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Abstract—The power loss minimization and DC voltage stabil-
ity of the multi-terminal direct current (MTDC) system with
large-scale wind farm (WF) cluster affect the stability and pow-
er quality of the interconnected power grid. This paper propos-
es a distributed optimal voltage control (DOVC) strategy, which
aims to optimize voltage distribution in MTDC and WF sys-
tems, reduce system power losses, and track power dispatch
commands. The proposed DOVC strategy employs a bi-level dis-
tributed control architecture. At the upper level, the MTDC
controller coordinates power flow, DC-side voltage of grid-side
voltage source converters (GSVSCs), and WF-side voltage
source converters (WFVSCs) for power loss minimization and
DC voltage stabilization of the MTDC system. At the lower lev-
el, the WF controller coordinates the controlled bus voltage of
WFVSC and the active and reactive power of wind turbines
(WTs) to maintain WT terminal voltages within feasible range.
Then, the WF controller minimizes the power loss of the WF
system, while tracking the optimal command from the upper-
level control strategy. Considering the computational tasks of
multi-objective optimization with large-scale WF cluster, the
proposed DOVC strategy is executed in a distributed manner
based on the alternating direction method of multipliers (AD-
MM). An MTDC system with large-scale WF cluster is estab-
lished in MATLAB to validate the effectiveness of the proposed
DOVC strategy.

Index Terms—Multi-terminal direct current (MTDC), distrib-
uted optimal voltage control, voltage source converter, alternat-
ing direction method of multipliers (ADMM), wind farm.

1. INTRODUCTION

HE offshore wind power has attracted extensive atten-
tion due to its excellent wind energy capture capability
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and abundant offshore wind energy resources [1]-[3]. With
the expansion of offshore wind farms (OWFs), the voltage
source converter based high-voltage direct current (VSC-
HVDC) system has become an attractive collection and trans-
mission system for large OWFs [4]. As the extended topolo-
gy of VSC-HVDC, the voltage source converter based multi-
terminal direct current (VSC-MTDC) transmission system of-
fers distinct advantages for connecting remote OWFs, includ-
ing higher transmission capacity, fully controllable power
flow, and the ability to facilitate multi-point power supply
and reception, surpassing the capabilities of conventional
VSC-HVDC [5], [6]. By sharing DC buses, VSC-MTDC en-
ables meshed interconnections between regional power sys-
tems and large-scale wind farms (WFs), thereby enhancing
system reliability and control flexibility [7], [8]. As a result,
the multi-terminal direct current (MTDC) system is well-suit-
ed for integrating large-scale WF cluster into the power grid.

As large-scale WF cluster is integrated into the power grid
via the MTDC system, the inherent randomness and volatili-
ty of wind power, coupled with the lower short-circuit pow-
er contribution of wind turbines (WTs) and MTDC convert-
ers, can lead to significant voltage fluctuations and even volt-
age violations under disturbances. Given that the voltage dis-
tribution of the power system is influenced by both the pow-
er output of WTs within each WF and the power flow
among VSCs in the MTDC system, the key to maintaining
all bus voltages and WT terminal voltages within a feasible
range lies in developing efficient voltage and power regula-
tion control methods.

Voltage and power controls of WFs have been extensively
studied in recent years. Reference [9] introduces a model
predictive control (MPC)-based method for VSC-HVDC sys-
tems, which is aimed at integrating OWFs into power grids
while ensuring active/reactive power sharing and efficient
regulation of AC voltage across varying operational condi-
tions of different OWFs. An MPC-based voltage control
method is proposed in [10] and [11] for OWFs, optimizing
the power references of WT and minimizing bus voltage de-
viations of WF while also accounting for the economic oper-
ation of the WF. Reference [12] introduces a novel strategy
for optimizing secondary voltage control in high-voltage di-
rect current (HVDC)-connected OWFs, aiming to achieve co-
ordinated control between HVDC systems and WFs to mini-
mize voltage fluctuations. A centralized optimal reactive

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



LI et al.: DISTRIBUTED OPTIMAL VOLTAGE CONTROL FOR MULTI-TERMINAL DIRECT CURRENT SYSTEM WITH LARGE-SCALE...

power dispatch strategy is proposed in [13] to minimize the
total losses of the WF, including losses in cables, WT trans-
formers, and wind energy generation systems. Reference
[14] presents an MPC-based hierarchical cluster coordination
control (HCCC) strategy to handle the complex optimal dis-
patch and real-time control for large-scale WF cluster. A two-
tier optimal voltage control strategy for the large-scale WF
cluster is proposed in [15], where the consensus protocol is
used in the upper-tier controller, and the lower-tier control is
realized using the alternating direction method of multipliers
(ADMM) algorithm. In [16], an adaptive droop-based hierar-
chical optimal voltage control (DHOVC) scheme is proposed
for OWFs, which optimizes the droop coefficients of each
WT through a decentralized voltage prediction model.

