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Abstract The significant increase of high-power renewable energy sources (e.g., off-shore wind
energy systems) in the power networks, has introduced Multi-Terminal High-Voltage DC (MTDC)
grids as a prominent approach for transmitting power with high reliability, security, and efficiency.
Nonetheless, MTDC systems introduce several challenges pertinent to operation. This paper inves-
tigates optimal power flow in MTDC networks to minimize the transmission power loss via DC
voltage control, which is an essential approach for the MTDC network operation to maintain
the transmission balance and grid stability. In this paper, a generalized approach for minimum
transmission power loss in radial and mesh MTDC networks is presented. Voltage droop control
is employed in the radial network, with droop characteristics tuned for optimal power flow, which
is supported by an optimization approach. Radial MTDC networks with either a common intercon-
nection node or a common interconnection line are considered. While for the mesh network and due
to the difficulty of adjusting the droop gains, an optimization algorithm is merely devised for opti-
mal power flow. A modified CIGRE B4 network is employed in this paper to investigate the pre-
sented concept considering several scenarios. Simulation results using the Matlab platform are

shown to validate the paper’s contribution.
© 2018 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

sion systems, asynchronous network interconnection, integra-

tion of renewable energy sources, and submarine
DC (HVDC) transmission transmission [1-3]. The HVDC grids have two general inter-
connections, namely point-to-point HVDC and Multi-
Terminal HVDC (MTDC). The MTDC system interconnects
more than two DC terminals/nodes, which can be connected
as series or parallel (either radial or mesh) configurations
[4,5]. The main advantages of MTDC configuration are
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of maintenance, and energy trading facilitation [4]. In 1987,
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the first MTDC system was established, and it was based on
Line Commutated Converter (LCC) technology [6]. However,
the power direction reversal in LCC requires changing the
voltage polarity, which involves the complex operation of
mechanical switchgear. Thus MTDC network is preferred to
be based on Voltage Source Converter (VSC) technology [6—
10].

European countries are aiming by 2050 to reduce the gas
emissions from greenhouses by 80% through the deployment
of renewable energy sources. This can be achieved by upgrad-
ing the AC grids with MTDC grids. Several visions for Euro-
pean super DC grid have been investigated. One of these
visions is associated with the European Wind Energy Associa-
tion (EWEA) [11]. Another vision is offered by DESERTEC,
which is a global foundation that targets the enormous energy
delivered by the sun to the deserts. DESERTEC vision is coop-
eration expanded between Europe, the Middle East, and North
Africa (EUMENA). It is anticipated that the MTDC connec-
tion will provide a promising solution for the DESERTEC
[12-14].

The power balance in HVDC systems is a key factor for the
stability of the network. Due to the limited stored energy in the
DC grid, typically the stored energy in the DC capacitors and
lines, the DC voltages of the system change fast. Thus, the
power balance in MTDC systems reflects on the DC voltage
[15]. The coordination and management between the genera-
tion and demand terminals in the MTDC network are
achieved through hierarchical control layers [15]. Fig. 1 shows
a general illustration of the hierarchical control layers in
MTDC network [16] and the time constant for the control lay-
ers are shown [17]. The VSCs that receive power in the MTDC
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grid have a primary controller to adjust their injected power.
The secondary controller adjusts the power-sharing among
converters according to the scheduled power exchange consid-
ering Optimal Power Flow (OPF) in the DC grid (e.g., mini-
mizing the resistive losses in the network). In addition, a
tertiary control center allows redistribution of the power refer-
ences according to the restrictions and requirements of the DC
grid in different areas [15]. Further elaboration on MTDC net-
work control layers integration is provided in [17,18].

In two-terminal HVDC-VSC, one converter controls the
active power, while the other converter controls the DC volt-
age. However, in MTDC networks, controlling the DC voltage
through only one converter has significant drawbacks due to
the limited power rating of the converter responsible for con-
trolling the DC voltage [19]. Several control techniques have
been investigated for power flow control in MTDC networks,
such as master-slave, voltage margin, voltage droop, and
hybrid control techniques combining both voltage margin
and voltage droop control.

