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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, Adria Jurtyfeerré,Student Member, IEEBriol Gomis-Bellmunt,
Member, IEEE

Abstract—The article addresses the control of multi-terminal been commissioned 2010 in Germany. A total of30 wind

voltage source converters (VSC) at high voltage direct cuent turbines of5 MW each are connected 3% km underground

(HVDC) in the context of offshore wind farms. Droop co_ntrol cable andl25 km submarine cable at150 kV [8].
is commonly used to regulate the DC voltage in this kind of

grids, droop parameters are selected on the basis of steadyate In the near future, there will be a large amount of offshore
analyses. Here, a control design methodology is proposed $&d wind farms connected with VSC-HVDC. It seems reasonable

on the frequency response analysis. This methodology pralés 5 geyise offshore VSC-HVDC grids interfacing a number of
a criterion to select the droop gains taking into account the

performance specifications,i.e.,, the desired voltage errors and such different termmal; with different AC grids, res.uglrm
the maximum control inputs (currents). The application of the —the so-called multiterminal VSC-HVDC system. Multiterrain

methodology is illustrated with a four-terminal grid. VSC-HVDC stands as an interesting solution to connect
Index Terms—Offshore wind power, multi-terminal, droop efficiently a number of offshore wind farms, but also implies
control, HVDC. several technical challenges that will have to be addressed
including control [9], operation [7] and protection [6] isss.
|. INTRODUCTION The first multi-terminal using LCC-HVDC technology goes

back t01960s [10, 11]. It was not unti2003 that the use

Nowadays, there is an Increasing number of offshore WY multi-terminal VSC-HVDC in the aggregation of offshore
farms. In these offshore facilities, turbines can be Ioatatth

. ind power was proposed by Lu and Ooi [12]. A detailed
tens or hundreds Of. kilometers away from the coast a%(ialysis of different system topologies can be found in [6].
connected FO the main power grid by submarine cables. llrrﬁportant projects involving HVDC multi-terminal transsni
these 5|tuat|or_15,_stud|es have proved that the most 9mn§ion are currently under study, such as the Desertec project
power transmission systems are the I—_hgh Voltgge Direct CTi-S] and the European offshore Supergrid [14].
rent (HVDC) networks [1]. These grids consist of two o - ] .
more converters connected to a common DC grid [2]. The The stability of AC power systems has been widely dis-
most common technology in the last years has been the Li¢ssed in the literature, see for example [15, 16]. Thesbestu
Commuted Converters (LCC) [3]. However, there is a growir@SO include HVDC systems and their possible contribution
trend towards the use of Voltage Source Converters (VSE) improve AC system stability. Some DC grid management
in offshore HVDC grids [1, 4, 5]. These power converterdirategies based on coordmated closed-loop DC voItggmton _
offer more possibilities for the operation of the offshorimay @nd DC droop characteristics were proposed and simulated in
farms. VSC-HVDCs permit the independent control of active-7]- Liang et al. [9] addressed the modeling and simulation
and reactive power and a continuous AC voltage regulatidf, multi-terminal VSC-HVDC transmissions for offshore wiin
They present no commutation failure, black-start capigbili POWer. However, to the best of our knowledge, there is no
and there is no need of voltage polarity reversal to rever$gbility analysis nor systematic control design procecdor
power. As additional advantages, the filters are more compgUiti-terminal VSC-HVDC grids connecting offshore wind
and the cables lighter [6, 7]. On the other hand, the costs dAfms to0 AC systems. This paper investigates the stability
the commutation losses are higher and they are able to har@fld the dynamic behavior of multi-terminal HVDC grids in
only limited levels of voltage and power. The first HvDcoffshore wind farms applications. A design methodology of

using VSC technology in wind farms, named BorWin1, hagroportional conftroll of the DC voltage based on frequency
response analysis is proposed.
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Il. MULTI-TERMINAL GRID CONTROL E -~ € K ! |Current i\ Grid >E
droo = 7 -~