To ensure the stable operation of VSC-MTDC systems,
maintaining DC voltage stability is crucial. Generally, con-
trol methods for DC voltage regulation in MTDC systems
can be classified into two main categories: master-slave
methods and voltage droop control methods [17]. In [18], a
distributed strategy is proposed for hierarchical control of
voltage source converter (VSC) based DC microgrids to
achieve proportional power sharing and voltage regulation.
An adaptive DC voltage droop control is explored in [19],
with the primary goal of minimizing the power-sharing bur-
den on converters during power variations or disturbances,
while adhering to the constraints of the DC grid. In [20], an
adaptive reference power-based voltage droop control meth-
od is introduced, which adjusts the reference power to com-
pensate for power deviations in droop-controlled VSCs. This
method decouples the active and reactive power flows be-
tween the WF and AC grid, ensuring full controllability and
reducing MTDC power losses by regulating the voltage
among VSCs. A generic DC grid controller that employs
nonlinear constrained optimization techniques is proposed in
[21] to optimize the performance of multi-terminal HVDC
systems based on various operational objectives, including
minimizing grid power loss and operation costs. In [22], a hi-
erarchical control framework is proposed for MTDC system
connected to large-scale renewable energy generation. The
primary control layer ensures the voltage stability of VSCs
linked to the main AC grid, while the secondary control lay-
er focuses on minimizing DC grid power losses and ensur-
ing accurate power sharing among droop-based VSCs. In
[23], an optimal control method for power converters is pre-
sented, minimizing power losses in the MTDC system and
enabling decentralized operation even in the presence of in-
termittent wind power generation. In [24], setpoints are ad-
justed based on enhanced AC-DC power flow algorithm,
with the dual objectives of minimizing both DC voltage devi-
ation and transmission losses.

However, as the size and number of MTDC and WFs in-
crease, solving a global optimization problem that involves
large-scale constraints from both the MTDC system and
WFs in real-time becomes increasingly complex and chal-
lenging [25]. To address the significant computational bur-
den on the system controller and the need for rapid online re-
sponse, a distributed voltage control scheme for the MTDC
system with large-scale WF cluster is essential [26]. The AD-

1053

MM algorithm has been widely employed in WFs to manage
active and reactive power in a distributed manner, which re-
lies on a limited number of controllers to exchange informa-
tion, demonstrating strong computational efficiency [13],
[15], [27], [28]. In [27], a decentralized coordinated voltage
control scheme (DCVCS) for VSC-HVDC-connected WFs is
proposed, utilizing a decentralized solution based on ADMM
to solve the MPC problem. Similarly, [28] introduces an AD-
MM-based hierarchical optimal active power control
(HOAPC) scheme for the synthetic inertial response of large-
scale WF cluster, solving the MPC-based optimization prob-
lem in a fast way.

Most of existing voltage optimization control strategies
are designed for AC WFs or VSC-HVDC-connected WFs,
with a limited focus on voltage regulation for MTDC sys-
tems with large-scale WF cluster. The optimization of the
VSC-MTDC system and the power tracking for GSVSC are
often neglected, which can significantly impact both the eco-
nomic operation and stability of the power system. The coor-
dination between WFs and the MTDC system is essential to
achieve optimal operation across the entire system. As WFs
and MTDC systems expand, developing fast and efficient so-
lutions to large-scale optimization problems becomes crucial
for achieving real-time system optimization. This paper pro-
poses a distributed optimal voltage control (DOVC) strategy
for the MTDC system with large-scale WF cluster based on
ADMM. The model of the MTDC system with large-scale
WF cluster includes the WT, the WF-side voltage source
converters (WFVSC), and the grid-side voltage source con-
verter (GSVSC) models. The DOVC strategy aims to main-
tain the voltages of WTs inside each WF and VSCs of the
MTDC system within a feasible range while minimizing the
overall grid power losses. The global optimization problem
is divided into subproblems, which are solved in parallel us-
ing the ADMM on MTDC and WF controllers, respectively.
Through the proposed DOVC strategy, the MTDC controller
and WF controllers solve the optimization problem in a dis-
tributed manner, ensuring global optimality without any com-
promise. The main contributions of this paper are summa-
rized as follows:

1) A DOVC strategy for the MTDC system with large-
scale WF cluster is proposed to achieve voltage regulation
for the VSCs of MTDC and WTs within WFs while minimiz-
ing grid power losses in both the MTDC system and WF
cluster. The entire system, including the WT, the WFVSC,
and the GSVSC models, is established. Through the pro-
posed DOVC strategy, WT power output and the DC-side
voltage of the VSCs are coordinated to realize effective con-
trol performance for the entire system.

2) A bi-level distributed control architecture is designed.
The upper-level MTDC controller solves the optimization
problem related solely to the MTDC system and updates the
global variables with global constraints, while each lower-
level WF controller addresses the optimal problem under lo-
cal variable constraints. This method reduces control com-
plexity and ensures global optimization across the entire sys-
tem.

3) To efficiently solve the large-scale multi-objective opti-
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mization problem for the MTDC system connected to the
WF cluster, an ADMM-based solution method is proposed to
execute the proposed DOVC strategy to distribute the com-
putational burden of multi-objective optimizations. Each WF
controller only exchanges information with the MTDC con-
troller, and certain information between the WF controller
and WT controllers is exchanged, enhancing system privacy
and reducing data exchange requirements.

