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Abstract

superiority of the proposed control strategy.

Voltage source converter (VSC)

Multi terminal VSC-HVDC systems are a promising solution to the problem of connecting offshore wind farms to AC
grids. Optimal power sharing and appropriate control of DC-link voltages are essential and must be maintained dur-
ing the operation of VSC-MTDC systems, particularly in post-contingency conditions. The traditional droop control
methods cannot satisfy these requirements, and accordingly, this paper proposes a novel centralized control strategy
based on a look-up table to ensure optimal power sharing and minimum DC voltage deviation immediately during
post-contingency conditions by considering converter limits. It also reduces destructive effects (e.g., frequency devia-
tion) on onshore AC grids and guarantees the stable operation of the entire MTDC system. The proposed look-up
table is an array of data that relates operating conditions to optimal droop coefficients and is determined according
to N-1 contingency analysis and a linearized system model. Stability constraints and contingencies such as wind
power changes, converter outage, and DC line disconnection are considered in its formation procedure. Simulations
performed on a 4-terminal VSC-MTDC system in the MATLAB-Simulink environment validate the effectiveness and

Keywords: Optimal power sharing, DC voltage deviation, Adaptive droop control, Multi-terminal HYDC (MTDQ),

1 Introduction

Renewable energy sources (RESs), and particularly
offshore wind farms (OWFs), have started to play a
principal role in power systems [1-4]. Accordingly,
multi-terminal HVDC (MTDC) systems have been intro-
duced to exchange power between adjacent AC systems
and eliminate capacitive current in power transmission
from OWTFs [5]. The development of MTDC systems
has been facilitated by advances in power semiconduc-
tor switches, voltage source converters (VSCs), current
source converters (CSCs), and DC breakers [6]. The
North Sea Super Grid (NSSG) and Atlantic Wind Con-
nection (AWC) are the most important examples of the
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MTDC system concept [7, 8]. Converters are the back-
bone of the MTDC systems structure [9], and the ability
to reverse power direction without changing the DC volt-
age polarity and independent control of active and reac-
tive power by VSCs make them more suitable for MTDC
systems than CSCs [10, 11].

DC voltage control and proper power sharing in post-
contingency conditions are some of the main challenges
of MTDC systems [12], while the master—slave, voltage
margin, and voltage droop methods are the three basic
control schemes [13]. The master—slave method ensures
accurate power sharing, though it has disadvantages
such as the need for a high-rating master converter and
low reliability [14, 15]. The voltage margin method is an
extension of the master—slave method in that it changes
the mode of the master converter from constant-volt-
age to constant-power when it interrupts or reaches its
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limit. This method improves reliability but causes volt-
age stress on the converters [16—18]. The main idea of the
voltage droop method is based on frequency regulation
in AC systems [19]. In this method, instead of one con-
verter, several converters are responsible for DC voltage
regulation. The high reliability of this method makes it
the desirable choice. The operating principles and dif-
ferent kinds of developed droop control are presented in
[20-26].

Adaptive droop coefficients considerably improve
the performance of voltage droop control. In [27], they
are proposed based on the normalized available head-
room of converters while the DC voltage is ignored. In
[28], the voltage performance index is recommended
with available headroom of VSCs to prevent steady-state
and transient voltage deviations, whereas reference [29]
introduces droop coefficients as variable resistors to
reduce power losses without considering active power
and DC voltage deviations. Adaptive droop coefficients
based on the linearized model of systems dynamics (such
as the DC grid, AC grid, filters, and internal current con-
trollers) are proposed in [30], though its weakness is the
complexity of calculations in large girds. In [31], droop
coefficients are adjusted according to an adaptive net-
work-based fuzzy inference system (ANFIS) to reduce
the effect of frequent fluctuations in renewable energy
generation on power distribution and DC voltage devia-
tions. In [32], adaptive droop coefficients are recom-
mended based on fuzzy logic and the tradeoff between
power sharing and DC voltage regulation, while in [33],
they are adjusted based on the voltage and power devia-
tions from nominal values to prevent the converters from
hitting their limits in post-contingency conditions. Refer-
ence [34] proposes adaptive droop coefficients based on
the loading of VSCs and desired DC voltage to prevent
converters from exceeding their limits in post-contin-
gency conditions, whereas in [35], droop coefficients are
proposed based on over and under voltage containment
reserves to guarantee voltage stability in the MTDC grid.