In master-slave control, the master converter is the DC
slack terminal that manages any imbalance occurring overall
the network, such that it absorbs or injects the power to
achieve DC system balance, while the operation of the remain-
ing converters is based on constant power mode. However, los-
ing the slack terminal will cause DC network instability, which
is the main disadvantage of this technique [20,21]. The voltage
margin control method is as an extension to the master-slave
control, such that the voltage control is shared among the con-
verters according to their reference voltages and power levels.
In this method also the DC voltage control of the whole net-
work depends on one converter at a time [19]. The main draw-
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Fig. 1

A general overview of the hierarchical control in multi-terminal HVDC-VSC networks.



Minimum transmission power loss in multi-terminal HVDC systems 117

back of this method is the high-voltage oscillations resulting
from swapping of the DC voltage control among the convert-
ers [19].

The voltage droop-based control method is a common con-
trol approach in MTDC network. It allows converters power-
sharing and exchange according to the droop characteristic
without communication requirements [21-23]. Yet, the selec-
tion of the droop gains is not always straightforward, and fixed
droop characteristics have issues during MTDC network dis-
turbance events (i.e., converter outage, network line reconfigu-
ration, and power injection fluctuation) [24]. To overcome the
fixed droop control issues, distributed voltage control or adap-
tive droop control methods are introduced. With these two
methods, the reference points and control parameters are com-
puted periodically by the secondary controller and communi-
cated to the converters [19]. With input power variation,
droop control ensures only sub-optimal power flow. Nonethe-
less, OPF for minimum power loss can be guaranteed through
hierarchical control layers with input power variations.

In addition to power-sharing facilitation, OPF in steady-
state can be achieved by proper droop characteristic design
to obtain auxiliary functions [25,26], as high dynamic perfor-
mance [27], post-outage power redistribution [28,29], and
transmission loss minimization [21,26,30,31]. Moreover, sev-
eral studies have presented approaches for the selection of
the droop characteristics to achieve optimal DC voltage
dynamics in MTDC networks [32-34]. Yet, a general approach
that considers both radial and mesh MTDC networks for min-
imum transmission power loss in the context of hierarchical
control, complying with system constraints, needs to be com-
prehensively addressed.

This paper focuses on DC transmission line power loss min-
imization in MTDC network with radial and mesh configura-
tions. Optimized droop-controlled MTDC network design for
minimum transmission loss has been introduced in [21] with
optimal droop characteristic, and it was extended to address
adaptive droop control in [26]. However, this was only limited
to a particular radial interconnection with a common intercon-
nection node (i.e., common interconnection line has been dis-
carded). Distributed voltage control with optimization
approach for minimizing the DC grid losses in radial MTDC
has been presented in [35]. However, communication loss
may lead to critical network operation compared to droop-
controlled MTDC system. In [30,31], an optimization algo-
rithm has been presented for minimum power loss in radial
and mesh MTDC networks. However, the DC voltage droop
characteristics design for proper power-sharing has not been
elaborated. Further studies address OPF for transmission loss
minimization considering both high-voltage AC and DC grids
through central controller algorithms [36,37]. All these studies
have not illustrated a generalized interconnection classification
for radial MTDC network power loss minimization. The opti-
mization techniques provided for MTDC network in [30,31]
can be extended for general radial and mesh interconnection
in MTDC networks, however, OPF is not guaranteed without
communication.

In this paper, a generalized approach considering radial
and mesh MTDC networks for minimum transmission system
losses is presented. Voltage droop control is used in the radial
network, with droop characteristics adjusted for OPF, which is
supported by an optimization approach. Radial MTDC net-
works with either a common interconnection node or a com-

mon interconnection line are considered. While for the mesh
network and due to the difficulty of adjusting the droop gains
for minimum power loss, an optimization algorithm is merely
employed. DC voltage control and optimal power-sharing for
MTDC network are demonstrated using a modified CIGRE
B4 network. The network entails three configurations: point-
to-point, radial, and mesh. Generally, three case studies are
illustrated for HVDC-VSC network. The main contribution
of the paper can be summarized as follows:

e Providing a generalized approach for voltage droop
control-based OPF in radial MTDC networks with either
a common interconnection node or a common interconnec-
tion line.

e Providing an optimization approach for OPF of both radial
and mesh MTDC networks.

e Validating the presented concept for both radial and mesh
MTDC networks through a modified CIGRE B4 system.

The following section delivers further information perti-
nent to the CIGRE B4 system as a benchmark. Section 3
addresses the design of the droop controller and the optimiza-
tion approach. Section 4 presents the results of the case stud-
ies. Finally, the conclusion of the paper is elucidated in
Section 5.