The rest of this paper is organized as follows. Section II
provides a DOVC strategy architecture. Section III introduc-
es the mathematical model of the MTDC system with large-
scale WF cluster. Then, the framework of the DOVC strate-
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gy and the ADMM-based solution are given in Section IV.
Simulation results are presented and discussed in Section V.
Finally, the conclusions are drawn in Section VI.

II. DOVC STRATEGY ARCHITECTURE

A. Configuration of MTDC System with Large-scale WF
Cluster

Figure 1 shows the configuration of an MTDC system
with large-scale WF cluster with Ny, WTs, which connects to
a 400 kV onshore AC grid through a 400 kV MTDC sys-
tem.

HV bus Offshore // Onshore
7 km = // o
o i =
33kV/155 kV |
I
|
|
[
| w
= | _
|
|
|
\
\
\
HV bus \\
7 km = \ @
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MYV cable; ——HYV cable

Fig. 1. Configuration of an MTDC system with large-scale WF cluster.

The MTDC system forms a meshed grid comprising | M |
WFVSCs and |W/| GSVSCs. Each WF is connected to a
WFVSC via an high-voltage (HV) or medium-voltage (MV)
transformer. The WFVSC is responsible for providing stable
slack bus voltage for the WF and transferring the wind pow-
er from the WF side to the MTDC system. The GSVSC con-
verts the DC power output from WFVSC into three-phase
AC power for direct connection to the AC grid, which is re-
sponsible for transmitting offshore power from the MTDC
system to the onshore AC grid. The interconnected VSCs of
the MTDC system are connected through HV cables, while
each WFVSC is connected to its corresponding WF through
155 kV submarine cables. The WTs are interconnected via
MYV 33 kV collector cables, with the WTs spaced 4 km apart.

B. Proposed DOVC Strategy

The DOVC control structure is illustrated in Fig. 2, which
is divided into two parts: MTDC control and WF control. In
Fig. 2, ie M, Py, and Qy, are the active and reactive power
vectors of WTs in the i™ WF, respectively; Pic™' and Q' are
the active and reactive power reference vectors of WTs in
the i™ WF, respectively; Vy, and i, are the amplitude vector
and phase angle vector of the WT terminal voltage in the i"

WF, respectively; Py, is the scheduling active power out-
put command of the i GSVSC; uiyy . is the DC-side volt-
age vector of the i WFVSC; ugy',. is the optimal voltage
reference vector of the i™ GSVSCs; ug"’ is the bus voltage
reference on the WF side; Z, is the power reference of the
i" WF; Z,, and y, are the local and dual variables received
from the WF controllers, respectively;and ug, , is the DC
side voltage vector of the i™ GSVSC. The upper-level con-
troller coordinates the VSCs within the MTDC system to
minimize grid power losses across the MTDC system. It gen-
erates optimal voltage reference vectors for both ugy'y and
uy o ensuring that each GSVSC can track dispatch com-
mands from the transmission system operator (TSO) based
on the optimal power flow within MTDC system.

According to the power balance theorem, the upper-level
controller calculates the active power reference for each WF
and sends it to the lower-level WF controller. The lower-lev-
el WF controller regulates ugs"' and manages the active and
reactive power references for WTs within each WF, aiming
to keep ug" within feasible ranges, minimize power losses
for WF system, and track the active power commands from
the upper-level controller.
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Fig. 2. DOVC control structure.

To reduce the computational burden on the system, the
global optimal control problem is divided into subproblems,
which are solved in parallel by the MTDC and WF control-
lers using the ADMM framework. Each WF controller only
exchanges limited information with the MTDC controller.
The MTDC controller continuously solves for Z, , and dis-
tributes them to the WF controllers based on Z,; and y; re-
ceived from the WF controllers.

III. PROPOSED CONTROL STRATEGY

In this section, the model of the MTDC system with large-
scale WF cluster is introduced. The simplified structure of
the MTDC system with large-scale WF cluster is shown in
Fig. 3, comprising WFVSCs, GSVSCs, the DC grid, and
WFs. The mathematical models for the WT, WFVSC, and
GSVSC are established in this section.

WFVSC1 GSVSC1
WF1 1 DC grld 1
3 <
WFVSC2 GSVSC2
WF1 ] | DC grid 2
4@ — ] 4@ ——

WFVSCM

<

Simplified structure of MTDC system with large-scale WF cluster.

WEM

w
DC grid W
.

Fig. 3.

A. Model of WFVSC

The voltage and current dual closed-loop control structure
of the WFVSC is illustrated in Fig. 4, where PWM is short
for pulse width modulation. The outer loop of the WFVSC
controller utilizes fixed AC voltage amplitude control to en-
sure stable AC voltage for the WF system.

The three-phase AC voltage is decoupled into d-g axis
components for independent control, and the simplified volt-
age control structure of the WFVSC is presented, as shown
in Fig. 5. The time delay is modeled using a 1%-order lag
function with a time constant of 79 All the variables in the
Figs. 4 and 5 can be found in [10].
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Fig. 5. Simplified Voltage control structure of WFVSC.