Reference [36] introduces a local power index
between adjacent converters to achieve accurate power
sharing and increase stability in the presence of com-
munication latency. A coordinated control strategy
based on adaptive droop coefficients is proposed in
[37] to realize a faster dynamic response and a rea-
sonable power distribution. A hierarchical control
method is proposed in [38, 39] to update droop coef-
ficients based on optimal power flow (OPF). However,
the strategy involves time-consuming calculations and
affects the stability of the system. Reference [40] devel-
ops a control strategy consisting of a linear quadratic
controller and adaptive droop control. It improves the
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stability in post-contingency conditions and prevents
the DC voltages of VSC stations from reaching their
limits. Reference [41] uses a secondary control layer
based on a consensus algorithm between adjacent con-
verters to adjust adaptive droop coefficients consider-
ing the tradeoff between voltage regulation and power
sharing.

Optimal operation of an MTDC system consider-
ing converter limits in the first control layer immedi-
ately during post-contingency conditions is ignored in
the work previously cited. This may cause destructive
effects on the neighboring AC grids (such as frequency
deviation) and on stable operation of the MTDC sys-
tem while trying to determine the optimal droop coef-
ficients in the secondary control layer. Accordingly, a
novel centralized adaptive droop control strategy is
proposed to address this problem, in which a look-up
table containing optimal droop coefficients based on
the linearized system model and prediction of N-1 con-
tingency is used. Thus, optimal droop coefficients are
selected from the look-up table according to the con-
tingencies that occurred and immediately applied to
the VSCs for use in the first control layer. The novelty
and distinguishing advantages of this method are:

+ In the post-contingency conditions, optimal power
sharing occurs immediately without the need for
secondary control layer.

+ DC voltage deviations are minimized.

+ Active power and DC voltage of all VSCs remain
within their ratings in the post-contingency condi-
tions.

« The various contingencies such as wind power
changes, converter outage, and DC line disconnec-
tion are considered.

+ The maximum output power of OWTFs is utilized
without any curtailment.

+ The stability constraints are considered in the pro-
posed optimization problem to guarantee the stable
operation of the MTDC system.

+ The linearized system model reduces the computa-
tional time for the formation procedure of the look-
up table.

In Sect. 2, the system components and control struc-
ture of the VSCs are presented. Traditional droop
and the proposed adaptive droop control strategy are
described in Sect. 3. In Sect. 4, the proposed control
strategy is applied to a 4-terminal VSC-MTDC system
in MATLAB/Simulink and compared with traditional
droop control methods to validate its effectiveness.
Finally, the conclusions are given in Sect. 5.
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Fig. 1 Single line diagram of the grid-connected VSC station and its
control structure

2 Control of VSC-MTDC system

The single line diagram of the grid-connected VSC sta-
tion is shown along with its control scheme in Fig. 1.
A Thevenin equivalent circuit of the AC grid (Vg
Zg=R¢+joLg) is connected to the VSC by a transformer,
AC filter, and a phase reactor.

