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Generally, multi-terminal dc grids provide full control over the dc powers that converter terminals exchange with
their respective host ac grids. Nevertheless, the same level of controllability does not exist over the power flow in
the individual dc lines of a highly meshed HVDC network, and this increases the risk of overloading the dc cables
that present lower resistances. To address the highlighted shortcoming, this paper presents a generic dc grid
controller that uses nonlinear constrained optimization to optimize the performance of multi-terminal HVDC
networks for any desirable operational objective, within system physical constraints such as dc cable and con-
verter thermal limits, and minimum and maximum dc voltage limits. The presented dc grid controller performs
online optimization at regular intervals to dynamically estimate and update the set-points of the converter
terminals as system operating conditions vary. The technical viability of the proposed controller is assessed using
a generic seven-terminal HVDC network that uses voltage sourced modular multilevel converters. Simulations
from the scenarios that prioritize dc grid power loss or operational cost minimization show that the presented dc
grid controller exhibits good performance during normal operation as converter terminals set-points vary, and
during dc grid reconfiguration following simulated successive outages of the dc cables. It has been shown that the
performance of the proposed DC grid control is not affected by the parameter variation such as changes of
resistance with temperature.

1. Introduction

Rapid development of large-scale and remote renewable power
generations from consumption centres have strengthened the business
case for multi-terminal high-voltage direct current (MT-HVDC) network
[1-3]. This has led to significant investments in research from industry
and academia to develop technologies that can address the outstanding
challenges of MT-HVDC networks[4-6]. Such MT-HVDC networks pro-
vide efficient platforms for large power exchange over wide geograph-
ical areas, with improved control flexibilities and utilization of power
corridors compared to equivalent HVAC networks[7, 8]. Modular
multilevel converters (MMCs) are well-suited for MT-HVDC grids due to
the following reasons [8-14]: ease of scalability to high-power and
ultra-high-voltage; resilient to internal faults; independent control of
active and reactive powers; and seamless power reversal is achievable
without significant disruption to the power flow throughout the dc
network or any other converter terminals. These attributes have
attracted extensive researches in different aspects of voltage sourced

converter (VSC) based MT-HVDC networks such as coordinated control
and protection strategies for continued operation during ac and dc
network faults [12, 15, 16], and the quest for a new class of converter
topologies with increased control range and flexibility [6, 17, 18].
Amongst several control methods of MT-HVDC networks discussed in
the literature, the conventional method in which one converter terminal
sets the dc voltage level for the entire grid while the remaining converter
terminals regulate the amounts of active powers being exchanged with
their respective ac grids is the most straightforward and widely reported
[19-22]. In this control method, the dc voltage controlling converter
operates as slack bus and must be capable of supplying the power
mismatch between the supply and demand of all other converter ter-
minals. Failure of the dc voltage controlling converter can cause system
collapse if adequate countermeasures are not put in place.
Master-slave control method described in [23] minimizes the risk of
the conventional control method by quickly re-allocating the dc voltage
control function to a new converter. It modifies the implementation of
the active power regulator such that it acts as a dc voltage regulator
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when its dc voltage hits the upper or lower limits. In this way, the severe
transient over-voltage/under-voltage problem of conventional voltage
margin method during re-allocation of the dc voltage control function to
new converter could be avoided [24-29].

Droop control method is widely used with MT-HVDC networks
[30-32], and it has been applied in two multi-terminal dc grids in China,
Nanao project and Zhoushan projects. Its main attributes are: it permits
participation of multiple converters to dc grid voltage regulation, and
appreciated for its stability and resiliency to converter outage and
abrupt changes in active power set-points. However, it is only applicable
to converters operate in strong ac grids that can sink or source the rated
active power, without causing significant stability problems [10].

Although the above methods offer some level of controllability over
dc or active power injection at converter terminals, they do not possess
the ability to force the dc powers toward the desirable paths in the dc
grid; therefore, unable to prevent overloading of the dc cables and dc
voltage controlling converters or ensure optimal utilization of dc grid
infrastructures.