1
d,ref __ ref
A= AU O
Aud'= I(AuM Aul) 2)
1 K? .
A= (KP )(Aud — Aul) 3)

where AUS = U — U (t,) is the controlled bus voltage ref-
erence increment, with superscript ref indicating the refer-
ence value and ¢, indicating the initial time; Aug=ul—ul(t,)
is the increment of the d-axis component of the controlled
bus voltage of WFVSC; Aug'=ué™ —ug is the auxiliary vari-
able, denoting the integral gain of u&™ —ug; K¢ and K, are
the proportional and integral gains of the proportional inte-
gral (PI) controllers of the outer control loop, respectively;
and T, is the time constant for the inner loop.

Accordlng to (1)-(3), the mathematical model of the con-
tinuous state space model of WFVSC can be formulated as:

Xyy =Ayy Xy + Byyltyy (4a)
1
- F 0 0
Ayy= Ky 0 -Ky (4b)
K1 14Ky
Tin Tin Tin
1
Td
B, = 4
wv 0 (40)
0

where xy, =[Aug™", Aug', Aul]" is the state variable vector of
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the WFVSC system; uy, =[AU] is the control variable;
A,y is the state matrix; and B\, is the control matrix.

B. Model of GSVSC

The voltage control structure of the GSVSC is shown in
Fig. 6. GSVSC utilizes a fixed DC voltage control method
to stabilize the bus voltage in the DC system and facilitate
coordinated control of the MTDC system. The simplified
voltage control structure of the GSVSC is shown in Fig. 7.

@S c
— Uy

[PwMm

Ui L o KT 1
14574 + Pt | LT,

Simplified voltage control structure of GSVSC.

Iy L Uye
sC

Unlike the WFVSC, the DC-side voltage of GSVSC is
measured after being filtered by a capacitor. As a result, a ca-
pacitor filtering stage is incorporated before obtaining the
DC-side voltage measurement for the GSVSC. The mathe-
matical model of the GSVSC can be expressed as:

Fig. 7.

ref __

udc - 1+STd L]cicef (5)
KU
u:icz Tl(u:!‘z:f_udc) (6)
— Kl? ref R |
de ™ 1 +STin (udc udc)+ 1 +STin Uge (7)
1
Uge= Eldc (8)

where /. and u,, are the current and voltage on the DC side
of GSVSC, respectively; US is the DC-side voltage refer-
ence of GSVSC sent by the MTDC; u), is the introduced
auxiliary variable denoting the integral gain of u’—u,; and
C is the capacitance of the DC-side capacitor.

According to (5)-(8), the mathematical model of the con-
tinuous state space model of GSVSC can be obtained as:

(92)

Xoy=AgyXgy+Bgyligy
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1
~a 0 0 0
K° 0 0 K¢
Ag=| Ky 1 1 Ky (©b)
Tin Tin Tin Tin
1
LYY e
1
7
Bsy=1 0 (9¢)
0
0

where xqy=[u5, ul., I us ] is the state variable vector of
the GSVSC system; ug, =[U5'] is the control variable of the
GSVSC system; Ay is the state matrix; and B, is the con-
trol matrix.

C. DC System of MTDC

In steady-state analysis, the DC power flow is determined
by the line resistances and the voltage drop differences be-
tween the interconnected DC buses. The current injection of
the /" DC bus /,_, can be expressed as [19]:

n
[dc,i = zGdc.ij (udc,i - Z'ldc,j)

j=1

(10)

where G ; is the conductivity between node i and node j of
the MTDC system; u, , is the DC-side voltage of the i"
WFVSC; and u,; is the DC-side voltage of the Jj™ GSVSC.
The active power of the i WFVSC that injects to the MT-
DC system can be written as:

Pdc.izudcfildc.i

(11)
Similarly, the active power that transfers to the AC grid
through the i"™ GSVSC can be obtained as:

Pdc,iz_udc,ildcj

(12)
P, ; of the MTDC system can be rewritten by combining
(10)-(12) as:

n
udc.izGdc,g‘/‘ (udc,i_udc./) ieM
i1

j=

Pyi= (13)

n
_udc,izGdc,ij(udc,[_udc‘j) ieW
=1

where |M|+|W|=n is the total number of VSCs in the MT-
DC system.

P, from the i" WFVSC to MTDC is obtained according
to Taylor expansion of (13), which is described as:

W W
Pyi= Uge,i (t) zGdc,ij Ug; T udc.iZGdc.ij Ugej (t)-
= J=

w
udc,i(tO)zGdc,ijudc,j(tO) i€ M (14)
Jj=1

D. Model of WF

The active and reactive power outputs of WT can be ad-
justed independently by the equipped full power converter
with the decoupling control of the converter. Py, and Q,, are
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the active and reactive power current measurements, respec-
tively. By defining the active and reactive power increment
vectors as APy =Py — Py (t,) and AQE =Q% -0y (¢,), re-
spectively, the dynamic of WTs can be represented as [10]:

1
— APref
Yo resTy Y (a3)
. 1
A — ref
Qw 1+sT2 (16)

where Ty, and T are the time vectors of active and reactive
control loops, respectively.