The control configuration of the VSC station consider-
ing the vector method has two sections: the inner cur-
rent and the outer controller. The vector method can
control the active and reactive power separately through
Park’s transformation [42]. The inner current controller is
implemented based on a dynamic model of the system in
the d-q frame, which is expressed by:

V 1, d ] — I
vl = [l = #lal s e[ ]
Vig I dt | 1, 10|
1)
where R and L refer to resistance and inductance of the
phase reactor, and w is the angular frequency measured

by the phase-locked loop (PLL). The active and reactive
power through decoupled current control is obtained by:

V=0 {P = Vil
N
e la= -V,

Ved
Vg q

{P = Vulg + V4l @

Q=V4l; — Vgl

pu

Synchronizing the d-axis with the AC voltage phase by
the PLL makes V, =0 and thus simplifies (2). Therefore,
active and reactive power can be controlled indepen-
dently with proper set-points of the d-axis current refer-
ence (I) and the q-axis current reference (I(’;).

The proposed method uses PI controllers, though other
control designs such as sliding mode control (SMC)
can also be used [43]. The outer control loop can con-
trol either active power or DC voltage to provide I} with
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voltage, power, and droop control modes. It can also pro-
vide I§ by controlling reactive power or AC voltage.

3 The proposed control strategy

Droop control can be implemented in two forms: cur-
rent-based (I-V characteristic curve), and power-based
(P-V characteristic curve) which is used in this paper
[44]. Accurate power sharing in droop control, regard-
less of DC line resistances and system structure, occurs
by common voltage feedback, known as Pilot Voltage
Droop (PVD) [45]. Accordingly, the proposed control
method uses common voltage feedback in the presence
of high-bandwidth communication.

Optimal power sharing should be maintained as
much as possible with minimum variation to minimize
the negative effects of disturbances on neighboring AC
grids (e.g., frequency deviation) during post-contin-
gency conditions. The optimal droop coefficients sat-
isfy this purpose, while also minimizing the DC voltage
variation and maintaining all converters (with or with-
out droop control mode) within their limits. They are
determined based on the initial loading of converters,
the stability constraint, and converter limitations by
linearizing the system around the steady-state operat-
ing point in various contingencies.

The optimal droop coefficients are stored in the
look-up table to be used immediately in the first con-
trol layer after detection of disturbances by the central
controller. The proposed look-up table is an array of
data that relates input values (operating conditions) to
output values (optimal droop coefficients). As a result,
the processing time is minimized by retrieving a set of
values from memory instead of online calculations. Fig-
ure 2 shows the P-V droop characteristic curve and the
modified power control loop considering the proposed
method.

P, and V, are the rated power and voltage of the
converter. The central controller detects disturbances
through online monitoring of the active power (P;) and
DC voltage (V;) of the VSC stations. Droop coefficients
(Ryroop) are inversely related to DC voltage deviation.
Therefore, they can be increased to minimize DC volt-
age deviation, though high droop coefficients reduce
stability. To overcome this drawback, they are limited
to the maximum droop coefficients (R, ,,), which are
determined based on small-signal stability analysis of
the VSC-MTDC system [21, 27, 46]. Accordingly, the
differential—algebraic equations (DAEs) of the system
are linearized around the operating point and expressed
in state-space form by:

AX = AAX + BAU (3)
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where AX, AU, A, and B are the state-vector, input-vec-
tor, state-matrix, and input-matrix, respectively. The
maximum droop coefficients can be increased until all
eigenvalues remain in the left half of the complex plane to
ensure system stability.

The derivative of the power flow equations with
respect to the voltage vector (V) results in the Jacobian
matrix, which is expressed by:

P=VoQXV) . A
> ] = diag(V)Y + diag(YV)
{ J =y ¢ ¢
[P sy o P gy, Py T
== | Pmfyy .. Pmfoy, Py,
L Pnfyyy o OPnfyy, Py |
(4)

where P and Y refer to the active power vector and
admittance matrix of the DC grid. The symbol O is the
Hadamard product operator.

The formation procedure of the look-up table according
to N-1 contingency is presented in the following sections. It
is to be noted that converters ‘1: m’ and ‘m+1: n’ operate in
droop and constant power modes, respectively.

