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Abstract— This paper proposes an efficient control framework
that utilizes de—dc converters to achieve flexible power flow
control in multiterminal de (MTDC) grids. The de—dc converter
employed in this paper is connected in cascade with the dc
transmission line, and is therefore named cascaded power flow
controller (CPFC). In this paper, a two-layer control strategy
is developed for the operation and control of voltage source
converter stations and CPFC station in MTDC grids. At the
primary control layer, a novel differential voltage droop control
is developed, while at the secondary control layer, a modified dc
power flow algorithm—employing the new CPFC framework—
is implemented. The overall control strategy enables the CPFC
to regulate the power flow in the dc transmission line. The
primary control guarantees the transient stability of the CPFC,
and the secondary control system ensures the desired steady-state
operation. The proposed voltage droop control framework helps
the MTDC grid to remain stable in the event of a communication
failure between the primary and secondary control layers. Static
analysis and dynamic simulations are performed on the CIGRE
B4 dc grid test system, in order to confirm the effectiveness of

the proposed control framework for power flow regulation in
MTDC grids.

Index Terms—CIGRE B4 dc grid, de power flow control,
multiterminal de (MTDC) grid, power system control, voltage
droop control.

I. INTRODUCTION

N RECENT years, the multiterminal dc (MTDC) grid has

emerged as a promising solution to meet future network
requirements, with significant advantages and applications
including the integration of offshore wind farms into mainland
ac networks [1], the development of the so-called European
offshore supergrid [2]-[4], and the interconnection of North
Sea wind farms with Mediterranean solar plants and Scandi-
navian hydropower becoming a promising possibility [5].

In the near future, successful and reliable operation of
MTDC grids will necessitate the development of flexible con-
trol infrastructures; this will force power systems and power
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electronics companies to develop appropriate control strategies
in order to increase network reliability and efficiency [6]-[8].

At the primary control layer of an MTDC grid, the control of
voltage source converter (VSC) stations is usually based on the
vector current control technique, which provides fully decou-
pled control of ac grid active and reactive power quantities [8].
Voltage droop control is usually adopted for dc voltage control
and power sharing within MTDC grids. Several papers have
focused on the design and implementation of voltage-droop-
control strategies for primary control of MTDC grids [8]-[13].
At the secondary control layer—the location of the supervisory
control center—other issues such as dc load flow or optimal
dc load flow should be addressed [11], [13].

Power flow control in MTDC grids is among the most
important research topics addressed in recent years [14]-[16].
In MTDC grids, the flow of power through the dc lines
depends solely on the voltage difference between both ends of
the transmission line and the line resistance. At some operating
points, there is risk of some lines becoming overloaded due
to a lack of flexibility of the line to the power flow control.
Another concern is loop power flows that can occupy more
of the line’s capacity, which has the potential to increase
losses in the MTDC grid. These issues of line overloading and
uncontrolled loop power flows, also known as the bottlenecks
in the transmission lines, can be avoided with the use of power
flow controllers.

Without having a power flow control device in the
MTDC grid, there will not be enough capability of redirecting
part of the power from one line to another line and delivering
it to the objective ac area. It means that the construction of a
new transmission line is necessary to avoid transmission line
overload. Cost of adding a dc—dc converter to the existing
transmission line is much lower than that of the construction
of a new transmission line.

Due to the importance of the topic, CIGRE has initiated
a working group, WG B4-58, to focus on the subject of
load flow control devices in MTDC grids [17]. The working
group is looking at the feasibility of power flow control in
dc grids, to identify the methods and devices for controlling
MTDC grid power flow. The utilization of dc—dc converters
for power flow control in MTDC grids has already been
proposed by CIGRE WG B4-58. However, this working group
has not provided a specific control strategy for this power
flow controller [17], [18]. In addition, aside from the need
for a proper local control strategy for the de—dc converters,
in order to behave as dc power flow controllers, an appropriate



global control strategy must be established to ensure the stable
operation of MTDC grids in the event of contingencies.

The following problem is addressed by this paper in
response to the abovementioned issues.

How to develop a complete control framework by employ-
ing a dc—dc converter to adjust the power flow on a specific
dc transmission line to a predetermined reference value.

At the time of writing, there were several studies that focus
on the use of de—dc converters for power flow control in
MTDC grids [15], [16], [19], [20], but they are centered on
proposing power converter topologies, and have not addressed
such converters’ influence on the MTDC grid operation and
control. There is also a lack of extant literature on the subject
of the influence of dc—dc converter stations on the supervisory
control of MTDC grids.

