause frequency falls. The second
7; () 0.02 00218 002 consider the case when the WPPs do not have direct infor-
fi (Hz) 50.00 50.00 50.00

mation about the frequency disturbances. Lastly, the hehav
under some communication failures is analyzed.

Line resistances Rj2 =952 Rij3=76Q Ry4 =380
Ro3 = 3.8 Ros5 =54Q R4y5 =5.7Q

A. Scenario 1: changesin P, ; and P 3

IV. CASE STUDY This scenario analyzes the system response when the power
emands in AC areas 1 and 3 change. The wind speed was
2t 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 i§75 MW (P, ; = 360 MW

The proposed frequency control strategy was evaluated
simulation in a commonly used multi-terminal network6]
with small changes for frequency control studies. In patéc

the case study corresponds to a MT-HVDC grid with threé?ndf’w » — 315 MW), reserving al0% of the power capacity

ACFgreassa_rlldbtlwloll\/VPth (= 3 andm :f 2) a;, E\I(L;strated to provide frequency support. The initial power demands are
in Figure3. Tablel lists the parameters of eac area angh - gg mw Py = 1515 MW and 5 = 980 MW. At

the MT-HVDC network. WPP 1 and WPP 2 correspond tg’: t1, the power demand in AC area 3 risesfin.95 MW

winql farms with _eighty5 MW-turbines and seventy MW (7.5% of P,;) and att = t, the power demand in AC area
turbines, respectively, modelled as aggregated turbisesmyu increases in59.95 MW. Figure 4a shows the frequency

a two-mass model. The wind turbines corresponds to té@olution when only the local control is applied. Noticettha

NRdEé benchmarkdturbine proposed i@7]. AC areas 1’d2 the NADIR frequency for both areas is below the admissible
an are assumed generatirfi).30 MW, 1207.50 MW an value49.80 Hz given in the grid codes.

801.30 MW, respectively. Simulations were performed with The system response when the proposed control scheme

Simulink and Simscape. o _ provides frequency support is shown in FigéreThe top plot
The DC voltage in the MT-HVDC grid is controlled using;qeqnonds to the frequency at each AC area and the lower
a droop strategy with constanfSy,,; = Fy,;j/Viom at the gne 45 the incremental power values injected and extracted
AC stations { = 1,2,3), where the nominal DC voltage isy,,, w6 scs at each terminal of the MT-HVDC grid. For
Viom = 400 kV. The local power controllers were designed ™ — ; — 4 the coordinated control establishes an equal
according to {), the resulting values are given in Table 4\ e contributions from both WPPs. It can be observed that
_ It is assumed that communications among stations &gy, small contributions is required from the other AC areas
implemented via the fiber-optic links included in the DG ihe power reserves in the WPPs are enough to balance this
cgbles. Therefore, in this case, the communication schemgiie in the power demand. The small frequency changes in the
given by undisturbed stations are caused mainly by the change in the
ower flow and the droop control. A subsequent increase in the
Ci={2:3}, G ={L3}, G ={12}, Eower demand’; , occurFs) at = t,. Under t?]is circumstance,
Cs={1,3}, Cs ={1,3}. the WPPs are not capable of bringing the frequencies back
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Figure 4. Scenario 1: a) Frequencies and b) power demanstsirfsinces) Figure 6. Scenario 1: DC powers a) from droop contral, () and b)
without the proposed frequency control from frequency control«; ;) for the closed-loop system with the proposed
frequency control scheme

50.05 ‘ ‘ ‘
| S ]
:j jzzz } | not applied. The starting conditions are the same to those in
= ] ‘ ‘ } — the previous scenario. In this case, the power demand isesea
g o S — %> | in84.52 MW (7% of P, ) att = t,. In this case, the NADIR
E 40857 | | | —fs 7 frequency is lower than9.80 Hz, although a less significant
B fall is observed infs.
T a4 s e 0 s e 10 The closed-loop response with the proposed coordinated
g 50 \ \ control can be observed in FiguBeln this case, the frequency
5 5 drop after the increase in the power demand-att, is more
\5 o significant. Clearly, the lack of direct communication knk
g between the WPPs and Station 2 results in a more marked
[ —_.2| initial contribution from Station 1. However, the coordied
2 s0f ‘ ‘ —ui control scheme is able to rapidly deduce the disturbanca fro
t1) Ltz t3 ‘ ‘ ‘ .| the frequency deviations in the other AC areas and find a