3.1 Wind power changes
The system equations during wind power changes (AP’) are
expressed by:

AP; = —aR;AVy
n

APy 1 =AP*
AN
AP; = Z]i,iAVi Ri=0 i>m+1
j=1 i=1n
-1
[ AV T FJii+aRy Jip -+ Jin 7T 0 7
AV, i1+aRy oo - Jon 0
AV, = ]m,l + aRy, ]m,2 ]m,n 0
AVig1 Jmi11 Jmt12 o Jmtin AP*
L Avn J L ]n,l ]n,Z ]n,n 4 L 0 4
X
(5)

The active power and DC voltage deviations of VSC
stations according to (5) are determined by:
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Fig. 2 a Block diagram of the proposed droop control; b the P-V
characteristic curve

L 4 [e
AVi= mXi,mHAP = me+1,iAP
RO eV
= — - MAP (i=1:n) (6)
"2:1 (=1 +1Xi’,1Xl'/,1
'=
AP,’ = —(XRL'AV (l =1: m)

where X*, XS, and XM matrices refer to the adjugate
matrix, cofactor matrix, and minor of X, respectively. The
constrained optimization problem is expressed by:

max AP*
subject to
AVimin < AV < AVipax (i=1:n)
AP; < APjjax (i=1:m)
Ri = Rig G=1:mi#kiky... k)
0 < aR; < Rimax (i = ki, ka, ..., k)

(7)
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The following process is proposed to find the opti-
mal droop coeflicients related to the output power of
OWFs:

1. The maximum allowable wind power considering the
initial droop coefficients (k;=0) is computed by solv-
ing the problem (7).

2. If any power constraint is activated by the problem
(7) solving process, the droop coeflicient of its related
converter is permitted to change.

3. If any voltage constraint is activated by the problem
(7) solving process, the droop coefficient that mini-
mizes (8) is permitted to change.

min  o(R;max — Rip) (Rm“x’O/Ri,o) (8)

4. Problem (7) is modified based on updated droop con-
straints obtained from the 2nd and 3rd steps. Then, it
is solved to find the new maximum allowable wind
power and its corresponding optimal droop coeffi-
cients.

5. For a more accurate estimate, the constrained opti-
mization problem (9) can be expressed based on
updated droop constraints obtained from the 2nd
step. It determines the optimal droop coefficients
related to the specific wind power (AP, ) that is less
than the maximum allowable power computed in the
3rd step. To increase accuracy of the look-up table,
problem (9) should be solved with several specific
wind powers (the higher they are, the more accurate
it is).

m 2
. Ri—R;
min Z ( tRiyot,O)

i=1

subject to
AVi,min <AV < Avi,max (i=1:mn)
AP; < APjax i=1:m
APm+1 = APspec
R; =Rip (G=1:m;i# ki, ko,..
0<aR; < Ri,max (i = kl,kz, R ,k])
)

Steps 2-5 are repeated until all converters reach their
ratings. In each iteration, the optimal droop coefficients
related to the specific output power of OWFs are obtained.
Finally, the optimal droop coefficients are approximated by
interpolation as a function of wind power changes.

3.2 Converter outage
With the outage of the jth converter, the system equations
are expressed by:
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AV Jja Jj2 Jjn —P;
AV ]m,l + aRy ]m,2 ]m,n 0
Avm+1 ]m+1,1 ]m+1,2 e ]Wt+1,n 0
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(10)

where P; refers to the active power of the jth converter
before its outage. The DC voltage and active power
deviations of VSC stations according to (10) and the
constrained optimization problem are respectively deter-
mined by:
AV; = LXA(—P‘) =
X
=it
= — : (=P)i=1:mi#))
> (=DIFXG X
=1

AP; = —aR;AVy (i=1:m;i #))

1 C
e i

(11)
and
. oA ( Ri—Rig 2
i l:Z:l ( Rip )
i
subject to
AVimin < AVi < AVigax (i=1:n;i #J)
AP; < APimax (=1:mi#j)
Ri =Rip (i =ki, ko, ..., ki—15 i # )
0 < aR; < Ripmax (=1:mi#j ki k..., ki-1)
(12)
) The following process is proposed to find the optimal

droop coefficients during the jth converter outage:

1. Problem (12) is solved assuming that all droop coef-
ficients are permitted to change (k; = 0).

2. If any power constraints are activated by the problem
(12) solving process, the droop coefficients of their
related converters are still permitted to change.