This paper contributes in this regard by proposing a
complete control framework for the integration of power
flow control into a dec—dc converter in an MTDC grid.
Specifically, low- and high-level control structures for the
de—dc converter are proposed that are integrated within the
primary and secondary control layers. This paper also proposes
a novel differential voltage droop controller for low-level con-
trol of the dc—dc converter in an MTDC grid. Moreover, this
paper integrates the proposed control structure of the power
flow controller into the supervisory control center of the grid
to regulate power flowing in a particular dc transmission line.
Aside from being technically justified, such capability of a
dc—dc converter, can be highly beneficial from the market point
of view, e.g., the shifting of power, transmitted between two
zones, on to a particular line due to economic considerations
as part of a transmission system congestion-management strat-
egy [13], [21] or to provide improved flexibility as part of a
loss-reduction strategy in an MTDC grid.

The study approach employed by this paper can be summa-
rized as follows.

1) A dc—dc converter is used to enhance power flow con-

trollability in an MTDC grid.

2) An average model is developed for the de—dc converter
that is suitable for static analysis; this is based on
controlled current and voltage source. In order to make
the model suitable for dynamic studies, an inductor and
capacitor is integrated into this average model.

3) A local control structure is proposed for a de—dc con-
verter and its [cascaded power flow controller (CPFC)]
stability is analyzed via a linearized small signal model.

4) A differential voltage droop scheme is proposed in the
local control structure of the CPFC to account for grid
transients.

5) The proposed local control structure of the CPFC is
integrated into the supervisory control center of the
MTDC grid to form a complete control framework.

This paper is organized as follows. Section II focuses on the
flexibility of MTDC grid operation with the proposed local
control structure in place for the CPFC. The integration of
the CPFC into the dc power flow routine and, in general,
in the control framework of the MTDC grid for the purposes
of power flow control is presented in Section III. In order
to demonstrate the capabilities of the CPFC, static simulation

Fig. 1. Single-line representation of a de—dc converter, connected to dc bus k.

results are presented in Section IV while dynamic evaluations
based on CIGRE B4 MTDC grid test system are carried out
in Section V. Finally, concluding remarks are summarized
in Section VL.

II. FLEXIBLE OPERATION OF MTDC GRIDS

Similar to FACTS devices in ac power systems, static
devices are required to be developed and employed in MTDC
grids in order to provide control over one or more dc trans-
mission system parameters; enhancing grid controllability.
Due to the advancements of power electronics technology,
high-power dc—dc converters can provide power flow control
functions in MTDC grids; enhancing the flexibility of grid
operation [16]-[18], [23], [31]-[34]. By adjusting the dc—dc
converter transformation ratio, the voltage at one terminal of
the converter, or the power flowing through the converter, can
be regulated, adding a degree of freedom to the control of the
MTDC grid [22]. This is similar to the role of phase-shifting
transformers in ac grids.

A. Cascaded Power Flow Controller

The CPFC [23], installed with cascade connection to the
corresponding dc bus, shown in Fig. 1.

The CPFC will be able to control the power flowing through
the dc line that is connected to bus & by adjusting its
transformation ratio n., defined as

Vi
=V
where Vi and V; indicate the steady-state dc voltages on both
sides of the CPFC in Fig. 1.

(1)

ne

B. Modeling of CPFC for Power System Studies

As previously stated, the proposed CPFC is a dc—dc con-
verter with a specific control structure that is devoted to the
control of the power flow in a specific dc line. The CPFC must
be appropriately modeled in order to be included in power
system studies and analysis. The average model [21] of the
CPEC, composed of controlled current and voltage sources,
is illustrated in Fig. 2 [24].

In the average model of Fig. 2, the CPFC is modeled
by a controlled current source (I, = n.ly) connected in
parallel with a capacitor (Cp) on the side connected to the
dc line. On the other side, which is connected to the dc bus,
the CPFC is represented by a voltage source (V; = n.V;)
behind an inductor (Ly). In this paper, this model is used to
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Fig. 2. Proposed control structure of the CPFC.

develop a two-port hybrid representation of the CPFC. This
style of modeling is commonly applied to various power elec-
tronic converters [24]. For steady-state analyses and studies,
the effect of the capacitor and the inductor vanish, and hence
the following matrix representation, can be used:

(Vi | _[ne —Rs][Vi
K e [

The following frequency domain representation can be
obtained for use with dynamic studies:

Vi) ] [ ne  —(Rs+sLg) |[ Vils) 3)
Ii(s) | | sCp ne I(s) |

During steady-state conditions, (3) converges to (2).