-75
6 1 20 30 40 50 60 70 8 90 10consensus to reduce the frequency drop in Station 2. It can

Time (sec) also be observed a larger time interval in which the WPPs
Figure 5. Scenario 1: a) Frequencies and b) DC powers forltsed-loop are delivering the maximum power. This is a consequence of
system with the proposed frequency control scheme the more significant increase in the power demand, compared
with the previous case. This circumstance also allows a&bett
. . observation of the contributions of the all AC areas to find a
to the ”0”.“'”"" values in all AC areas and the other areg8mmon frequency closer to the nominal value as a result of
must contribute to reduce the frequency falls. The Iocalqerowthe consensus imposed by the proposed control strateggsforc

controllers i'ncrease t.he power generatiqn in all AC areds. /lxhe corresponding parts of the DC powers extracted by each

t = ts, the increase in AC area g.eneratlon alloyvs the WPIK%: area can be seen in Figuge

to enter linear zone and the coordinated control is now able t

drive the frequency deviations in all AC areas to zero. Thessl ) o ]

increase of the generation in the AC areas, as a consequiende-oScenario 3: communication failures

the local power control, allows the WPPs to recover the powerln the last scenario, the power demand changes discussed

reserves. Figuré shows the powers extracted by each AC ardéa Scenario 2 were repeated but now considering two commu-

decomposed into the droop control pagt; (expression&)) nication failures.

and the frequency control pait; ; (expression)). Figure 10 displays the frequencies and the DC powers

when the power demands change as in Figtoe In this

B. Scenario 2: changesin P, and P 5 case, it is a;sumed that Stations 4 and 5 (WPPlI and WPP2)
} ’ R _do not receive the frequency measure from Station 1 and 3,

~ The second scenario analyzes a similar case but with @uyectively. This situation results in a change in the matr

increase in the power demand in Station 2 instead of ;gas follows

Station 1. This is a more demanding scenario as the WPPs do

not have direct communication-link with Station 2. Figute Q= [

displays the system response when the coordinated costrol i
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Figure 7. Scenario 2: a) Frequencies and b) power demansisirfsinces) Figure 10. Scenario 3: a) Frequencies and b) DC powers focldsed-loop
without the proposed frequency control system with the proposed frequency control scheme cornsilé¢ne loss of
communication between Stations 1 and 5 and Stations 3 arebgectively

It can be observed in Figurg0 that there is no a significant

change in the frequency regulation compared to Figiire

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
1%ittle slower.

a) Freq. (Hz)

z On the other hand, if it is assumed that the communication
2 link between Stations 1 and 3 is lost, the matéxremains
g unchanged but the Laplacian matrix changes to
= 2 -1 0
° L=|-1 2 -1
0o -1 2

0 10 20 30 40 50 60 70 80 90

Time (sec) “The system response can be seen in Figuteunder the

same power demand profiles in Figurb. In this case, the
Figure 8. Scenario 2: a) Frequencies and b) DC powers forldsed-loop changes in the frequency regulation are less significaré. Th
system with the proposed frequency control scheme small changes can be explained as a consequence that Station
1 detects the change i » indirectly through the DC network