2. Modified CIGRE B4 system

In order to provide a unified test platform for HVDC grids, the

International Council on Large Electric Systems (CIGRE) has
developed benchmark models to provide a common reference
to the researchers to verify the performance and characteristics
of the control actions and protection strategies [38,39]. The
Working Group 14.02 of CIGRE has developed the first
CIGRE HVDC grid benchmark in 1991, which was a test
model for different HVDC control schemes. This test model
is a point-to-point HVDC network based on LCC technology
[39]. CIGRE has developed another test model in 2013, the
CIGRE B4 DC grid system, through Working Groups B4-57
and B4-58. A modified CIGRE B4 is shown in Fig. 2, where
the detailed configuration and data are presented in [39].

The modified CIGRE B4 system consists of eleven AC-DC
converters with three main subsystems, namely a point-to-
point HVDC-VSC link, a radial system of 4-terminal
HVDC-VSC, and a mesh system of 5-terminal HVDC-VSC.
Through the following section, the DC voltage control and
OPF for these subsystems are elaborated. The minimization
of the power losses in the MTDC network may include the
transmission lines losses and the converters losses as shown
in (1) [31].

[MIN} Pross = 0P Logs jine + ﬁPLo.\xv,('onv (1)

Where P e 1 the DC transmission lines losses as shown in
(2). PrLoss.cony 1s the VSCs losses as shown in (3).

n m

PLUA'S.[ine = Z Z Glj(Vl - I/I)z (2)
=1 j=1

Where Gy is the line conductance between node voltage V;
and V), and the indices n and m refer to the number of con-
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Fig. 2 Case studies on the modified CIGRE B4 HVDC-VSC system.

verters responsible of injecting and receiving the power,
respectively.

PLoss.mnv = Z Ra + Rh[aai + RL'ItzC,iz (3)

i=1

Where the no-load losses, linearly dependent losses, and the
quadratically dependent losses are represented by R,, R,
and R., respectively, for s VSC in the MTDC network.
Nevertheless, estimating these parameters is challenging, espe-
cially in high-voltage high-power applications. I,.; is the AC
current flowing through the i converter. The AC side power
flow is not considered in this paper (i.e., only the DC side
power flow is considered). Therefore, the power loss minimiza-
tion in the MTDC network will be deliberated in (1) while
setting ff = 0.

3. DC voltage control and optimal power flow

3.1. Case study 1: Point-to-point HVDC-VSC

The first case involves a point-to-point HVDC-VSC network,
with the configuration shown in Fig. 2. A total power of
500 MW is injected by the wind farm. In this case, the con-
verter connected to the wind farm side controls the active
power. While the grid-side converter controls the DC voltage.
The point-to-point HVDC-VSC connection has been
addressed thoroughly in the literature [35,40].

3.2. Case study 2: Radial MTDC

The second case study is a radial network, as shown in Fig. 2.
The network is a four-terminal HVDC-VSC, with two wind
farms injecting a total power of 600 MW, and two receiving
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Fig. 3 Modified CIGRE B4 4-terminal radial network equiva-
lent DC circuit, where Bm-F1 is the Ist wind-side converter
terminal, Bm-E1 is the 2nd wind-side converter terminal, Bm-B3 is
the 1st grid-side converter terminal that is connected to grid 1, and
Bm-B2 is the 2nd grid-side converter terminal that is connected to
grid 2.

Table 1 Modified CIGRE B4 radial network ratings, where
P,; is the power rating of the i wind-side converter, and P, is

the power rating of the i grid-side converter.

Parameter Rating

Converter power limit Py, Pyi, Py 800M W
Pw2 200M W

Lines current limit 30004

DC link voltage +200kV

ends AC grids. The 4-terminal HVDC-VSC radial network DC
equivalent circuit is shown in Fig. 3, and the network ratings
are presented in Table 1.

The converters have different operating modes according to
their functionality. If the converter injects power to the HVDC
network (wind-side converter), then during normal network
operation, the converter operates in constant power mode such
that the maximum/available power generated from the wind
farm is injected into the MTDC network. Otherwise, during
network disturbance, the converter acts in current limit or
droop control modes according to the network condition.
The mathematical representation of these modes is presented
in (4), where V,, is the terminal DC voltage, I, is the DC cur-
rent, V,;/V,r are maximum/minimum terminal voltages, I,y
is the maximum current capability of the converter, and K is
the droop constant [21].