Figure 1 illustrates a typical multi-terminal HYDC network™ °  + % i loop
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 HvVDci9ure 2. Droop control scheme of a VSC
network permits the transfer of power among the different
units, wher_e the WFCs act_ as POWer sources and the.GSchﬁ affect the global stability and the DC voltage in other
loads. In this power transmission scheme, the sourced igljec . :

: : . terminal. For these reasons, the droop constant selectish m
the available power into the grid whereas the control of tl'be

oL . . € addressed in the context of multi-variable system theor
GSCs seek to maintain the DC voltage. This also includes y y

the power sharing among the different GSCs. The norma|
operation may be altered when some of the converters rea%H' FREQUENCY RESPONSE ANALYSIS FOR DROOP GAIN
the current limits. This usually occurs during severe \g#ta SELECTION
faults in the AC grid. Under these circumstances, the WFCslIn this section, a methodology for the droop constant
enter in voltage regulation mode and the GSCs extract thelection based on multi-variable frequency responseysisal
maximum power possible without regulating the DC voltagés presented. Previous to propose this methodology, ittis-in

In both operation modes, some converters seek to maintéliced a systematic procedure to obtain a linear repregemtat
the DC voltage and the others inject or extract power witho@f complex multi-terminal HYDC networks.

controlling the voltage [7].

A. Multi-terminal HVYDC networks modelling

TN From the viewpoint of a DC grid analysis, the multi-

o terminal can be represented as the interconnection of nodes
t)’}—@—x/—[ 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 riboes.

. general multi-terminal setup depicted in Figure 3 consifis
%}_@_X/—K power input nodesy power output nodes ang intermediate

: : connection nodes and branches. This last number depends

N on the particular interconnection pattern. Next, the miodel

of each type of nodes is explained briefly.

i HVDCGRID

Figure 1. Typical HYDC multi-terminal network
OFFSHORE ONSHORE

To regulate the DC voltage, it is employed the so-called Node 1 Branch 1 @ Node mips1
droop control, which is a technique that allows the power i
distribution among different terminal without communioats.
The control of each converter is usually implemented in two
levels, an inner loop controlling the currents and an outer Branch 3

Branch 2

loop regulating the DC voltage. The droop control acts on ~ Nede2 @ Nodemep+2
the outer loop imposing a current referenceto the inner '

loop. The current and thus the power in the converter is :

directly governed by the current control in accordance with :

reference imposed by the voltage loop. This control scheme i Node m-1 Node m#p+n-1

shown in Figure 2. The control law is given by the following
expression
it = Kdroop(E - E0)7 (1)

where E' is the DC voltage Fy is the reference an& groop Node m

is the droop gain. For the present study, the dynamics of

current loop can be considered much faster than the outpr lobigure 3. A node and branch scheme of a multi-terminal HVD@vaek

Therefore, the DC currentflowing through the converter will

be assumed to be equal to the refereitce Input and output power nodesthe wind farms and the
The selection of the gaifq,,.p fOr each converter must AC systems are connected to the HVDC grid through HVYDC

be done taking into account the entire multi-terminal bédrav power converters. For the present analysis, it is sufficient

In addition to the static consideration associated to tk&idi consider the average dynamic behavior. In this situatiba, t

bution of the power sources and sinks, each local controll®€ side of the converters are modeled as three voltage source

Node m+p+n



and the DC side as a current source and a capacitor [18]. Usind\n equivalent circuit can be obtained from the intercon-
this simplified representation, each wind farm and each Atection of the nodes and branches after the simplifications
system are modeled as DC current sources, as it is illudtragbove-mentioned. Then using circuits laws and after some
in Figure 4. At the converter DC side, the power flow in thgariable manipulations, it is possible to find a set of first
nodek is represented by a curref)f coming from a source order differential equations describing the dynamic bé&vav

of value of the entire multi-terminal HVDC grid. These differential
ix = &7 2) equations are known as the state-space representatioraand ¢
Ey, be expressed in the following compact form
where P;; is the incoming power and;, is the DC voltage de
at the nodek. It will be assumed that the voltagé, remain i Az + Byw + Byu,
close to the nominal valueB,. Under this assumption, the 2 =C.x 4)
currenti, can be assumed proportional to the poviAgr y=C x’
=Cyz,
wherez is the state vectory andwu are the inputs; andy are
the outputs, andl, B, B,, C. andC, are matrices of suitable
o o dimensions. These matrices are obtained after arrangmg th
X —~O—] {%I- = =0 = variables and applying matrix computation laws.