3. If any voltage constraint is activated by the problem
(12) solving process, the droop coefficient that mini-
mizes (8) is still allowed to change.

4. The rest of the droop coefficients are considered
equal to their initial value (R;).

5. Problem (12) is modified based on updated droop
constraints obtained from the 2nd, 3rd and 4th steps.
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6. If the problem (12) solving process cannot find an
optimal solution, the (A41)th droop coefficient that
minimizes (8) is also allowed to change (A=iteration
number).

Steps 5, 6 are repeated until problem (12) can find an
optimal solution. The 1st converter outage deteriorates
the reliable operation of the MTDC system because of
missing common voltage feedback (AV;). Accordingly,
the system equations in (10) should also be defined based
on another voltage feedback (e.g., AV3) to maintain sta-
bility during the 1st converter outage.

3.3 DCline disconnection
By disconnecting any DC line (e.g., Tj,,), the system
equations are expressed by:

AP; = —aR; AV, )
n n Ri=0£)m+1
AP = Y J5AV; + YT AYE
j=1 j=1 i=ln
-1
[ Aavi ] [JateR - T, 1T 0
N7 FateR o i || =0 =) Yim
AV L;1+‘0Rm ce Lan _U%M1_];ﬂyﬁj
AVt Jm11 * Totin 0
L AVe 1 L T o a1 L 0
X

(13)
where J" and ] / are the modified Jacobin matrix and the
derivative of the power flow equations with respect to
DC line admittances. They are obtained by:

Pilayi, - Py,

]/: :V-VT

. ‘. . (14)
WPufyy 1 - Prufyy,

J* = diag(V)Y™* + diag(Y*V)

where Y refers to the modified admittance matrix that
is affected by DC line disconnection. The active power
and DC voltage deviations of VSC stations and the con-
strained optimization problem are determined respec-
tively by:
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(G VARRRD XU/ Py
= Ji Y Chm Yjm)
S (=X X

i1
i'=1

i+1yM
(= Xm,i(];n,m _]j/,m)

7 Yim) (G=1:mi#))
> (DX X
=1
AP; = —aR;AV (=1:mi#j)
(15)
and
m 2
min ) <LI;R"’°>
i=1 i0
subject to
Avi,min < A‘/l =< A‘/i,max (l =1: }’l)
AP; < APjyax i=1:m)
R; = Rip (i =ki, ko, ... k)
0 < aR; < Rimax (i=1:m;i;ék1,k2,...,k,~)
(16)

If any converter is separated from the MTDC system
because of DC line disconnection, its related power
and voltage constraints are ignored. The constrained
optimization problem (16) can be solved according to
the proposed process in Sect. 3.2 to obtain the opti-
mal droop coefficients during DC line disconnection.
It should be noted that during sequential disturbances,
system equations are modified by combining of (5),
(10), and (13) based on disturbances that occur.

4 Results and discussion

The proposed droop-based control strategy is imple-
mented on a bipolar 4-terminal VSC-MTDC system in
the MATLAB/Simulink R2016a environment. It consists
of three onshore AC grids (VSC1, VSC2, and VSC3) and
an offshore wind farm (VSC4), as shown in Fig. 3. VSCI,
VSC2, and VSC3 operate in droop control mode, while
VSC4 operates at AC voltage and in constant frequency
control mode.