(I/WH - V\t')/K7 I/M"L < Vw < VwH
I, = =, Vi < Vo and 1, < Iy (4)
In"Ha Iw 2 1wH

While if the converter receives power from the MTDC net-
work (grid-side converter), then the converter acts in DC volt-
age droop control mode. Otherwise, during network
disturbance, the converter acts in current limit mode [21].
The mathematical representation of these modes is presented
in (5), where K is the droop constant, V, is the converter ter-
minal DC voltage, ¥V, is the no-load DC voltage of the net-
work, and I,y is the maximum current capability of the
converter. The DC voltage is controlled with droop constant
in terms of the grid DC current, /.

I — (Vg - VgL)/K7 ]:' < ]gH
8 Lo, otherwise

(5)

The maximum DC current of the converter can be
expressed as in (6) in terms of the AC grid voltage, V¢, and
maximum rated AC current, I ¢, assuming a unity power
factor (considering the maximum power capability of the con-
verter Pmax = 3VACIAC.max)-

Iy =T (©

For the 4-terminal radial network shown in Fig. 3, normal
operation is considered for the converters with OPF. The
radial network with OPF operation can be divided into three
scenarios as presented in Fig. 4 and elaborated in the flowchart
of Fig. 5. These scenarios take into consideration that the total
generated power from the wind farms is lower than the
required grid power. While in case if the total generated power
from the wind farms is higher than the required grid power,
then the pitch angle of the wind turbines is controlled to reduce
the injected power to the radial network [41.42]. Nevertheless,
to avoid the possibility of overvoltage that might be experi-
enced at the MTDC nodes, either storage element may be uti-
lized (e.g. flywheel storage system) or the surplus transient
power will be dissipated in DC damping resistors [43].

e Scenario 1: Considering that the entire power injection by
the wind farms is within the converter rating of grid 1. Then
the total power is transmitted to grid 1 for minimum trans-
mission power loss. That is to avoid additional losses by Rj,
assuming that the transmission system operator has no fur-
ther preferences. Thus grid 1 converter operates in DC volt-
age control mode. While grid 2 does not receive any power.
Scenario 2: 1If the total power injected by the wind farms
exceeds the converter rating of grid 1, then the extra power
is received by grid 2. Grid 1 operates in constant power
mode. While grid 2 operates in DC voltage control mode.

——

|| Scenario 1

| Pinjora = 600MW

p——O
T Vel | Lo T B-B3

\

1 L

‘ S Rs=2.660
[
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Fig. 4 OPF scenarios for the modified CIGRE B4 4-terminal
radial network, where P is the total power injected by the
wind-side converters.
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Variables: Transmitted power Pur.inj and Puz,inj, constraints set Vi2max = 1.05 pu and compute /2
received power Per and Ps2 1
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_ wl,inj
Iwi = ‘T’FL
Scenario 3 Calculate total current Irotal
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Grid 1 and Grid 2: total = fwl + L.
No compute droop constants| l
Pusinj+ Pu2,inj < Pgl,rating for minimum power loss Calculate the receiving end voltage Vx
Scenario 2 Scenario 1 Pet/Per=Tg1/Ig2 by KVL
Ve1= Vg2 1

Grid 1: Pg1= Pl rating
Grid 2: Pg2= Putinjt
Po2,inj = Pg1 - Ploss

Grid 1: Pg1= Puiinj+
Po2,inj - Ploss
Grid 2: P2=0

Fig. 5 Flowchart elaborating the radial network scenarios for
OPF, where R, is the transmission line resistance for the grid with
terminal Bm-B3, P,;;, is the injected power by the i wind-side

converter, P, is the power received by the i’ grid-side converter,

Pgi raring 15 the power rating of the i™ grid-side converter, Py, is the
radial network total transmission power loss, I,; is the current
injected to the i grid-side converter, and V, is the terminal DC

voltage of the i grid-side converter.

e Scenario 3: The last scenario considers a transmission line
for the connection to grid 1 (i.e., a non-zero resistance
R4), then the OPF with droop control for minimum power
loss is achieved under two conditions according to [21].
That is the grid-side converters terminal DC voltages are
equal, and the power distribution among the converters is
inversely proportional with their line resistances.

Generally, OPF, with droop characteristics for minimum
power loss design at the grid-side converters, is summarized
through the flowchart shown in Fig. 6, which can be explained
as follows:

A general interconnection for radial MTDC network with
minimum transmission loss condition is elaborated in the fol-
lowing sections.