Several series current/power flow controllers or devices have been
proposed in recent years, with the aim of preventing dc lines overload
through by manipulation of the dc line voltage drops to instigate forced
distribution of the dc power flows between multiple dc paths/lines ac-
cording to predefined set-points or criteria[5, 33-36]. In this way, the
power flows in dc lines that contain series current/power flow control-
ling devices can be controlled arbitrarily (magnitude and direction). The
effectiveness of these devices have been tested and validated under
normal and abnormal conditions[36-39]; nonetheless, they add cost and
require space.

Therefore, this paper presents a generic dc grid controller that per-
forms online constrained optimization to dynamically estimate and
update the optimal set-points of converter terminals of the dc grid for a
predefined operational objective. Sensitivity analysis is carried out to
examine the robustness of the proposed dc grid controller against the
drift in the resistances of the dc cables as temperature changes. An
additional objective function that minimizes the generation cost is also
presented for completeness only. The main features of the presented dc
grid controller are:

e Can be extended to MT-HVDC grids with large number of converter
terminals, independent of grid and converter topologies.

It does not significantly affect online calculations during real-time or
co-simulation as the optimized set-points in previous sampling
period are re-used as initial conditions in the present sampling
period. Therefore, it can be incorporated within EMT (electromag-
netic transient) and RMS (root mean square or simply phasor) en-
vironments, independent of the extent of the details of converters
representation or modeling.

Permits incorporation of all equality and inequality constraints such
as thermal limits of the dc cables and converters. Also, ac side con-
straints could be included; however, is not covered in this paper for
simplicity.

The rest of the paper is organized as follows: Section 2 describes the
fundamentals that underpin the proposed dc grid controller or opti-
mizer, and mathematical formulations with the aid of two illustrative
objective functions and associated equality and inequality constraints
that define the system technical boundaries. Also, it describes the per
phase averaged voltage source converter or MMC model employed in
this paper to simulate each converter station and associated control
systems. Section 2 evaluates performance of the proposed dc grid
controller/optimizer under two different objective functions that mini-
mize transmission losses and generation cost, and assesses its vulnera-
bility to system parameter variations. Section 4 summarizes and
contextualizes the overall finings of this paper.
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2. The proposed optimized operation
2.1. DC grid optimizer

This section presents the dc grid controller capable of optimizing the
operation of complex VSC based multi-terminal HVDC network for
different desirable operational objectives, during normal operation and
after dc grid reconfiguration following dc cable or converter outage. The
presented dc grid controller performs constrained optimization over
regular time span ‘T, in order to estimate the optimal set-points of the
converter terminals. To speed up optimization process, the optimized
set-points at time ‘t= kT,,” are used as initial conditions at next sample
time ‘t=(k + 1)T,,’. This means if the set-points remain unchanged, each
optimization process requires only one iteration. For ease of illustration,
a meshed multi-terminal HVDC network employing VSCs shown in
Fig. 1 is analyzed in this paper, with all converter terminals assumed to
be lossless. The directions of the active powers, and dc powers and dc
currents displayed in Fig. 1 are assumed to be positive. As the electro-
magnetic transients in the dc side is not relevant in such studies thus can
be ignored, the instantaneous dc currents and dc powers that converter
terminals inject into dc node B; (where, i = 1 to Ny, and Ny, represents
the number of dc link nodes) are:

N
Lialt) =) GyVay (1) M
=
N
Paci(t) = Vaei () Laei(t) = Z GiiViei (1) Vg (2). (2)

Jj=1

The term Gj in (1) represents the element of conductance matrix
which is formulated, considering the status of dc circuit breakers ‘u;;’ at
the ends of the dc cables between the dc nodes ‘©” and . yi;; = 1 when the
dc line between the dc nodes ‘i’ and ¢’ is in service with both sets of dc
circuit breakers at its ends are closed, and y;; = 0 when the dc line be-
tween the dc nodes ‘i’ and ‘j’ is out of service and both sets of dc circuit
breakers at its ends are opened. For computational reasons, incorpora-
tion dc circuit breaker status in conductance matrix is realized by
setting oy =10° and 10e~® when w;j are 0 and 1 respectively. For
examples,Gi; = 612 /Ri2 + 013 /Ri3 + 014 /R14 andGi; = — 012 /Riz;
where R;; represents the resistance of the dc cable between the dc nodes
‘¢ and ¢’. The instantaneous dc current flow in each dc line that connects
two dc nodes ‘i’ and j’ is:

Iii(1) = Gy [Vdci(l) - Vdrj(’)} 3)
The total instantaneous power loss in the dc network is expressed as:

Nye  Nge
P (r) = %Z Z|Gi/| [Vdci(t) - Vdc/(l)}z» “4)
i=1 j=1
Some of the converter terminals of any multi-terminal HVDC net-
works are expected to have pre-defined power demand being imposed
by dispatch or control center. This paper optimizes the HVDC network
operation with minimum dc power losses considering strict constraints
such as maximum and minimum current capability of each dc cable and
dc voltage at each dc node as:

_qumax S Idrij ([) S Idijax (5)
Vd(’min S Vd('i(t) S Vd(-mﬂx (6)

where, Igjmax represents the maximum current rating of the dc cable
between the dc nodes ‘i’ and ‘j” for continuous operation, and Vgemax and
Vicmin are the maximum and minimum allowable dc voltage limits for
each dc node respectively. Additionally, the maximum and minimum dc
power capability of the converters with unspecified power demand are
considered as inequality constraints:
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Fig. 1. Illustrative meshed VSC multi-terminal HVDC network.
Paemin < Paci(1) < Patema @ where, g; and hy are equality and inequality constraints; m, and m, stand

where, Picmax and Pgcmin are the maximum and minimum dc power for
continuous operation of the converter terminal.

In the additional example that examines minimization of the running
cost of generic multi-terminal HVDC network in Fig. 1, the cost of
generation mixed at ac networks 1, 2 and 5 (without specified power
demands and available for optimization) are assumed to be quadratic
functions of the form:

Ci = a; + bi|Pyi| + Ciplzlpi (8)

Total net cost of running the multi-terminal HVDC network in Fig. 1
can be approximated, taking into account the polarity of dc powers
(export or import) as:

Nac

Cr= Z sign(Pye) X Cy (C)]

=1
Since the objective function in (9) is not a positive definite, it has

been modified as in (10) to facilitate solution as a convex problem:

Nac

2
Z sign(Pgex) X Ck]

k=1

cr=Ci= (10)

To implement the optimized dc grid controller for the system in
Fig. 1, it is assumed that the power demands of converter terminals 3, 4,
6 and 7 are known, and the dc voltage of the converter terminal 1 is
known and fixed at the rated value of 640 kV. Thus, the optimization
formulation aims to find the set of parameters describe by column vector
Y(t): [Vac2(8), Vaca(0), Viea(t), Vaes(t), Vies(t), Vder (D), Paci(t), Paca(t),
P,1C5(t)]T that minimizes the objective function in (4) or (10), subject to
equality constraints described by (2), and inequalities in (5), (6) and (7).
The aforementioned optimization problem is expressed mathematically
in a compact form as:

minP, (y(1), u(z)) an
Subject to:

g(y(0),u®) =0,i=1,..m, 12)

hi(y(1),u(r)) < Ok =1, ...m, 13)

for the number of equality and inequality constraints; and u(t) is a col-
umn vector of input variables or simply pre-defined set-points, i.e., u(t)
= [Vie1(t), Pdc3(D), Pdca(t), Pecs(t), Pdc7(t)]T-

Therefore, an online solution of optimization problem described by
(11), (12) and (13) provides updates for the set-points of the converter
terminal. In this paper, optimization is performed and converter set-
points are updated at the rate of 1 kHz (every 1 ms).