The continuous state space model of WF can be described
as:

wi=AwpXywp + Bypllyg (17a)
xWF:[APWI’APWZ’"'7APWNW’AQW17AQW2’""AQWNW]T
(17b)
wr=[APSLAPYS, AP, L AQR AQY. ... AQS T
(17¢)
1 1 1 1
Ayp=diag| - .= . am
" ( Ty T Tow, TS
1 1
SN 17d
78, T, (179
1 1 1 1 1
By =diag| —,—, ... = (17¢)
. To Tay " Tay TS TS T

where xy and uy; are the state and control variable vectors
of the WF system, respectively; and Ay, and B, are the
state and control matrixes, respectively.

The WF controlled AC bus voltage increment Aug can be
affected by the terminal voltage increment Au. of WFVSC
and the WT power outputs, which is expressed as:

Ou Ou Ou
api aQ; AQy+ 5 (18)

where Oug/0Py, Oug/00y, and dug/ou. are the sensitivity co-

efficients of the WF-controlled AC bus voltage with respect
to active power vector P, reactive power vector Q, and
WEFVSC terminal voltage, respectively.

E. Model of Entire System

The continuous state space model of the entire system can
be formulated as (19), and the detailed expressions can be
found in Supplementary Material A.

x=Ax+Bu+E
y=Cx

APy,

Aug~ Ds Auc

(19)

IV. DOVC FOR MTDC SYSTEM WITH LARGE-SCALE WF
CLUSTER BASED ON ADMM

A. Cost Function

For the MTDC system with large-scale WF cluster, the in-
teraction between the MTDC system and WF cluster poses
significant challenges for system controllers. Several factors
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must be considered to enhance the overall performance of
the system, including minimizing grid power losses in the
MTDC system and WF cluster, maintaining the voltages of
WTs within each WF close to their rated levels, and achiev-
ing optimal active power distribution among the WFs. The
WF control system is designed with three key control objec-
tives.

1) The first control objective is the power loss of the WEF,
which can be calculated by:

minf, = EH P ®)| (20)

OP o OP 6PWF

PWF k _ 77 loss AP k 7 loss. A k 7 loss A k +
loss( ) aPT ( ) 8QW QW( ) C( )
PloW:: ) 2
PV (t,)= ZEV V.G, cos 0, 22)
i=1lj=

where P)F (k) is the power loss at time k; PloSS (k) is the pre-

diction value of power loss at time k; OP,"

S/ aP loss/ aQW’

and OP\'/ou. are the sensitivity coefficients of the power

los!

loss of WF cluster to the active power vector of WTs, reac-
tive power vector of WTs, and WFVSC terminal voltage, re-
spectively; N, is the prediction step; G, is the conductance
between nodes i and j of the WF system with N nodes; and
0, is the phase angle difference between nodes i and ;.

2) The second control objective is the WF bus voltage de-
viation AI}W from the rated voltage.

Ny R 2
minf, = ];”AVw(k) Hz

AV =[AV 1, AV

(23)
AV T

where AI}W,. is the predictive value of voltage deviation of
the i" bus to its reference value V5, which can be expressed
by (24).

OV OV

AV 0=V lta)+ o8 APy (k) + = 5 AQy (R) +
oPy, 00y,
aV i re
WVC” Aug (k)= Vit (24)
where Vy,(t,) is the voltage measurement of the i" bus at

the initial time #,; OVy,/0Py, OVy,/00Q%, and OVy,/0u. are
the sensitivity coefficients of the voltage of the i" bus relat-
ed to the active power vector, reactive power vector, and
slack bus voltage, respectively.

3) When WT tracks active power based on the proportion-
al distribution (PD) strategy, the maximum available active
power of each WT is taken into account, and its available re-
active capacity can be maximized. The active power of each
WT should be as close as possible to the scheduling result
of the PD strategy. The third cost function can be written as:

Np
minfi= S|P ® ]

PD PD PD
APy =[APy;, APy, ..

(25)
SAPGLT

The deviation between the active power output of the i
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WT and PD distributed active power of the i WT AP} can
be calculated by:

AP (k)= Py, (ty )+ APy, (k)= o, Py (26)
where Py, is the active power output of the i" WT; APy, is
the active power output increment of the i" WT; Py is the
reference value of the WF active power output; and «; is the
active power scale factor of the i" WT calculated by (27).

Paw:
06,-: T Wi

P

i=1

@7

where Pyl is the available active power of the i WT.

To reduce the power loss of the entire system and im-
prove its economy, the control objective of MTDC focuses
on the active power loss of the MTDC system:

Np
minf,= > P (k) (28)
k=1

Pdc

toss () =13 ()G g 4 (k) (29)
where g, =[uy, |, Uge 2o Uge3s - lge, ] 1S the DC-side voltage
vector of VSCs in the MTDC system; and G, is the DC-
side control matrix.
According to (20), (23), (26), and (28), the overall cost
function of the MTDC system is obtained as:
| M| | M| | M|
minf=| 1, 2]’1“+/1221]’2m+1321]’3'”+/14ﬁ (30)
where 4,, 4,, 15, and 4, are the weighting coefficients for f,

fa f5 and f,, respectively.