3.2.1. Radial MTDC networks with a common interconnection
line

Minimum power loss condition in radial MTDC networks
considering a common interconnection line (shown in Fig. 7)
can be clarified as follows.

In order to ensure the minimum power loss condition, the
steps introduced in the flowchart in Fig. 6 for the sending
end terminals will be followed. Yet, at the receiving end termi-
nals, the power loss can be expressed as:

Plu,m' = R3 (In'l - I,\’)z + R4(Iw2 + I.\')z + Rxlxz (7)

For minimum power loss (i.e., considering Of;m =0)
.

Iu'l (Rx + R4) + 111"2R4

Iy = (I,
o ( I R3 + R4 + R,\‘

- I\) =

(8)

IwZ(Rx + R3) + In'lR3
L =Bt ) = =0 — R TR ®)

Calculate the grid-side currents

R3 R4

R3+R4 R3+Ra Toe!

Trotal Ig2 =

!

Calculate the grid-side voltages Vg1 and Vg2
by KVL with Vgi= Vg2

IgI =

Calculate the droop constants
Vel - VgL K2= Ve2- Vg

Ki= Ig1 Ig2

Fig. 6 Flowchart for optimal droop characteristics design for
modified CIGRE B4 radial network scenario 3, where V,; is the
terminal DC voltage of the i wind-side converter, I, is the
current injected by the i wind-side converter, and P,y is the

power injected by the i* wind-side converter.

Wind farm-side Grid-side
R1I R3

—_ e
Iw2 Io4

Fig. 7 Radial MTDC network with a common interconnection
line.

3.2.2. Radial MTDC networks with a common interconnection
node

If the radial MTDC network is with a common interconnec-
tion node (i.e., R, in Fig. 7 is set to zero), in this case, it can
be seen that the condition presented in [21] is achieved where

- _R
the currents /,3 and Iy are found as. I3 = 7% liow and
Ly = 5% DowwWhere Ly = Iy + L. This can be obtained

through substituting R, = 0 in (8) and (9).

3.2.3. Optimal power flow

Referring to the flowchart in Fig. 6 and through all the scenar-
ios for OPF, the terminal Bm-E1 is assumed with voltage
V.o = 1.05pu, thus, the injected current from this wind farm
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is I, = 0.476kA. This converter is chosen due to having the
highest voltage drop at the common-point. This guarantees
minimizing the current, therefore increasing the network effi-
ciency. The normal operating bands for the DC voltage is typ-
ically between 5% and 10% deviation from the nominal value
[30,37,44]. For MTDC network steady-state operation, a 5%
voltage deviation is considered in order to set a reserve for
dynamics operations [18]. In scenarios 1 and 3 in Fig. 4, the
wind farms total power injection is 600 MW. Therefore, the
voltage at Bm-F1 is found as 1.0437pu. While the injected cur-
rent from the wind farm connected to Bm-F1 is found as
I,; = 2.395kA. Correspondingly, the total current flowing to
the grid-side is/,,,; = 2.871kA. The grid-side DC voltage for
scenario 1 at Bm-B3 is computed as 1.005pu by current flow
equation between V,,; and V,; as shown in (10).

Vgl = le - ImmlRZ (]0)

While for scenario 3, solving KVL for the grid-side convert-
ers voltages, V,; for i = 1,2, the receiving node voltage, V. as
shown in (11), and using the currents for minimum loss, the
condition shown in (12) is obtained for OPF with minimum
transmission power loss [21].

Vgi = V\» - [giRgi (] 1)

Ve =V (]2)

Where I,; is the current injected to the i grid-side converter.
R, is the transmission line resistance of the i grid-side
converter.

Generally, for droop-controlled radial MTDC network
with n grid-side terminal, with a common interconnection node
configuration, the OPF for minimum transmission loss is
achieved with the conditions shown in (13) and (14) [26], for
i=1,2,---,n

1

R
L = =i Lol (13)
g Zi:l R%u tota
1
Vei= Ve = Lo =i (14)
Zi:l Ry

Where 1, is the total current injected by the wind-side con-
verters. V,;, is the equivalent DC voltage of the grid-side con-
verters. Ry; is the transmission line resistance of the i grid-side
converter.