2.2. System modeling and control

Each converter terminal in Fig. 1 is modelled using an enhanced
MMC average model in Fig. 3 [40, 41], where the subscript ‘x’ stands for
phase legs ‘a’, ‘b’ or ‘c’, and ‘1’ and 2 attached to ‘x’ refer to the upper
and lower arms. For example, when ‘x’ is replaced by ‘a’, igrm q1(t) and
iarm a2(t) represent the upper and lower arm currents of phase leg ‘a’, and
similarly, phase ‘a’ upper and lower arm voltages Varm q1(t) and varm q2(8),
equivalent capacitor currents icgy o1 (t) and icgp 2(t), and capacitor volt-
ages Vegp q1(t) and vegp o2(t). In the enhanced MMC average model in
Fig. 3, phase ‘a’ upper and lower arm voltages and equivalent capacitor
voltages are calculated as:

Varm_al (t) =7Ya1 X Veap_al (14)
Varm_a2(1) = Yap X Veap_a2
icap_al([) = yal X iarm_u]
l'mp,uz(l) =Y X larm_a2

(15)

In (14) and (15), ya1(t) = %[1-msin(wt+5)] and yq2(t) =%[1+msin
(wt+6)] represent phase ‘a’ upper and lower arms modulating functions,
m is modulation index,  is supply angular frequency and § is the phase
shift.

Fig. 2 displays the control systems implemented in each converter
station in Fig. 1, which consists of the following controllers: selectable
active power/or enhanced dc voltage with dc power droop on the most
outer loop of the p-axis; reactive power on the most outer loop of the g-
axis; fundamental output currents in synchronous p-q frame; and
circulating current suppression in abc frame with the aid of proportional
resonance controllers. With all converter terminals assumed to be loss-
less, Pgcj(t)=Pqj(t) for all j = 1to7 As the dc grid optimizer described
earlier estimates the optimal dc powers and dc voltages of all converter
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Fig. 2. Block diagram that depicts control system incorporated into each converter terminal of the test system in Fig. 1.

terminals, stable operation of multi-terminal HVDC network in Fig. 1
can be achieved when ‘n,’ (1 <ny, < N,,,) converter stations operate in
dc voltage regulator (DCVR) mode and remaining ‘No,-n, converters
operate in active power regulator (APR) mode. However, in this paper,
all converters are operated in dc voltage control mode (i.e., ny =Ncon)
with dc power droop as supplementary controller as shown in Fig. 2. The
multi-terminal HVDC network system in Fig. 1 is modelled in MATLAB-
SIMULINK, with power circuit and control implemented using Simulink
and power systems library, while the dc grid optimizer is implemented
using MATLAB m-files and S-function.

For simplicity, each dc circuit breaker in Fig. 1 is modelled with ideal
switch in parallel with 10MQ resistance. The parameters of the test
system in Fig. 1 are displayed in

Table I. Throughout this paper, the minimum and maximum dc
voltages, converter dc power and dc cable thermal limits are: |V, —
640| < 32kV, |P4| < 1320MW and |Ii;| < 2.5kA respectively. Fig. 4
shows the high-level block diagram that depicts the data exchange and
overall implementation of the presented dc grid controller. Data of the
ac networks 1, 2 and 3 used for minimization of the running cost of the
multi-terminal HVDC network in Fig. 1 are displayed in Table II.

Fig. 3 summarizes the overall implementation of the proposed dc
grid controller and shows high-level depiction of different interfaces
between the optimization stage, control system and dc grid power cir-
cuit. The new variables shown in Fig. 3 are defined in the caption of
Fig. 3.

3. Performance evaluation
This section assesses the proposed optimization based dc grid

controller described in Section 2.1, considering normal operation and dc
network reconfiguration following multiple dc cables outage.

Table I
Simulation parameters of the test system in Fig. 1.

Converter parameters

Rated dc voltage 640kV
Rated dc or active power 1200MW
Rated reactive power +400MW
Rated line-to-line ac voltage 320kV
Arm inductance (Lg;,) 50mH

Equivalent cell capacitance (Cgy) 46uF
Converter transformer

Rated apparent power 1265MVA
Primary voltage 400kV
Secondary voltage 320kV

Leakage reactance 20%
DC line parameters
Line resistance (Rqc)
Line inductance (Lg)
Line capacitance (Cq)

0.01Q/km
1.1mH/km
0.15pF/km

Table II.
Summary of the cost of power exports and imports at ac grids 1 to 7 (for illus-
tration only).

a; (€/h) b; (€/MWh) c;(€/MW?h)
Cis 750 20 0.055
Caa 3000 12 0.0425
Cs.67 1600 10 0.06
+1 Ve
% .
Y larmxi

Lsm

oo

v(‘u[Lxl

) A
o—

- Vdc

Fig. 3. Per phase averaged model of half-bridge modular multilevel converter
employed in each converter terminal in Fig. 1.