o o The state vector consists of internal variables that char-
acterize the entire state of the system. In electrical ayste
the currents in the inductors and the voltages in the capacit

° o are commonly selected as states. Therefore, in the case of th
1 ﬁ} —@—x/—[ = 4 multi-terminal HVYDC network in Figure 3, the state vector is
o o given by
Figure 4. Equivalent representation of the wind farm and A® grid v =[B1, Enpinying o sin ]

converters for a DC grid analysis . .
g y Each node has one capacitor and each branch one inductor,

therefore the total number of statesnist- p + m + 7.
The inputs are divided into two vectors, the veatayathers
the variables that can be used to control the systemuaace

Branches: The cables between nodes are modeledrby
equivalent circuits, see Figure 5. When these circuits e/

o input or output nodes and to othercircuits, there are disturbancesi.e., external variables that are not possible to

severgl capamtors in parallel. In these qrcumstance.ﬂs.y i manipulate. In the case of the multi-terminal HYDC networks
the aim of keeping the number of variables as minimum as

. . . the inputs of the system are the current injected or exttacte
possible, the total capacitances can be reduced to an kmtlvab P y )
one given by y the converters, therefore

. . . T .
W=[01, ey ljyeen,ing, e J;

C=3C. © e
P U=T[i1,. e sbjyeesin JETe

where 7, corresponds to the set of indexes of the nodes where
the converters inject or extract power without voltage omint
and.7. denotes the set of indexes of the nodes where the droop
control is applied. Notice that the relation + n,c = 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 handstands for the vector
of variables that are not available to be used by the costroll
In the multi-terminal HYDC scheme, the controllers can only
use the information provided by the voltage at the nodes &vher
droop control is applied. The rest of the voltages must also
Figure 5. m-circuit modeling a branch element be maintained close to the rated values but they cannot be fed

back to the controllers. Hence,
Intermediate nodesThe cables in the DC grid may join _

two or more terminal at intermediate points. These nodes wil =By By Bayl T € Tne

be denoted as intermediate nodes, the node markedmvith y=[F,....E;,...., B, )" jeTe

p in Figure 3 is an example of this type of nodes. Again,
the number of capacitances can be reduced by replacing th
capacitances of the-equivalent circuits and the input and G(s) = {Gw,(s) qu(s)}
output nodes by a total capacitances given by (3). | Gyw(s)  Gyu(s)

ghe transfer matrix of the system

(5)



is obtained from the state-space equation (4), where F v 1

G.uw(s) = C.(sI — A)7'B,, Gow Gy
G.u(s) = C.(sI — A)7'B,, +

)
Gyw(s) = Cy(sI — A)7B,, E, 5 e - { G, +V—>z
Gyu(s) = Cy(sI — A)B,. +% Gy, —;O—r»y

The transfers matrice&'.,, and G,,, relate the currents im-

posed by the controller with the controlled and non directla/i ure 6

controlled voltages, respectively. Whereas, the transiari- 9 '

cesG.,, andG,,, connect the current not used in the control

with the controlled and non directly controlled voltages; r

spectively. eigenvalues of4d.; have negative real part. A simple power

analysis reveals that the closed loop system is stable fpr an

Kg > 0. In fact, since the control law makes the currént

(with £ € J.) proportional to the voltagé’;, at the same node,

~ In a mulii-terminal scheme, the distance among CONVeHg, gain kg, can be interpreted as an passive admittance.
is usually large and the communications are not reliabigat s, the droop control is similar to add energy dissipati

enough to be used in the DC voltage control. As consequengehe system and therefore the closed loop system will be
each controller must compute the control variables from ”%ﬁ/vays stable foK¢; > 0.

information provided by the voltage at the own node. In nxatri
terms, the multi-variable controller has an expressionhef t