The PI model of DC lines, detailed model of VSCs
(including IGBT and reverse parallel diode), high-pass
filters, DC filters (to eliminate dominant harmonics),
and sinusoidal pulse width modulation (SPWM) tech-
nique are implemented in the simulation. The central
controller uses a high bandwidth communication struc-
ture to collect online information from the VSC stations
to determine the look-up table and detect disturbances.
It then applies the optimal droop coefficients to the con-
verters based on operating conditions. The sequential



Alavi and Ghazi Protection and Control of Modern Power Systems

quadratic programming (SQP) method is used to solve
the proposed constrained optimization problems, as it
has good performance in solving large-scale linear and
nonlinear optimization problems [47]. Table 1 shows the
parameters of the VSC-MTDC system, while the initial
steady-state conditions of the MTDC system are given in
Table 2.

The proposed control strategy is compared with three
conventional droop-based control methods to validate its
effectiveness, i.e., fixed, adaptive based on available head-
room (P-based) [27], and adaptive based on the tradeoff
between power and voltage (P—V-based) [33]. The pro-
posed droop coefficients in these methods are the basis
of the first control layer in most control methods.

The contingencies are set as follow:

1. t=2 s, increasing the output power of OWTFs to
1450 MW.

2. t=4 s, decreasing the output power of OWFs to
1200 MW.

3. t=6s, disconnecting L34.

4. t=28s, VSC3 station outage.

The transient conditions are not considered during DC
line disconnection or converter outage in this paper. The
proposed look-up table for the initial operation of the
system is shown in Fig. 4, while the optimal droop coef-
ficients during the 1st and 2nd contingencies are deter-
mined accordingly.

The power sharing and DC voltages of VSC stations in
different control methods during the mentioned distur-
bances are shown in Figs. 5 and 6, respectively. As seen
in Fig. 5a, with fixed droop coefficients without consid-
ering the operating conditions of the system, the active
power of VSC2 (P2) exceeds its rating by 7.5% and 23%
during the 1st and 4th disturbances, respectively. Fig-
ure 5b, c also indicate that although the active powers of
VSC stations remain within their ratings, optimal power
sharing does not occur with either P-based or P-V-based

P..1=400MVA
P,4=2000MVA Pac,1=0.0937

7 \ . -
TR ~ — L1=100km LI AC
i = ; = Grid 1

Central
> Controller|,

A 4

100km

L12=20km

3
AC o~ ,: o N AC
Grid 3 =" [1 Ls=20km T Grid 2
Py 3=600MVA P.2=800MVA
pac3=0.0483 Pac2=0.0312

Fig. 3 Bipolar 4-terminal VSC-MTDC test system

(2022) 7:4

Page 7 of 11
Table 1 Parameters of the VSC-MTDC test system
Line voltage of AC grid (rms) 370 (kV)
Equivalent resistance of AC system 0.08 ()
Equivalent inductance of AC system 0.025 (H)
Fundamental frequency 50 (Hz)
Carrier frequency as multiple of fundamental 27
Limit of the DC voltage deviation 5%
Phase reactor 0.15 (p.u.)
Transformer 2000 (MVA),
370/320 (kV), YgD,
0.15 (p.u.)
Unit resistance of the DC line 0.4 (Q/km)
Unit inductance of the DC line 045 (mH/km)
Unit capacitance of the DC line 23 (uF/km)
Rated DC voltage +320 (kV)

K, and K of inner control loop 6,06

adaptive droop controls. This is because their droop coef-
ficients are defined only based on maintaining converters
within their ratings, without considering optimal power
sharing. With the proposed control, Fig. 5d shows that
the active powers of VSC stations are within their ratings,
and optimal power sharing occurs immediately after con-
tingency detection, without needing a secondary control
layer.