3.1. Normal operation

In this assessment, all converter terminals are operated at unity
power factor, and the dc power commands of the converter terminals
with prescribed power demands (VSCs, VSC4, VSCe and VSC;) are
summarized as follows:
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Vector of predefined inputs: u(f)

{

dc grid optimizer
Objective function: Min P.(y(t),u(t))

Subject to:

Equality constraints: g{y(t),u(t))=0
Inequality constraints: hi(y(t),u(t))<0

Vector of optimized set-points: y(f)

Y

Each converter station is equipped with control system in Fig. 2

V(1) Pac(f) Vanc({)

Vector of status of dc circuit breakers: p(?)

iabc(t) iarm(t)

@"_ acdc

@'l_ aCdc

DCCB

\ &

DCCB

J

Fig. 4. Generic representation of the proposed optimization based dc grid controller, where vg4.(t) and pq.(t) denote vectors of dc voltages and powers of the power
converters, Vapc(t) and iapc(t) denote vectors of three-phase ac voltages and currents at point-of-common couplings of the converter stations, and i, represents vector

of arm currents of the converter stations.

e Initially, the dc powers of all converter terminals are held at zero,
and at time t = 0.5 s, VSC3 ramps up its dc power gradually, from 0 to
1152MW, and its dc power is maintained at 1152MW for the rest of
simulation period.

e Att=1s, VSC4 increases its dc power from 0 to 1200MW, and t =
2.5 s, VSC4 decreases its dc power from 1200MW to —960MW, and
then maintains its dc power at —~960MW to the end of the simulation
time.

e Att=1.5s, VSC6 ramps down its dc power from 0 to —300MW, and
maintains its dc power at —300MW to the end of the simulation time.

e At time t = 0.5 s, VSC7 increases its dc power output gradually from
0 to 1200MW and maintains its dc power at 1200MW for the rest of
simulation period.

The rates of power ramping up/down for all the cases are set at +/-
1200MW/125 ms. Fig. 5 displays the simulation waveforms that illus-
trate the response of the presented optimization based dc controller as
the power set-points of the converters VSCs, VSC4, VSCg and VSC; vary

as stated above. Fig. 5(a) and (b), and (c) and (d) present the measured
dc powers and dc voltages of the converter terminals VSC; through VSC;
superimposed on the theoretical optimal dc powers and dc voltages
estimated by the dc grid controller. The solid and dotted lines in Fig. 5(a)
to (d) referred to the measured and estimated optimal dc powers and dc
voltages respectively. These waveforms indicate that the multi-terminal
HVDC network in Fig. 1 operate satisfactorily, and the presented dc grid
controller is able to adjust the theoretical estimates of the optimal dc
powers and voltages with sufficient speed and accuracy as power de-
mands vary, see Fig. 5(a) to (d). Because the tracking accuracy and speed
of the power set-points are greatly influenced by the droop or propor-
tional term Ky (P4, *-Pq.) in Fig. 2, limited overshoots are observed in the
measured dc voltages as the power set-points vary, see Fig. 5(c) and (d).
The current flow in the dc cables are shown in Fig. 5(e) and (f), and the
positive direction of current flow is assumed to be from node 9’ to ‘j’
when the dc current in the dc cable is expressed as I4;i(t). Notice that as
VSCs ramps up its power injection into dc grid from 0 to 1152MW during
0.5s<t < 1 s, VSC; and VSCs act as dc power balancer and total dc



G.P. Adam et al.