Droop control scheme in a multi-terminal grid

B. Droop gain selection

The relation between the gaiRs and the performance
objectives can be analyzed with the help of the frequency

form response of the system. This analysis consists in evatuatin
Ke-q 0 g 0 the transfer function i = jw and in analyzing the singular
K= = K¢ values of the resultant complex matrix functionsjaf. The
0 K¢ - qn, 0 Gn, singular values of the frequency responseigk) is denoted

as

where K¢ is a scalar parameter to be determined andre

then, constants obtained from a steady-state study [17]. These 0i(G(jw)) = \i(G(jw)" G(jw))
constants are associated with the resistance values ointhe |
and the amount of power incoming or outgoing from each , . .
terminal. These constants are positive in the case of pov%'?ere Ai() denotes thei-th eigenvalue of the matrix. The

output nodes and negative in the case of power input noded!

The droop control scheme is depicted in Figure 6. It can ggmsmdal signals of frequenay is altered by the system. In

observed that only the variableis fed back into the controller rr_1u|t|-|nput multi-output linear systems, a vector of sinidl

K. The objective of the droop control is to maintain the Dglgtnalls suﬁirsnnot_rc])r_wtly grch?nge_ll_?] |tinmqﬁqnltmudemar?$_ pI:_asne,
voltage within desired limits when the system is disturbgd ut also a change In its direction. 1he maximum ampificatio

the varying currents of the nodes without voltage contrble T thr?t t:;? \;ﬁcg Gcan exgﬁgi?]zen:'sn%:\/? ;% mi a?::lgnum
control input also must be kept under the limits imposed laytﬁ' gular valu .( (jw)) . inimur pimcat y
the minimum singular value(G(jw)). This analysis can be

maximum currents in the converters. Therefore, the selecti. A ted as th tensi fth lar sinale-i i
of the gain K must take into account these performanc'g erpreted as the extension of the popular single-inmglet

specifications besides guaranteing closed loop stabiitym outf)utt:]re(?:ljen?; rgsp(;rlﬁe ?rnaly5|: tormult|-nvar|§b:eaiyst db
Figure 6, it is easy to prove that the variables of interest 'F'e €, the magnitude of the Irequency response Is replaced by

given by the following expressions athe singular values (see [19] for a more detailed explangtio
The performance specifications are to minimize the effect
e(s) =y(s) — Eo(s) = [S(S)Gyw(s) —5(3)] v(s),  (7) of the disturbances on the DC voltages and to maintain the
2(8) = [(Gzw(8) + Gu(8)KS(8)Gyuw(s)) control input under reasonable limits. These specification
—GLu(s)KS(s)]v(s), (8) gan be expr:essed in terms of tlr:1e singulalr varllues in order to
etermine the constraints did;. For example, the maximum
u(s) = [KS(S)GW(S) _KS(S)] v(s). ©) energy of the error caused by any inpubf bounded energy
wherev(s) = [w(s) Eo(s)]T, S(s) = (In. — Gyu(s)K)~1is is given by
the sensitivity transfer function with,, the identity matrix of
dimensionn. x nc. el
The effect of the gairf{¢ on the stability can be analyzed max = max 7 (Te, (jw)),
by computing the eigenvalues of the closed loop mattix w0 [vlls v
Replacingu = K (y— Ey) in the state-space equations (4), the
closed loop matrix is given byl = A + KgB,Cy. Then, where|e % = feTe dt denotes th@-norm ofe. Therefore, to
for closed loop stability, the gai; must ensure that all minimize the effects of the disturbaneeon the voltage error




Table |
PARAMETER OF THE FOURTERMINAL EXAMPLE

WFC1
Grid parameters || Value J_
Line resistanceR; 0.50 Q iz]¢ E iczl C: |
Line resistancelRs 0.25 Q T
Line resistancelRs 0.40 Q
Line inductanceL; 5.0 mH Ls .
Line inductanceLy 2.5 mH R»
Line inductanceLs 4.0 mH irs
Capacitance€’, (k=1,...,4) 150 pF
Rated line current;'d 667 A WFC2 L: R GSC2
Rated input current;*¢ 667 A J_
Converter rated powePy 100 MW i2 \¢ iczl 9E2 E«(Cs Jim
Rated DC voltageF;, 150 kV \’r T
Reference voltagé’ 145 kV