B. Constraints

1) WF system constraints: the active power and reactive
power of WTs in WF are constrained by:

_PWi(tO)SAPWi(k)SPa‘//:_PWi(tO) ieNy (€2))
Wi = Owi (1) S AQy, ()< Q% = Oy, (1) (32)

where Q,, is the reactive power output of the i" WT;
AQy,; (k) is the reactive power output increment of the i"
WT at time k; and Q" and Q%% are the minimum and maxi-
mum available reactive power of the i WT, respectively.
The output power flow of the i™ WF to the DC system
Py (k) can be expressed by:
Ny

Py (h)= E(Pw,-(to)+APW,(k))—P&§’i(k) (33)

where P""'(k) is the power loss of the i" WF at time k.

The terminal voltage increment of the i" WFVSC Au, is
constrained by:
ucy =, (to)< A () <uci —uc,; () (34)
where u, is the terminal voltage of the i" WFVSC; and u("
and u¢} are the minimum and maximum terminal voltages
of the i WFVSC, respectively.
2) MTDC system constraints: the active power flow be-

tween the k" WFVSC and j™ GSVSC is constrained by:
0 <_“dc,kGch,1g'“dc,j<P;ifck:i (35)

where Py is the rated active power of the DC cable con-
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necting the k™ WFVSC and the ;™ GSVSC.

The GSVSC is required to track the WF power reference
from system operators. The Pl-based dynamic controller is
introduced to eliminate the active power output error of i"
GSVSC AP, caused by the inaccuracy of the system mod-
el and disturbances. The active power equality constraint of
the i" GSVSC can be described by:

P& (k)= P i+ AP (k) (36)

ng,[ (k)=—uy;(ty) zGdC,ij ”fiecf/ (k)— Mfff/(k) zGchi Uge,j (t)+
Jj=1 j=1

udc,i(to)zGdc,ijudc,j (IO) i€ W (37)
j=1

APGS,[(k):Apgs,i"'ﬁ(P;estJ_Pgseis(to)) (38)

APgs,i:P;esﬂ(gi_Pgse?i&o (39

where P&, and Pgs% are the active power reference and
measurement transferred to the AC grid through the " GS-
VSC, respectively; APgg, is the difference between the
scheduling command for active power output of the GSVSC
and the active power output measurement of GSVSC at the
previous control instant; Py), and Pgs®’ are the scheduling
command and measurement of the active power output for
the i" GSVSC at the previous control instant, respectively;
and £ is the PI controller coefficient.
Uy, ; 1s constrained by:

min max .
Uge; SUg SUye,; LERN

deri S (40)
where w4 and u}} are the minimum and maximum DC-side

voltages of the i" VSC, respectively.

C. ADMM-based Solution Method for Entire System

With the continuous expansion of MTDC system and WF
cluster, the optimization problem for the entire system
evolves into a large-scale, multi-input, multi-output optimiza-
tion problem with extensive constraints. Utilizing a central-
ized solution method places a significant computational bur-
den on the central controller, making real-time control diffi-
cult to achieve.

To reduce computational burden, an ADMM-based solu-
tion method is proposed for the DOVC strategy. The DOVC
strategy distributes the computational tasks between the MT-
DC controller and the individual WF controllers. The optimi-
zation problem is decomposed into separate parts for the
MTDC and each WF, with the WFVSC active power outputs
serving as the common variables. Consequently, the optimi-
zation problem (30) can be distributed to the MTDC control-
ler and WF controllers and processed in parallel while ensur-
ing global optimality [27], [28]. The total cost function is ob-
tained by:

[ M| M| M|

minf= (4, > f" 41, > [0 > [ ]
m=1 m=1 m=1
s.t. Pdc,m(k):PWF.m(k) me M
M w
D Py (k) = Pgs (k) +Pi, (k)
m=1 Jj=1

31)—-(40)

(41)
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where P, (k) and Py, (k) are the boundary active power
flows of the k" WFVSC obtained by the MTDC controller
and the k" WF controller, respectively; P, (k) is the active
power output of the /" GSVSC; and P (k) is the power
loss of DC system at time k.

By defining the global variable Z=[Pyy. |, Pyr. s - Pyp i1
as the active power output vector of the WFs, Z, as the local
variable vector obtained by the WF controllers, and Z, as
the global variable vector obtained by the MTDC controller,
the augmented Lagrangian function can be described as:

(M| M| (M|

min{il S Iy D Ay zlff [t
m=1 m=1 m=

v (2-2)+ 5|2, -2, ”2 (42)

where p is the penalty factor vector; and y is the dual-vari-
able vector.

The k" variable of Z,, Z,,, can be obtained from the aug-
mented Lagrangian for the k" WF controller.

2
Z,0+ 5 22, }

(43)
where Z , is the k™ variable of global variable vector Z,;
and y, and p, are the dual-variable and penalty factor of the
k™ WF controller, respectively.

The initial values of Z, and Z, are set to be 0. The (r+1)"
iteration process is as follows.

1) The MTDC controller only needs to solve the power
loss optimization problem of the DC system. The DC-side
voltage reference vector of VSCs u' and global variable
vector Z, can be updated by:

(ug.Z,)" " =argmin {/14f4 @)+ (Z/-Z,)+

min j'1f1k'Hbzfzk""13f3k"'Vk(Zz.,k_

272 “

s.t. (35)-(40)

where the superscript » denotes the iteration step.
2) The k" variable of Z,, Z}', is obtained from the MT-

gk >
DC controller. Auy,, and Z,, can be updated in the k" WF
controller by:

(Au g ., szk)H]: =argmin 4, fi (Auyy )+ 4, f, (Auy )+

Infy Bt )41 Z= 2350+ 2| 2= 7

ref,k T
2 AQWN“

|

(45)
3) y;*! is also updated in the k™ WF controller, which can
be updated by:

_ ref, k ref, k ref. k ref, k
Aty =[Auc™", AP, ., APy AQWT, ..

st. (31)-(34)

r+1.