Figure 6 indicates that the maximum voltage devia-
tions from the rated DC voltage with fixed droop con-
trol, P-based adaptive droop control, P—V-based adaptive
droop control, and the proposed adaptive droop control
are 4.65%, 12.44%, 7.38%, and 3.88%, respectively. They
occur in the VSC4 station during the 4th disturbance.
Figure 6b indicates that with P-based adaptive droop
control, the DC voltages of VSC1, VSC2, and VSC4
exceed their limits by 4.6%, 4.26%, and 7.08% respectively
during the 4th disturbance, as the voltage constraints are
ignored in determining the droop coefficients. In con-
trast, with P-V-based adaptive droop control, Fig. 6¢
shows that by considering the impact of voltage on droop
coefficients, the DC voltages of VSC1, VSC2, and VSC3
remain within their limits. However, the DC voltage of
other converters without droop control mode cannot be
guaranteed, e.g., the DC voltage of VSC4 with constant
power mode exceeds its limit by 2.26% under the 4th dis-
turbance. With the proposed control, Fig. 6d shows that

Table 2 Initial steady-state conditions of the MTDC system

Terminal no VSCi VSC2 VSC3 VSC4
Power (MW) 100 600 291.1 1000
DC Voltage (kV) 640 639.23 640.34 645.39
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Fig. 4 The look-up table for the initial operating conditions

DXC line disconnection

the DC voltages of all VSC stations remain within their
limits due to consideration of the voltage constraints in
optimal droop coefficients.

To maintain system stability when the converters
exceed their limits (e.g., Figs. 5a, 6b, c), wind power cur-
tailment is required. The proposed control method over-
comes this drawback by minimizing DC voltage deviation
and maintaining converters within their ratings. There-
fore, the maximum output power of OWFs can be used
without any curtailment.

The impact of system linearization error on determin-
ing droop coefficients is trivial such that it can be ignored
compared to the reduction of computational time. The
maximum relative errors of DC voltage and active power
occur at VSC4 (8,,=0.096%) and VSC2 (8p,=0.921%)
under the 4th disturbance.

Detailed simulation results of power sharing ratios
amongst VSC1, VSC2, and VSC3 during the disturbances
are shown in Table 3.

The initial optimal power sharing ratios between VSC1,
VSC2, and VSC3 are 1, 6, and 2.91. Such ratios can nei-
ther be kept in fixed droop control because local voltage
feedback makes power sharing dependent on DC line
resistances, nor with P-based and P-V-based adaptive
droop control because of the influence of the available
headroom of converters on droop coefficients. How-
ever, they are retained with the proposed control strategy
except when converters reach their limits, such as dur-
ing the 1st and 4th disturbances. In these conditions, the
power sharing ratios have the minimum deviations from
the initial values.

5 Conclusion

This paper has proposed a novel centralized droop-based
control strategy to maintain the optimal operation of
MTDC systems immediately in post-contingency condi-
tions. The method determines the look-up table contain-
ing optimal droop coefficients before the occurrence of
disturbances and is based on the prediction of linearized
system equations around the operating point in vari-
ous contingencies such as wind power changes, DC line
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disconnection, and converter outage. Stability constraints
and converter limitations have also been considered in
the determination of optimal droop coefficients.
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The proposed look-up table has been implemented in
the primary control layer, and thus the need for a sec-
ondary control layer in terms of optimal operation has
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Table 3 Power sharing ratios amongst onshore AC grids

Method Disturbances VSC1 VSC2 VSC3
Fixed droop control 1st 1 571 297
2nd 1 57 297
3rd 1 329 047
4th 1 485 NA
P-based adaptive droop control 1st 1 0.76 338
2nd 1 076 338
3rd 1 068 042
4th 1 072 NA
P-V-based adaptive droop control  1st 1 162 183
2nd 1 323 249
3rd 1 598 29
4th 1 072 NA
Proposed adaptive droop control  1st 1 323 291
2nd 1 6 291
3rd 1 6 291
4th 1 0.71 NA

been eliminated. The simulation results illustrate that
optimal power sharing and minimum DC voltage devia-
tions have occurred immediately during small and large
disturbances, while all converters (in any control mode)
have been preserved within their limits. The proposed
method has also led to the maximum utilization of the
output power of OWFs without any curtailment during
more disturbances and this compares well with tradi-
tional droop methods.
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