= o0 ‘ instead of a faster communication channel.
= ; These two simulations show that even under communication
5 ! failures, the proposed control is still capable of properly
E -20.00} i i regulating the frequency. Furthermore, the new contratstyy
= | | was able to restore the frequency in all the cases.
-40.00 | | V. CONCLUSIONS
~ 4000 1‘0 = ‘30 © ‘50‘ e |1 proposed control seeks to coordinate the power contri-
E 20,00 ; ; bution of WPPs to M'!'-HVI_DC networks in _order to mitigate
b ‘ the frequency fluctuations in AC areas. This article exteads
% 0.00 previous results on distributed control of MT-HVDC grids by
~ considering the limitation on communication-links and tise
" -20.00 l —uy,2] of local power controls to restore the power reserves in WPPs
40,00 t ‘ ‘ ‘ ts, ‘ "3 Simulations show that even without a direct communication
0o 10 20 3 40 5 60 70 8 9 100link with the disturbed AC area, the proposed control is

Time (sec) capable of reducing the frequency drops. Moreover, therabnt
Figure 9. Scenario 2: DC powers a) from droop contral, ¢) and b) scheme is also able to limit the frequency deviations in

from frequency control«; ;) for the closed-loop system with the proposedsituations with power imbalances in the AC areas higher than
frequency control scheme the total power reserves available in the WPPs.



50.05 I I ‘ [11]
— 50.00 : — e }
o |
& 49.95F V | o [12]
S 49.90F } ; ; f1 ]
£ \ \ \ — P
B 49.85F | | | — fa [13]
< 49.80————}——————}————————}— ———————————————
49.75 | L | L | L L L L
50 10 20 30 40 50 60 70 80 90 100
—~ ‘ : ‘ : R : ‘ ‘ 14
= [14]
2
3 15
g [15]
5
A \
) } [16]
[ |
75 t1 Lt \ 23 \ \ T us
0 10 20 30 40 50 60 70 80 90 100
Time (sec) [17]

Figure 11. Scenario 3: a) Frequencies and b) DC powers focltised-loop  [18]
system with the proposed frequency control scheme comsidé¢ne loss of

communication link between Stations 1 and 3

[19]
APPENDIX

List of Symbols (201
1 Electrical frequency [21]
P Power demand in AC area
Py.,; DC power at Statiory
Pr  AC set-point power at Statiop [22]
Yj Incremental frequency
d; Incremental power demand in AC arga [23]
u; Incremental DC power at Statigh [24]
uy,;  Incremental DC power due to droop control
uyg;  Incremental DC power due to frequency control  [25]
uw,; Incremental DC power injected by WPP

[26]

27
REFERENCES [27]

[1] A. Arapogianni, J. Moccia, and J. Wilkes, “The Europeaffstwore
wind industry - key trends and statistics 2012,” Europeand\iEnergy
Association, Tech. Rep., 2013.

S. Gordon, “SuperGrid to the rescue¢ET Power Eng., vol. 20, no. 5,
pp. 30-33, 2006.

D. Van Hertem and M. Ghandhari, “Multi-terminal VSC HVD@r
the European supergrid: Obstacleé’¢éhewable Sustainable Energy Rev.,
vol. 14, pp. 3156-3163, 2010.

J. Liang, T. Jing, O. Gomis-Bellmunt, J. Ekanayake, andJBhkins,
“Operation and Control of Multiterminal HYDC Transmissiéor Off-
shore Wind Farms,JEEE Trans. Power Del., vol. 26, no. 4, pp. 2596—
2604, 2011.

F. D. Bianchi, J. L. Dominguez-Garcia, and O. GomighBant, “Con-
trol of multi-terminal HYDC networks towards wind power @gration:
A review,” Renewable Sustainable Energy Rev., vol. 55, pp. 1055-1068,
mar 2016.

P. M. Anderson and A. A. FouadRower System Control and Stability,
2nd ed. New York, USA: John Wiley & Sons Inc, 2002.
ENTSO-E, “Future system inertia,” Apr. 2014.
P. Kundur, Power System Sability and Control.
McGraw-Hill, 1994.

F. Diaz-Gonzalez, M. Hau, A. Sumper, and O. Gomis+Relht, “Par-
ticipation of wind power plants in system frequency contféview of
grid code requirements and control methodR¢hewable Sustainable
Energy Rev., vol. 34, pp. 551-564, 2014.