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

e and onz can be interpreted as minimizing
A. Case 1: Droop control in the AC grid side

7 ([SU) GGy =SG)). the following diferential equations can be obtained
7 ([(Grw(jw) + qu(jW)KS(jw)Gyw (jw)) JE 1 IE 1
—Goy(JW)K S (jw bR et 1
(.j ) (J )]) dt 017C17 dt 021025 ( O)
dE3 1. dF, 1.
G _ 2,0 G4 L 11
dt 03 1C3, dt 04 1Cy» ( )
and to maintain the control input under reasonable limits ca dir, 1 )
be expressed as ensuring that dt L_l(*Rl ir, + B — Bs), (12)
dig, 1
_ . . . > = ——(—Ryir, + B1 — E»), (13)
7 ([KS(jw)Gyuw(jw) —KS(jw)]) ddt Lg( )
) 1
% = —(~Ryir, + B2 — E), (14)
is bounded in the frequencies of interest. ¢ 3
In general, large values dk; achieves a smaller voltage@nd the following algebraic equations
error but may also demand large control inputs. The optimal ic, =i, —ip, —ig (15)
K¢ is a compromise among all these objectives. S e
icy =12 — 0Ly — L, (16)
iy = —i3 + 1Ly, 17)
1o, = —%4 +iLg- (18)

IV. FOUR-TERMINAL GRID EXAMPLE
There are four capacitors and three inductor; therefore, th

A simple four-terminal HVDC grid is used to illustrate thevariablesEy, By, Es, Eu, ir,, ir, andir, are sufficient to

droop selection methodology presented in previous s&.‘ctioﬁorm)leteIy define the state of this systers,

The four-terminal grid is depicted in Figure 7 and considts o @ =[Ey Ey Es Eyig, ir,ir,)".

two offshore wind farm converters WFC1 and WFC2 and two

onshore grid side converters GSC1 and GSC2. The values\§f the WFCs are injecting all available power into the grid
the parameters are listed in Table I. The four-terminal HyD@nd in the GSCs are regulating the DC voltages, the input and
grid has two power input nodes, two power output nodes aRYtPut result divided into

three branches representing the cables linking the cargert
The capacitors are the result of combining the capacitaoices
the nodes and the corresponding branch side, as explained in

Section III-A. The purpose of the droop control applied on the right side
Two scenario are analyzed. In the first case, droop contadl the four-terminal grid in Figure 7 is to maintain the DC
is applied in both grid side converters whereas the wind favoltage stable when the currents coming from the wind farm
converters inject all the wind power available. In the secorconverters WFC1 and WFC2 change. Therefore, the vector of

scenario, due to a fault in the AC grid, both wind farm cornthese currents is the disturbanceand the control input: is
verters regulate the DC voltages and the grid side congertdre vector of the currents of the GS¢sandi,. The voltages
extract power from the HVDC grid at their maximum capacityneasured and fed back to the controller are the voltdges

w = [21 ig]T7 u = [13 i4]T7
z=[E; Byt y = [Es E4)7.