For scenario 2, the total power injection is 900 MW such
that the grid-side converter for grid 1 receives 800 MW, that
is the maximum power capability of the converter. While the
rest of the power injection is received by the grid-side converter
of grid 2.

The network analysis and validation of the results for these
scenarios are presented in Section 4.

3.3. Case study 3: Mesh MTDC

The third case study considers the mesh five-terminal DC net-
work shown in Fig. 2. In this case, optimization for obtaining
minimum transmission power loss is employed. Communica-
tion loss between the control layers during normal operation
with variable power injection leads to not operating at minimal
power loss. While in the case of radial droop-controlled

MTDC network, sub-optimal power flow is preserved due to
the optimal droop characteristics design [30]. The general
objective function for HVDC transmission losses can be writ-
ten as shown in (2).

The modified CIGRE B4 HVDC mesh network consists of
two wind farms injecting a total power of 1500 MW, and AC
grid injecting 1000 MW. Two AC grids, denoted with terminal
Bb-B1 and Bb-B2, receive the injected power to the MTDC
network with OPF. The total power loss in the DC transmis-
sion lines for mesh network is represented by (15). The line
conductances and node voltages are clarified in the DC equiv-
alent circuit of the 5-terminal HVDC-VSC mesh network
shown in Fig. 8. The mesh system ratings are presented in
Table 2.

Proy = Gi(Viz = Vi)' + Go(Viz = Vi) + Gy (Vi = Vi)’
+Ga(Va = Ver) + Gs(Vear = Vin)®
+ Go(Ves = V) + G1(Viy = Vi)’
(15)
The total power loss minimization is achieved by obtaining
a set of node voltages in the MTDC grid subject to specific sys-

tem constraints that will acquire the OPF. In order to maintain
the condition of OPF with minimum power loss, the sending

CI—’> Bb-DI R = 4560 L5 Bb-BI
Puzin = 1000MW _ ® Y
Ve = 105 L Rs=228Q l Iex

<oRi=3420 S Vo | Rr=1.71Q

I/Xl 2 R> zm"l]ﬂ o—w—e Ve

- T Bb-B2
Putin = 500MW In lmT b3 Ré; 570

f = as.inj = 1000MW

L MW ® Vs

— g

Vot Bb-C2 Rs-2280 I Bb-Al

Fig. 8 Modified CIGRE B4 5-terminal mesh network equivalent
DC circuit, where Bb-C2 is the Ist wind-side converter terminal,
Bb-D1 is the 2nd wind-side converter terminal, Bb-Al is the
converter terminal for the AC grid that injects power to the mesh
network, Bb-B1 is the 1st grid-side converter terminal, Bb-B2 is
the 2nd grid-side converter terminal, P, ;; is the power injected by
the /" wind-side converter, and Py, i is the power injected by the
AC grid at terminal Bb-Al.

Table 2 Modified CIGRE B4 mesh network ratings, where
P,; is the power rating of the i wind-side converter, P,; is the
power rating of the i* grid-side converter, and Py is the power
rating of the converter connected to terminal Bb-Al.

Parameter Rating

Converter power limit P, 600M W
P, 1600M W
B 2400M W
Py 1500M W
Py 1700M W

Lines current limit 35004

DC link voltage +400kV
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end terminals should operate at their voltage limit. The line of
highest voltage drop is chosen to be controlled at 1.05pu as per
the constraint in (16) [45].

0.95pu < Vpe < 1.05pu

_IDC‘LinC‘m[n S IDC,Line S ID(“,Linc,ma,\‘ (16)
0 S PDC S PD(‘,nmx

Where Vpe is a node DC voltage in the MTDC network.
Ipc.rine 18 the DC current flow in the MTDC network lines.
Ipc Linemax And Ipc rinemin are the DC lines current maximum/
minimum limit. Ppc is the power injected or received by a con-
verter in the MTDC network. Ppc .y 1s the maximum con-
verter power capability.

As shown in (15), the OPF is defined by nonlinear function,
in terms of node voltages, with the constraints presented in
(16). While the power and current operation ranges, shown
in (16), are expressed as non-equality constraints [37]. The
power limits are taken as the converter maximum ratings,
and the current limits are taken as the maximum/minimum
DC lines limit.