C. Local Control of the CPFC

The local control system of the CPFC is shown in Fig. 2.
The main objective of the CPFC local control is to achieve
the desired power flow in the specific line with the use of an
appropriate transformation ratio.

In the proposed control structure, two control modes are
defined. The first mode, block mode, corresponds to a unity
transformation ratio and hence does not provide any power
flow regulation. The second mode is selected when power flow
control is intended. Each mode is selected by a mode selection
signal s,, sent by the supervisory control system.

In addition, the reference power Pcprc,, is provided by a
differential voltage droop controller based on the measured
voltage difference between both sides of the CPFC Vi meas
and the droop slope mcprc. In the differential voltage droop
strategy that is proposed, the voltage difference on both sides
of the CPFC, ie., Vi = V; — Vi, is used as the input of the
voltage droop controller. The external loop of the CPFC also
acts during transient states, in order to reduce the transient
behavior and to change the local power reference.

It is worth noting that when the voltage difference is used,
the CPFC can appear to the grid to be a virtual resistance.
In fact, in this case, the power flowing through the CPFC
changes according to the voltage difference on both sides;
hence, the CPFC appears as a virtual resistance inside the grid.
It must be noted that this type of voltage droop control differs

from the voltage droop strategy employed for the control of
VSC stations: for VSCs, the voltage on their dc side is used
to calculate the reference power [25], [27].

The local control system in Fig. 2 comprises an inner
and an outer loop. In the outer loop, the differential voltage
droop scheme provides the CPFC reference current based
on the difference between the reference and the measured
powers (A Pcprc = Pcprcr — PopPFC.meas). The inner con-
trol (ICcprc) loop generates the control signal required to
drive the measured current Iy meas to the reference value Iy rr.
The variable n. sy is a feedforward transformation ratio that
provides an initial value for i, in order to enhance the dynamic
response of the CPFC local control system. The feedforward
term is calculated from the outputs of the dc power flow
program. This term is the steady-state value of the CPFC
transformation ratio for the desired power of the controlled
line. The addition of this term to the output of the CPFC
control system improves the controller’s performance.

To assess the stability of the CPFC, its closed-loop small
signal model is linearized and illustrated in Fig. 3. In the
linearized model, mcppc indicates the slope of the voltage
droop characteristics. The CPFC delay due to the pulsewidth
modulation (PWM) has been modeled using a second-order
Padé approximation of the switching delay ¢ *’ [denoted by
Padé(T.y. 2) in Fig. 3]. In the small signal model, the output of
the inner PI controller is the appropriate transformation ratio.

The process of designing a robust controller requires a
model that takes into consideration the uncertainties of the
plant. In this paper, much research effort has been devoted to
robustness for linear control systems with parametric uncer-
tainties. The design of the controller for de—dc and VSCs has
followed by the well-known classical approach. The emphasis
has been on stability margin computations for gain and phase
of the feedback loop.

Considering several hundred mega-watts of power flow for
our case study, the parameters of the PI controllers are tuned
using linear control rules to obtain a settling time of 200 ms
with a 2% overshoot.

The bode diagram of the open-loop system is shown
in Fig. 4, and indicates the stable status of the open-loop
system with a 26-dB gain margin and a phase margin of 77°.
This diagram has been obtained using the internal parameters
(i.e., the values of the resistor and inductor, and the delay due
to PWM) of the dc—dc converter.

[11. INTEGRATION OF CPFC INTO THE CONTROL
FRAMEWORK OF MTDC GRIDS

At the primary control layer, the VSCs are locally controlled
by the vector control in the dg reference frame [6], [8]. The
voltage-regulating VSCs adopt voltage droop control in the
outer loop of their vector current control system to generate
the appropriate reference currents for the inner current con-
trollers in Fig. 5 [11], [28], [29]. The secondary control layer
acts as a supervisory control system, sending appropriate con-
trol signals to the local controllers. At the secondary control
layer, a power flow program is used to generate the appropriate
signals for the local controllers, based on the current status in
addition to the requirements of the MTDC grid.
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Fig. 4. Bode diagram of the CPFC open-loop small-signal model.
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Fig. 5. Overall control structure for the MTDC grid with primary and
secondary control layers.