and E, whereas the voltageB; and E, are not available for 800

the controller but it is desirable to maintain them closeh® t b
rated value. 200 o
After the previous definitions, substituting the currents i a
the capacitors in (10)—(11) by the relations (15)—(18) and ~= 100 o X
reorganizing the differential equations, the matrices he t ;
state-space representation (4) result ® 0 oBx
[0 0 0 0 -4 -z 0] :
0 0 0 0 0 -& & -0 © x
0 0 0 0 —g& 0 0 ox
A= (1) 0 01 0 (;% 0 -z, 20 5 10
L1
R S R A sty
L02 P 00 OLz Ry Real(A(Aal))
L Ls Ls L]
rlL 07 r 0 0 Figure 8. Eigenvalues of the closed loop matr, for several values of
G K¢g (Case 1)
0 & 01 0
0 0 - 0
By=|10 0|, Bu=1]0 —C% ) particular, ats = 0 and for the maximum voltage error of
0 0 0 0 10% (emax = £15 kV) and the rated currentyq = 667 A,
0 0 0 0
B V150002 + 150002
0 o] 0 o | 5(S(0) Gy (0)) < Nz _ VIS000" + 150002,
10000 00 [w(0)]|2 V6672 + 6672
C, = 01000 0 O] ) This constraint can be extended to the rest of the frequencie
u resulting in the shadow area in Figure 9. The constraint en th
Cy = 8 8 (1) (1) 8 8 8] error is relaxed in high frequencies since it it impossilde t
L satisfy a uniform limit without violating the bandwidth lim

The droop controller in the case of two inputs and twtations of the converters. The transfer functidf(s)G . (s)
outputs is simply which their singular values are inside the shadow area in
Figure 9 satisfy the error constraints. In a case »® transfer
10 N ; )
0 1= Kg-Ip matrix it is not possible to find that

The constantg; and ¢, have been set in because all the 7(S(0)Gyw(0)) = KL
lines are of the same longitude and it is desired to extract th ¢
same amount of power from each terminal. therefore, K¢ > 1/22.5. In more general cases, the limit on

In Figure 8, it can be found the eigenvalues of the clodBe gainK¢ can be found numerically.
loop matrix A for several values of gaif(. Notice that the
real parts of the eigenvalues become more negative for highe
values of gain. This stabilizing effect is in accordancehwit
the fact that an increment in the droop constant is similar to
incrementing the energy dissipation in the system.

As mentioned in Section IlI-B, the droop constant is se-
lected in accordance with a performance criterion measured @
in terms of the2-norm of the voltage erro¢, of the voltage a
not measured and of the control input. ?

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

—0.32 0327 [145kV] _ [0
S50) = [0.32 —0.32} ' {145 k\/] H ’

this also holds for any other value @& 5. As consequence,
the voltage error reduces to

K—ch[

50

10
Frequency (Hz)

Figure 9. The maximum singular values of the functi8fs)Gy. (s) for
several values oK (Case 1). The singular values inside the shadow area

e(s) _ S(S)Gyw(s)w(s). (19) satisfy the error constraint

The singular values o8 (s)Gy.(s) can be seen in Figure 9, The effect of K on the outputz is given by (8). The
it is clear that the larger thé(; the smaller the error. In objective is to maintain the DC voltage in the non directly



controlled terminal voltage close to a rated value. Agdie, t from Figure 11 it can be concluded thal; < 1/20 to fulfil
particular inputE, = [145 kV 145 kV]T is considered. For the constraint on the control input.
this particular input, the output df.,(s)KS(s) is indepen-

dent of K¢ and results equal to the inpute., 20
145 kV 145 kV
Gu(0)KS(0) - [145 kV} - {145 k\/} ' 1o

Therefore, it is possible to analyze the deviation from tited
value by defininge, = z — Ey,

e:(8) = (Gow(8) + Gu(s) KS(5)Gyw(s))w(s).

Figure 10 show the singular values of this transfer functibn
can be observed that for higher values/of the maximum
singular values of7 ., (s) + G.u(s)KS(s)Gyw(s)) becomes
smaller in low frequencies. However, in high frequencies, %9
as Figure 10 shows, an increment Bf; may produce the

opposite effect in certain cases. It can be seen that for 40,

SVD (dB)
5

10 1 3

K¢g > 1/20 the singular values are inside the shadow area Freq&gncy (H2)
and fulfilled the constraints on the variable. In particular,

_ _ i i Figure 11. The maximum singular values of the functiiib(s)Gyw (s)
at s 0 and Kg 1/22.5, the voltage in the wind farm for several values oK (Case 1). The singular values inside the shadow

nodes result area satisfy the constraint on the control input
11.54 11.41} _ {667 A} _ {15.3 kv]

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

In order to evaluate the droop gain previously selected,
simulations were carried out in Matlab-Simulink. The azaly
scenario corresponds to two simultaneous and equal changes
the power injected into the DC grid by the WFCs. The powers
injected by the two converters change fronviW to the rated
value at0.05 s and return t® 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 factays = ¢2 = 1.