Electric Power Systems Research 202 (2022) 107595

150 160
100 ! Af 120 7
!'7‘) :'/ il P
~ 50 . 80 ]
; "l I/ § 40 ','/
S N N P2 vg d r
A 50 N S a 0 b\ dc6
Py | -
-100 = ) Ny Faes ;
R\ -801
-150
0.5 1 1.5 -120 2.5 3

1 15

64

2\
*
0.5
7 ,
/ = ,
641 { e ;
= < EM; a o] b ¥ Vaa

643

63 \v\w:

637

0.5 1 1.5 2 2.5 3
t(s) t(s)
(c) ()
1 1.5
e sesenscmmssnsachasasasnnanrsnne _—Idc45 —--Idc46 _Idc27""ldc76
0.5 3 1 P SR
i R
z 4 0.3 P i ¥ N
TR 7 e i A
2 .0. “\ .\. — g // /" Temee—n ~. \~__ _______
\ —— 0
-1 Y 4 \
—Lie2 = Liers = Lacrs — L = Laas -1 \ D
15 1 1 L
L 0.5 1 1.5 2 2.5 3 -1.5 05 1 s > 5 3 35
) ' Tw© ' '

(f)

P, (MW)
[e:]
\

0 0.5 1 1.5

(2

Fig. 5. Waveforms that illustrate the performance of the optimization based dc grid controller being studied during normal operation, where (a) and (b) are dc
powers of the VSC; to VSCy; (¢) and (d) are dc voltages of the VSC; to VSCy; (e) and (f) are dc currents of the dc cables that link the converter terminals; and (g) is the

plot for the total power loss as the power set-points at converter terminals vary.

powers (or currents) are routed through the shortest electrical paths ‘2
and ‘5’ to ensure minimum power loss, with no dc currents observed in
the other dc cables.

The plots for the dc cable currents in Fig. 5(e) and (f) indicate that the
optimizer minimizes the power losses by ensuring the current flows in
the dc cables with higher resistances (longer lengths) such as dc cable ‘1’
are minimized. Similar behavior is observed in the subsequent periods,
with Fig. 5(g) displaying total dc network power loss ‘P (t)’ as the power
exchange varies. Since dc power flow in a mesh network is highly sen-
sitive to changes in dc cable resistances, the sensitivity of the presented
dc grid controller to changes in dc cables’ resistances is examined,
assuming the followings: dc cable temperature change, At = 15C°%
Aluminum dc cable with temperature coefficient, a = 4.308 per C°% and

initial resistance, Ry = 10mQ/km, and operating conditions remain the
same as stated above. The dc powers and dc voltages displayed in Fig. 6
(a) to (d) show that the actual (measured) dc voltages of converter
terminals exhibit small drift from the optimal dc voltages in favor of
tracking the optimal dc power set-points. This is because of the added
droops in Fig. 2, which are practically proportional controller having
succeeded in forcing the dc powers to follow their optimal set-points.
These results demonstrate the resiliency of the presented optimization
based dc grid control to potential parameter variation.

3.2. HVDC network reconfiguration

This part assesses the performance of the proposed optimization
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based dc grid controller during dc cable outage, with particular
emphasis on the optimal rerouting of the dc powers toward dispatch
centres. The system operating conditions in this assessment are sum-
marized as follows:

e Initially, all converters held their dc powers to zero, and att = 0.5 s
VSC3, VSC6 and VSC7 ramp their dc output powers gradually from
0 to 1152MW, —300MW and 1200MW, and the dc powers are
maintained at these values for the rest of the simulation period.

e Att=1s, VSC4 gradually increases its dc power output to 1200MW
which is maintained for the rest of the simulation period.

e Initially, all dc circuit breakers were closed, and at t = 1.5 s and t =
2.5 s, the permanent loss of dc lines ‘1’ and ‘2 in Fig. 1 were simu-
lated by opening the dc circuit breakers at their ends [42] .