V=2l =2 (46)
Then, the dynamic p, is updated. With J as the primal re-

sidual vector and h as the dual residual vector, J, and /4, are
the & variables of J and h, respectively.
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hit! :Z,f,j‘—Zgzl (47)
S =0 =2 (48)
a r+ 2 r+ 2
A L e e
PARERY = ‘ngqum 2 (49)
w
pr  otherwise
where &, ¢, and @ are the penalty coefficients.
4) The convergence is checked by:
o< [t <o
2 (50)
0< | h2+l ‘ Sédual

where 6™ and 6" are the tolerable boundaries of J, and #,,
respectively.

The flowchart of the proposed ADMM-based solution
method is shown in Fig. 8.

Parameter initialization of MTDC controller and
WE controller: »=0, Z,r=yr=0.5, Z£=O, p'=10
|

Is convergence
condition (50) reached?

When r=r+1, update ' and z; + according to (44) and (45) in MTDC
controller, then send Z g 4 to the corresponding WF controller
!
Update Anyyy 4, y;:*kl, and p/'! according to (45), (46), and (49)
in WF controller, and send them to the MTDC system
]
i
Stop the iteration and obtain the DC-side voltage references of GSVSCs
and WFVSCs, and the active and reactive power references of WT

End

Fig. 8. Flowchart of proposed ADMM-based solution method.

V. SIMULATION RESULTS

A. Test Platform and System Parameters

The structure of the testbed system is shown in Fig. 9.
The MTDC system with large-scale WF cluster includes 3
WFVSCs and 2 GSVSCs. The 1%, 2™ and 3™ WFs consist
of 24x5 MW WTs, 16 x5 MW WTs, and 24 x5 MW WTs,
respectively. The case study is tested in MATLAB/Simulink.
The parameters of the electric system are shown in Table I,
where R, L, C, X, and S, denote resistance, inductance, ca-
pacitance, reactance, and rated capacity, respectively.

B. Control Performance of Proposed DOVC Strategy

To evaluate the performance of the proposed DOVC strate-
gy, two traditional control strategies are selected for compari-
son: the centralized optimal voltage control (COVC) strategy
and the two-tier optimal control (TOC) strategy.

1) In the COVC strategy, all optimization problems are
solved by a central controller.
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\
Offshore \ Onshore

Fig. 9. Structure of testbed system.

TABLE I
PARAMETER OF ELECTRIC SYSTEM

Equipment Parameter
R=0.078 Q/km, L=0.39 mH/km,
33 kV cable C=025 uF/km
R=0.0108 /km, L=0.47 mH/km,
155 kV cable C=0.13 uF/km

400 kV cable R=0.0144 /km

33 kV/155 KV transformer $,=200 MVA, R=0.001 p.u.,

X=0.06 p.u.
0.9 kV/33 kV transformer §,=6.25 MVA, R=0.008 p.u,
X=0.06 p.u.
HVDC converter §,=200 MVA
WT converter §,=6.25 MVA

2) In the TOC strategy, the optimization problem of the
MTDC system with large-scale WF cluster is divided into
two independent optimization problems that are solved se-
quentially. One focuses on optimizing the MTDC system,
while the other addresses the WF optimization problems.

Figure 10 shows the active power output tracking perfor-
mance of GSVSC with the proposed DOVC strategy. During
0-160 s, the dispatch commands of GSVSCI1 and GSVSC2
are set to be 120 MW and 100 MW, respectively. During
160-245 s, the dispatch commands are changed to be 140
MW and 70 MW, respectively. After 245 s, the active power
remains constant at 140 MW and 70 MW. All WTs operate
at the maximum available power during 290-550 s. In Fig.
10(a), the proposed DOVC strategy with error elimination
control demonstrates excellent active power tracking perfor-
mance, especially during 290-550 s, where there is almost
no fluctuation in active power. Figure 10(b) shows the active
power output tracking performance without error elimina-
tion, where the tracking error is around 0.05 MW, indicating
that active power output tracking has not been fully
achieved. This suggests that error elimination control plays a
critical role in enabling the proposed DOVC strategy to
achieve fast and accurate active power reference tracking.

The active power losses with DOVC, COVC, and TOC
strategies are shown in Fig. 11. Since the TOC strategy em-
ploys a two-tier control structure, it struggles to achieve
global optimal operation for the entire system.
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Fig. 10. Active power output tracking performance of GSVSC with pro-
posed DOVC strategy. (a) With error elimination. (b) Without error elimina-
tion.
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Fig. 11.  Active power losses with DOVC, COVC, and TOC strategies.

Figure 11 shows that the active power loss using the
DOVC and COVC strategies is lower than that using the
TOC strategy. Especially during 290-550 s, the active power
loss with the DOVC and COVC strategies is 0.4 MW lower
than that with TOC strategy. Simulation results show that
the proposed DOVC strategy can achieve power loss optimi-
zation compared with the COVC strategy.