As consequence, both GSCs extract approximately the same
amount of power. The power losses of the DC grid, at rated
power transmission, are arou@ds kW. The evolution of the
. terminal voltages can be seen in Figure 12b. The DC voltages
10’ remain at145 kV during the period where the power flow

is zero since there is no voltage drop in the grid resistances
Figure 10.  The maximum singular values of the functiGh.(s) + Once the power inputincreases, the DC voltages move toward
Gow(s)KS(s)Gyw(s) for several values ofK (Case 1). The singular @ new voltage equilibrium. Notice that during nonzero power
values inside the shadow area satisfy the constraint.on flow, there are differences between the voltage at the wind fa

. o ) ) terminals and the voltages in the grid side terminals dubeo t

~ The controlinputis given by (9). Again, as we are interesteghyer flow direction. Figure 12¢ shows the currents flowing
in the particular inputEly = [145 kV 145 kV]”, this signal through each VSCs. Both power and current evolutions are
results governed by the transféfS(s)Gy.(s). Figure 11 gimilar, except for a scale factor, which indicates that the
shows the maximum singular values &fS(s)Gyw(s) for injtial approximation of considering the current proporl

several values of(¢;. The shadow area indicates the singulap the power has been reasonable. It can also observed that
values that satisfy the performance specifications. Ndhie¢ the currents never exceed the converter limits.

the constraint decreases in high frequencies to consider th

limits on the bandwidth of the converters. It can be observed ) ) )

that the low frequency components of the control input afe Case 2: Droop control in the wind farm side

independent of the value & . However, in high frequencies Inthe second case of study, it is assumed that a simultaneous
this transfer presents resonance peaks that for some wa@fluefault in both AC grids forces the GSCs to enter in current lim-
K violate the constraints indicated by the shadow area. Thiigtion mode. In this circumstance, the WFCs are respoasibl
constraint imposes a upper limit on the géiia;. In particular, for regulating the DC voltage. Hence, the control inputs are

667 A

15.3 kV

e:(0) = {11.41 11.54

that is, al0% of error in the voltage.
501
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only with the inputw(s). In Figures 14-15, it can be seen
the maximum singular values of the transfef6s)Gyq,(s),
Gow(8)+G.uw(s)KS(s)Gyw(s) andG.,,(s) K S(s) for several
values of K. The resonance peaks are lighter damped in this

the currents injected by the WFCs and the disturbances &a&se. For this reason, in order to fulfil the low frequencies

Figure 12. Simulations corresponding to a change in the pavjected into
the grid by the wind farm converters (Case 1)

the currents extracted by the GSGs, error, larger values must be accepted in high frequencies.
- - Notice in Figure 16 that the constraint on the control input
w=[igia]", u=li1ia] . has been relaxed in high frequency for the same reason. As

On the other hand, the measured variables are the wind fa(%ﬂpsequence, the gaiic has been set at/20.

side voltages and the non-directly controlled variablesthe

grid side voltagesi.e. *r
z=[E By, y=[Es By

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

) ] L g
0 0 z 0 =
0 0 0 & 3
-z 0 0 0
Bw = 0 _C%l 5 Bu = 0 01,
0 0 0 O
0 0 0 O
| O 0 | L0 0|
C. — [0 0 1.0 0 0 0 10 10 . 10 9y 10°
z = _O 0010 0 0l requency (Hz)
1 0 000 O O Figure 14. The maximum singular values of the functi®ts)Gy.,(s) for
Cy = 01 000 0 O several values of{ (Case 2). The singular values inside the shadow area
- satisfy the error constraint
The droop controller in the case is
1 0 The system has been also evaluated by simulations. In the
K=Kg- [ 0 J =—Kg- I, scenario considered, both WFCs inject the rated power value

while two voltage sags are applied in the AC grid. A three

since the droop control is applied in the wind farm side. phase voltage sag 4% of the nominal AC values is applied
Figure 13 shows the eigenvalues of the close loop mattix the AC grid connected to the GSC1. At the same time,

A for several values of gaii{;. Notice that the real parts another voltage sag &f0% is applied to the grid connected

of the eigenvalues become more negative for higher valuestofthe GSC2. The both sags la8t2 s. The three phase

gain. voltages at each AC grid are shown in Figure 17 whereas the
Also in this scenario, it is considered the case whige= corresponding three phase currents can be seen in Figure 18.