Classical optimization techniques such as linear and nonlin-
ear programming are suitable methods for special cases and
may lead to local optimal solutions. The existence of systems
with complex optimization problems incorporating uncertain-
ties has led to the development of metaheuristic optimization
methods [46]. Metaheuristic algorithms, as Genetic Algorithm
(GA), are suitable for searching the near-optimal solutions
while avoiding local solutions by introducing randomization
to the search process [46]. Further elaboration on the funda-
mentals and types of the metaheuristic optimization are pre-
sented in [46-49]. Matlab optimization toolbox is available
for solving nonlinear equations and constraints, in particular,
the GA function, which is used in this case. The optimization
approach minimizes the objective function to obtain the opti-
mal points for its variables, such that the objective function is
the power losses in the DC lines as shown in (15). Therefore,
the power losses in the DC lines are minimized. In addition,
the objective function is subjected to some constraints, such
as the voltage, current, and power capability of the converters
and DC lines, as shown in (16), for the stability of the network.
Moreover, constraints are considered for the current flow
through the lines as KCL equations at the nodes of intercon-
nection between the lines, as shown in (17). The KCL equa-
tions are elaborated considering the mesh network shown in
Fig. 8.

Ifx - Iw2 + Ix =0
In+1,—Ig=0 (17)
IR + If\ - ]m + Igs =0

For efficient power flow, the highest voltage drop wind
farm terminal is assumed at the highest DC voltage within
the limit, such that the second wind-side converter is chosen
with V,, = 1.05pu. In case V,,; is assigned with the maximum
allowed voltage limit, over-voltage occurs at V,,,. Accordingly,
the current injected from the second farm is 2.381kA. Addi-
tional two constraints are taken into consideration. These con-
straints are load flow equations for the unknown node
voltages, which inject power to the network, V,, and V.
The two constraints are imposed in terms of the power injec-
tions of each terminal. The results of OPF in this case is shown
in the following section.

4. Results and discussion of the case studies

This section shows the results of the case studies in Fig. 2. The
point-to-point case will not be considered here, as the concept
of operation has been elaborated previously in the literature.
The results for the 4-terminal radial network scenarios are
shown in Fig. 9.

For the first scenario, grid 1 receives the total current gen-
erated by the wind farms. Thus, I,, = 0A as shown in Fig. 9
(a). While in the second scenario as shown in Fig. 9 (b), the
total injected power increases to 900 MW. Thus, grid 1 receives
800 MW which is its maximum capability for minimum power
loss, then the rest of the power is received by grid 2. The grid-
side converter for grid 2 operates in DC voltage control mode

Ver = 1.005 pu
Lu, Bm-F1 R>= 2660

o}
v
Putinj = 500MW > Lot - Lot Bm-B3
Tiowat = 2.871 kA gl=lioal p 5775

Vw1:1.0437pu glrec =577.5 MW
P J00MW Ri=2.66Q Rs;=2.66Q

w2,inj =

Viz=1.05 pu

T Bm-El 1?(),4 Bm-B2
Ve =1.005pu Py e~ 0 M
Ploss iines = 22.5 MW
(a)
Ver=o0. 986 pu
Ly Bm-FI R, = 2660 Pg./‘,-a.oz 800 MW
‘v’V\v

Pusin = 800MW 1—>4 oo Ior-7.055 k4 Bm-B3
Vi1 =1.0437 pu roral =%
P L00MW Ri=2.66Q Rs3=2.660

w2,inj =
Viz=1.05pu Ie2 = 0.253 kA
—>
T Bm-E1 Bm-B2
Ver=0.983pu  Pg2rec = 49.8 MW
Ploss,lines = 50.2 MW
(b)

Ve =0.993 pu
R.=1330% Ki=0.761Q

L, Bm-FI1 R,=2660

Putinj = 500MW —_— I_’ Bm-B3
Vit = 1.0437 pu Trora=2.871 kA gl Polrec = 380 MW
Ri=2.66Q

Puzin = 100MW

Vi2=1.05 pu Ri—rss0  Ke-15220
— — :
N Pesec ’ i ;()I?K/IZW

Ve2=0.993 pu

Pioss,lines = 30 MW

== Injected power (Pinj), DC line resistance (R), DC current (), and
converter terminal DC voltage (V)

Received power (Prec), Droop constant (K), and converter
terminal DC voltage (V) obtained via droop control

(©

Fig. 9 Radial network OPF analytical results for minimum
power loss (a) Scenario 1, (b) Scenario 2, (c) Scenario 3.
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to regulate the network voltage. It can be seen that the addi-
tional power introduced higher power losses compared to sce-
nario 1. According to Table I, the line current limit is 3 kA.
However, this is considering symmetrical monopole converter
configuration (i.e., two HVDC lines). Therefore, the total cur-
rent through R; is within the line current capability. The droop
constants of the third scenario are calculated using Fig. 6. The
droop constants are calculated by finding the injected currents
with minimal power loss. OPF with minimal transmission loss
is maintained as long the droop constants are fixed to the
shown values in Fig. 9 (c).