In Fig. 12(a), the voltages of WT12 in WF1 are presented,
which is located at the end of the feeder. Figure 12(b) shows
the voltage of WT8 in WF2. As shown in Fig. 12(a), the
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voltages applying the DOVC and COVC strategies are clos-
er to the rated voltage of 33 kV with the maximum devia-
tions of approximately 0.25 kV and 0.5 kV, respectively.
These deviations are significantly lower than 0.87 kV ob-
served with the TOC strategy. As shown in Fig. 12(b), the
voltage deviations from the rated value using DOVC and
COVC strategies are 0.15 kV and 0.003 kV, respectively,
which are much lower than the voltage deviation of 0.7 kV
with TOC strategy. These results indicate that the DOVC
and COVC strategies provide superior voltage regulation per-
formance compared with the TOC strategy, suggesting that

the system operates with greater stability and robustness un-
der varying wind speeds.
3427
34.0F
2 3387 __vVoltage of WT12 in WF1 with COVC strategy
9 33.6F — Voltage of WT12 in WF1 with DOVC strategy
8 Voltage of WT12 in WF1 with TOC strategy
Q 33.4W
>
32N W
BoL—— .
50 100 150 200 250 300 350 400 450 500 550
Time (s)
(a)
34.0p
g 335 —Voltage of WT8 in WF2 with COVC strategy
g —Voltage of WT8 in WF2 with DOVC strategy
8 Voltage of WT8 in WF2 with TOC strategy
S 33~0W
50 100 150 200 250 300 350 400 450 500 550
Time (s)
(b)
Fig. 12. Voltages of WTs with DOVC, COVC, and TOC strategies. (a)

Voltage of WT12 in WF1. (b) Voltage of WT8 in WF2.

Figure 13 shows the DC-side voltage of the GSVSC2
with DOVC, COVC, and TOC strategies. Since COVC strat-
egy is a centralized control strategy that guarantees global
optimality, the voltage curves with the proposed DOVC strat-
egy closely resemble those of the COVC strategy. This simi-
larity implies that the proposed DOVC strategy can also
achieve global optimal operation. In contrast, the TOC strate-
gy, which has different control objectives and does not ac-
count for the power loss of DC lines connected to GSVSC2,
results in a slightly lower voltage compared with the DOVC
and COVC strategies.

Figure 14 shows the iteration curves of Z and Z, during
the DOVC iteration process. As illustrated, Z,, and Z,, con-
verge to the same value, reaching the optimal solution with-
in approximately 7 iterations, indicating rapid convergence.
The ADMM-based solution method has fewer iterations and
lower computational burden, ensuring real-time control of
MTDC systems with large-scale WF cluster. Consequently,
the proposed DOVC strategy fully satisfies the quick re-
sponse requirement of the system.
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We test the proposed DOVC, COVC, and TOC strategies
using 64 WTs, 128 WTs, and 256 WTs on a personal com-
puter (Intel Core i7-11700KF, 32 GB RAM). The compari-
son of computation time is presented in Table II. It can be
observed that the COVC strategy suffers from heavy central-
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ized computation with the increase of WTs. When the num-
ber of WTs increases to 256, the computation time is 32.709
s, representing an increase of 3286% compared with a sys-
tem with 64 WTs.

TABLE 11
COMPARISON OF COMPUTATION TIME FOR THREE STRATEGIES

Computation time (s)

Strategy

64 WTs 128 WTs 256 WTs
Ccove 0.966 4.881 32.709
TOC 0.841 3.164 25.125
DOVC 0.751 1.694 7.285

By decomposing the global optimization problem into
smaller subproblems that can be solved in parallel, the pro-
posed DOVC strategy strikes a balance between computa-
tional efficiency and optimized performance. The proposed
DOVC strategy has shorter computation time than both
COVC and TOC strategies, reducing computation time by
77.73% and 71%, respectively, for the system with 256
WTs. The proposed ADMM-based solution method demon-
strates excellent scalability, avoiding the need for centralized
computation and intensive data exchange, ensuring that the
computation time remains manageable even when the size of
the WF increases.

VI. CONCLUSION

This paper proposes DOVC strategy for MTDC system
with large-scale WF cluster based on ADMM. The proposed
DOVC strategy optimizes system operation by minimizing
power losses, reducing terminal voltage deviations of WTs,
and achieving optimal active power distribution. The pro-
posed ADMM-based solution method is used to decompose
the large-scale optimization problem into several sub-optimi-
zation problems. The computational burden is reduced and
the real-time control for the MTDC system with large-scale
WF cluster can be ensured. Simulation results demonstrate
that the proposed DOVC strategy achieves control perfor-
mance compared with the COVC strategy in terms of mini-
mizing voltage deviations and power losses while outper-
forming the TOC strategy. Additionally, as the scale of the
WF increases, the computation time of the proposed DOVC
strategy is significantly lower than that of the COVC strate-
gy. The proposed DOVC strategy enhances the dynamic re-
sponse, voltage stability, and overall efficiency of the MT-
DC system with large-scale WF cluster.
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