[145 kV 145 kV]T. Therefore, the performance is associated Figure 19 presents the evolution of the variables in the
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(Case 2). a) Three phase voltages in the grid 1, b) three pludisges in the
Figure 15. The maximum singular values of the functiGh.(s) + 9rid 2
G2w(s)KS(s)Gyw(s) for several values ofK (Case 2). The singular
values inside the shadow area satisfy the constraint.on
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Figure 16. The maximum singular values of the functisif(s)Gyw(s) = 100y ————
for several values o (Case 2). The singular values inside the shadow % w: j\,f
area satisfy the constraint on the control input g ]H‘ :j
[ 1 If
3 s0- A\ | — P, (WFCY)
o 'Y ! Py (WFC2)
. : S | - - - P3 (GSC1)
DC grid. It can be observed that the AC grid fault provokes P Ps (GSC2)
an increment of the all DC voltages (Figure 19b). These 9 01 02 03 04
increments are due to the fact that the GSCs operate in ¢urre - Time (s)
limitation mode to avoid the disconnection by over-cursent £ ' | — B, (WFCL)
during the grid fault. When the WFCs voltages exceeakV, 2, 165" | \r - ,5; Egggf}
. . . [ \
the corresponding converters start to applied droop cbimro g / L Ea(GSC2)
the DC grid, reducing the power injected to the grid from = 69 { \\Q 7777777
100 MW to 20 MW. (Figure 19a). The DC voltage limit is 155 ‘ ‘ ‘ ‘
164.5 kV. The DC current also decreases during the voltage 0 . %2 © 03 .
sag due to the power reduction caused by the droop control i o
the WFCs (Figure 19c). Notice that the disconnection of the< soo—————— ) o
system due to over-voltage was avoided during the fault. &, - i i
5 4007 | i — i1 (WFC1)
o 200 '\ | i fosch
© L ---1
V. CONCLUSIONS [oSTes=eos=s=e== i (GSCY)
0 ‘ ‘ )
A design methodology for droop control in multi-terminal 0 01 Tima () 03 04

HVDC grids has been presented. The methodology includes
a systematic procedure to formulate a linear model of tirégure 19.  Simulations corresponding to a voltage sag inABegrids
multi-terminal grids. Based on this model and a frequen§®s® 2
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response analysis, it is provided a criterion to select toegl [10] E. Uhlmann U. Lamm and P. Danfors. Some aspects of
gain taking into account the dynamics of the entire multi-
terminal HVYDC system. The limitation of DC voltage errors
and the converter currents defines a range on the droop gdirld J. Reeve and J. Arrillaga. Series connection of coevert
that achieve the better compromise between the specifiatio
Each local controller can affect the global stability ané th
DC voltage in other terminals. For these reasons, the drod@2] W. Lu and B.T. Ooi. Optimal acquisition and aggregation
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 operatiordan

fault conditions.

A four-terminal grid example has been used to illustrate

the application of the use of the methodology. Neverthele$$4] Airtricity.

the procedure is applicable to any other multi-terminal H3/D
grids with more inputs and outputs. The complexity of thEL5] P. Kundur.Power System Stability and ContrélcGraw-
model increases with the number of nodes and branches but the Hill Professional, 1994.

computation of the singular values does not involve a serio[16] J. Machowski, J. Bialek, and J. Bumbyower system
limitation with the current algorithms. The range of droop
gains is obtained only from the maximum singular value§]l7] L. Xu, L. Yao, and M. Bazargan. DC grid management
therefore, its computation is independent of the compfext
the particular multi-terminal grid.
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