Furthermore, Matlab optimization toolbox, GA, is used for
the radial network scenarios. The optimum operating voltage
points, power received by the converters, and the total power
loss in the network match the analytical results obtained in
Fig. 9.

The objective function for the first two scenarios of the
radial network is shown in (18).

PLUSS = GI(I/\Q - le)z + G2(le - val)2 + G3(Vgl - Vg2)2

(18)

While the constraint for these two scenarios is shown in
(19).

Igl + Ig2 - Ilaml =0 (19)

Grid 1 in scenario 2 operates in its maximum power capa-

bility. Thus, an additional constraint is considered as shown in

(20). Where the Ist grid-side converter rating is Pgs  asing
= 800MW.

P ratin,
L glating Iy = (20)
gl
The optimization objective function for the third scenario
of the radial network is shown in (21).
PLnss - Gl(Vw2 - le)z + GZ(I/WI - V:\‘)2 + G3(VY - va2)2
+G(Ve=Va)
(1)
While the constraint for this scenario is the same as the pre-

vious scenarios, as shown in (19). The unknown currents that
are I,; and I, are declared in terms of the network voltages as

Ie1=3.6563 kA
Bb-Bl
Ver =1.0256 pu
Potrec = 1500MW
}lm =954.7194 4

2= 2.3809 kABp-
2 JkABb-DI  R,=4560

Pz ini = 1000MW —
Vi2=1.05pu ’

Rs=2280Q

<

l//; =-24752k4| R;=1.710 Bb-B2
O-—"W—=8 [/,,=1.0103pu
T = 2.3220 kA Pezec = 938.3MW

In=13673 /cAT:E Rs=5.70
S

I = 245.0639 Al SRi=3420
S

Rs=2.280) Vin=1.0202 pu

Pusin = 500MW
Vi =1.0479pu| 1= 14379 KA Bb-Al
o— ¢
S —
h= 1192054 Bb-C2 Rs=2280 Jos= 24045k Pesini = 1000MW

Vs = 1.0397 pu
Piosslines = 61.677195 MW

Injected power (Pnj), DC line resistance (R), DC current (1), and
converter terminal DC voltage (V)

Received power (Prec), converter terminal DC voltage (V),and DC
current (1) obtained via optimization toolbox

Fig. 10 Mesh network optimization results for OPF.

per the optimization function variable. The constraints pre-
sented in (16) are also considered for all the scenarios of the
radial network.

Fig. 10 shows the results for applying the optimization
approach to the 5-terminal mesh HVDC-VSC network.

As shown, the converter terminal DC voltage for the wind
farm connected to Bb-D1 is assumed 1.05pu, while the other
node voltages are obtained via the optimization approach.
The voltages are constrained by +5% around the nominal
value. The terminal Bb-B1 receives most of the injected power
for OPF compared to the terminal Bb-B2. The constraints of
the power and current ratings of the converters and DC lines
as shown in Fig. 10 are confirmed according to Table 2.
Accordingly, the DC grid voltages and currents flow for
OPF are obtained as shown in Fig. 10.

5. Conclusion

This paper presents a generalized approach for OPF with min-
imal transmission power loss in radial and mesh MTDC net-
works. Voltage droop control is applied for the radial
network, which guarantees stable DC voltage for the system
with droop characteristics that maintains sub-optimal power
flow in case of normal network disturbance. While optimiza-
tion approach is implemented for both radial and mesh net-
works to minimize the network transmission loss, such that
considering the communication infrastructure, the optimiza-
tion approach achieves OPF under steady-state network oper-
ation. These concepts are investigated and deployed with
modified CIGRE B4 network as a benchmark. The modified
CIGRE B4 cases results have shown the required adjustments
for the droop gains in the radial network and the mesh net-
work operating voltages to achieve minimum transmission
loss. This study showed general approaches for efficient power
flow with minimum power loss in a generalized MTDC net-
work configuration under normal network operation.
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