R. G. de Almeida and J. A. Pecas Lopes, “Participatiordatbly fed
induction wind generators in system frequency reguldtidBEE Trans.
Power Syst., vol. 22, no. 3, pp. 944-950, 2007.

(2]
(3]

(4]

(5]

6]

[7]
(8l

9]

New York, USA:

(10]

N. Ullah, T. Thiringer, and D. Karlsson, “Temporary mpary frequency
control support by variable speed wind turbines — poteratiad appli-
cations,”|EEE Trans. Power Syst., vol. 23, no. 2, pp. 601-612, 2008.
J. Aho, A. Buckspan, and J. H. Laks, “A tutorial of windline control
for supporting grid frequency through active power cortrsi Proc.
Amer. Control Conf, 2012, pp. 3120-3131.

J. Dai, Y. Phulpin, A. Sarlette, and D. Ernst, “Coord&d primary
frequency control among non-synchronous systems cortheuye a
multi-terminal high-voltage direct current grid/[ET Gener. Transm.
Distrib., vol. 6, no. 2, p. 99, 2012.

A. Sarlette, J. Dai, Y. Phulpin, and D. Ernst, “Coopemtfrequency
control with a multi-terminal high-voltage DC networkAutomatica,
vol. 48, no. 12, pp. 3128-3134, Dec. 2012.

N. Chaudhuri, R. Majumder, and B. Chaudhuri, “Systeraqfrency
support through multi-terminal DC (MTDC) gridslEEE Trans. Power
Syst., vol. 28, no. 1, pp. 347-356, 2013.

M. Andreasson, R. Wiget, D. V. Dimarogonas, K. H. Jotsams and
G. Andersson, “Distributed primary frequency control thgh multi-
terminal HVDC transmission systems,” ifroc. Amer. Control Conf,
Chicago, USA, 2015.

A. M. Bucurenciu, “Primary frequency response by MTD@sbore
grids,” Master’s thesis, Delft University of Technology)12.

B. Silva, C. Moreira, L. Seca, Y. Phulpin, and J. Pekapez, “Provision
of inertial and primary frequency control services usintsldre multi-
terminal HVDC networks,"|EEE Trans. Sustain. Energy, vol. 3, no. 4,
pp. 800-808, 2012.

|. Martinez Sanz, B. Chaudhuri, and G. Strbac, “Inént&sponse from
offshore wind farms connected through DC grid€gEE Trans. Power
Syst., vol. 30, no. 3, pp. 1518-1527, 2015.

F. D. Bianchi and J. L. Dominguez-Garcia, “CoordettFrequency
Control Using MT-HVDC Grids With Wind Power PlantdEEE Trans.
Sustain. Energy, vol. 7, no. 1, pp. 213-220, jan 2016.

P. Sorensen, A. D. Hansen, F. lov, F. Blaabjerg, and MDenovan,
“Wind farm models and control strategies,” RISO, Tech. Rejs0-R-
1464, 2005.

P. M. Namara, R. Meere, T. O'Donnell, and S. McLoone, fiol
strategies for automatic generation control over MTDC gti€Control
Eng. Pract., vol. 54, pp. 129-139, sep 2016.

F. Bullo, J. Cortes, and S. MartineDistributed control of robotic
networks.  Princeton, USA: Princeton University Press, 2009.

R. S. Sanchez Pefla and M. SznaiBgbust Systems Theory and
Applications. New York, USA: Wiley-Interscience, 1998.

P. Gahinet and P. Apkarian, “Automated tuning of gathedluled control
systems,” inProc. 52nd Conf. Decision Control, 2013, pp. 2740-2745.
Cigré, “Guide for the development of models for HVYDCneerters in
a HVDC grid,” 2015.

J. Jonkman, S. Butterfield, W. Musial, and G. Scott, “Di¢ion of a 5-
MW reference wind turbine for offshore system developmieNREL,
Golden, Colorado, USA, Tech. Rep. NREL/TP-500-38060, 2009