Fig. 7(a) - (f) show that the proposed optimization based dc
controller has successfully adjusted the optimal set-points (dc powers
and dc voltages) and provided to converter terminal controllers in order
to ensure stable operation of the multi-terminal HVDC network. Recall
that the proposed dc grid controller has exploited the status signals of
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the dc circuit breakers of different dc lines to modify the conductance
matrix as circuit topology of the dc network varies in order to estimate
optimal set-points. The plots for dc powers and dc currents in Fig. 7(a)
and (b), and Fig. 7(e) and (f) show that the converter terminals without
prescribed dc powers (VSC;, VSCy and VSCs) have established new
optimal dc powers as a result of outage of dc lines ‘1’ and ‘2’, with the
current flow in the affected dc lines (I4.;2 and I4.13) dropping to zero as
expected. These plots also show the proposed dc controller can auton-
omously work out the new optimal routes for power flow every time new
dc line is subjected to the outage. Fig. 7(c) and (d), and Fig. 7(e) and (f)
show that despite the loss of two critical lines, the converter dc link
voltages and currents in all dc cables are within permissible limits for
continuous operation.

3.3. HVDC network reconfiguration with running cost minimization

This part repeats the studies performed in subsection III-0, but this
time the dc cables ‘2" and ‘5’ are permanently lost at t = 1.5 sand 2.5 s,
and with the objective function of minimizing the system running cost
when rerouting the dc powers toward dispatch centres. The dc powers
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Fig. 8. Waveforms that illustrate autonomous rerouting of the power when system running cost is minimized, where (a) and (b) are dc powers of the VSC; to VSCy;
(c) and (d) are dc currents of the dc cables that link the converter terminals; and (e) is the plot for the running cost as the power set-points at converter terminals vary.
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and currents plots in Fig. 8(a) and (b), and (c) and (d) show that the loss
of the dc cable 2 at t= 1.5 s has not resulted in the change of the optimal
set-points, with the dc current (or power transfer) in the longest dc cable
between VSC; and VSC, remains minimal. After the loss of dc cable 5,
which resembles a permanent loss of VSCs, VSC; reduces its dc power to
zero, while VSC, adjusts its dc power to maintain the power balance
between ac and dc sides, see Fig. 8(a) and (b). The plots in Fig. 8(a) and
(b) and (c) and (d) indicate that the optimizer operates VSCy and VSCs at
their thermal limits in favor of not violating the specified dc cables
overload limits. The plots in Fig. 8(a) and (b) and (c) show the fall of the
dc currents Igc13 and Ige35 and of the dc power injection from VSCg to
zero subsequent the loss of the lines ‘2’ and ‘5’ as anticipated. Observe
that after the loss of VSC3 and its dc power, the total dc grid power
mismatch is being provided by VSCy and VSCs as the dc grid optimizer
forces the dc power of the VSC; to zero in order to minimize the running
cost. Forcing dc power of VSC;(which 200 km from VSCy) to zero instead
of that of the VSCs (which is 250 km from VSCy) is a clear evidence of the
energy pricing in different ac networks have greater influences in the
outcome of optimization. The optimal running cost that takes into ac-
count the transmission losses and price differences in different ac net-
works is displayed in Fig. 8(e). This plot shows that the global solution
for optimal running varies with the operating points of the active power
controlling converters.

4. Conclusion

To optimize operation and prevent overloading of key components
such as dc lines and converter stations, this paper has presented a dc grid
controller capable of optimizing the performance of highly meshed
multi-terminal HVDC networks for a number of operational objectives
such as transmission efficiency, running cost, etc. The presented dc grid
controller performs online optimization in each sample time to estimate
the optimal power or dc voltage set-points to be provided to converter
terminals. Its theoretical formulation has been discussed and validated
using MATLAB simulations. It has been shown that the incorporation of
the dc power-dc voltage droops and knowledge of dc circuit breaker
status can improve the tracking speeds of the optimal set-points during
normal operation and dc network reconfiguration, with the former
improve the immunity (reduce sensitivity) of the proposed dc grid
controller to dc grid parameter variations. Therefore, it could be
concluded that the presented dc grid controller is promising for the
operation of complex dc grids with a large number of converter termi-
nals. The outstanding work is experimental corroboration of the pro-
posed dc grid controller on small-scale protype or replica of highly
meshed dc grid.
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