This power flow program is executed at discrete intervals
with the predefined secondary control sample time to provide
settings for the primary controllers. In the proposed structure,
as shown in Fig. 5, the communication delay between sec-
ondary and primary layers is also considered.

In order to capture the influence of the CPFC on the power
flow in the dc lines, the CPFC must be included into the power

Linearized small-signal model of the CPFC with power and current control loops.

flow program of the secondary control layer. To achieve this,
it is necessary to reformulate the dc power flow routine.

A. General Formulation of the MTDC Load Flow Problem

Considering an N-terminal dc grid, the mathematical for-
mulation of the dc load flow begins by enforcing the following
power constraints on all dc buses:

Pr=Por—Pr=Vil,i=1,....N (4)

where P; is the net power injected into dc bus i, computed
as the difference between the power injected by generating
elements Pg; and the power absorbed by loads Pp;; V; is
the voltage of the dc bus i; and [; represents the net current
injected into dc bus i by the generators and the loads.

The net injected current of the bus i /; is related to the bus
voltage V; through the conductance matrix of the MTDC grid

I=GV (3)

where the vectors I = I} I...Iy] and V = [V V5... Vy]T
contain the net injected currents and dc bus voltages of the
MTDC grid, respectively, and G = [G;;; j=1,.. v represents
the conductance matrix of the grid. The elements of G can be
easily computed using the following equation:

N
Gii = Z (gij +85i)» Gij = —8ij (6)
j=l
where g;; and gy; represent the conductance between dc buses
i and j, and the conductance between bus i and ground,
respectively. Finally, the power constraint on all grid buses
in (4) can be restated as follows:

N
B=Y 3 03V =1, 7
Jj=1
Based on these formulations, each dc bus adds two
unknowns P; and V; to the MTDC grid load flow equations,
resulting in a total of 2N unknowns. There is a single equation
associated with each dc bus, which means that we have N
equations. One variable per dc bus must, therefore, be specified
in order to solve the load flow problem in (4). Depending on
which variables are specified, two types of dc buses can be
identified:
1) load (generation) or P-bus, whose net injected power is
predefined (P; = P7);
2) voltage or V-bus, whose dc voltage is predefined
{Vi — V;'*)-



A slack bus, responsible for assuring power balance in the
grid, must be considered in the dc power flow problem. As the
dc voltage of the slack bus is predefined, it is eliminated
from the load flow equations. Hence, the number of load flow
equations reduces to N — 1.

The Newton—Raphson (NR) method has been successfully
applied to the problem of ac power system load flow [30].
Since the number of equations, as well as the constraints, for
an ac load flow problem is higher than for MTDC load flow,
it is expected that the NR method will produce a satisfactory
solution to the load flow problem for MTDC grids.

By skipping the common mathematical details of the
NR method, we can arrive at the solution of the MTDC load
flow problem. Without any loss of generality, by assuming the
first dc bus as the slack bus (and the only V-bus in the grid),
the state variables can be expressed by

V=[Vz...WyI" ®)
and the mismatch vector can be stated as
AP = [AP,APs... APy]" 9)

where the elements of AP are computed by the following
equation:

N
AP, =Pt -V; D G;jVj, i=2,...,N.
j=1
The updated state variables in the dc power flow problem at
iteration k, i.e., V2, ..., V), are obtained as follows:
[AVIFH! = [V + [AV] (11)
(AVIF = (I - (AP (12)
where J is the Jacobian matrix of the MTDC load flow, defined
by the following equation:

(10)

J = [Jijli,j=2,..,N, Jij =—0P;/8V;. (13)
Based on (7), J;; can be expressed as follows:
GijVi, i # ]
N
Ji=1— > GiiV)—2GijVi, i=j (14)

j=1
j#i

B. Inclusion of CPFC Into the MTDC Load Flow Problem

The CPFEC is designed to maintain an electrical quantity y
(i.e., line power flow) at a desired value y* by acting on the
control variable u; it must therefore be incorporated into
the dc power flow formulation. In this paper, this is done by
the inclusion of the equality constraints imposed by the CPFC
into the state and mismatch vectors of (12), so that

J__|-op/oul'rAV]E_TAPY
—ay/aV|—dy/ou Au| | Ay

Ay=y"—y

are new elements of the mismatch vector and u represents the
vector of the associated control variables.

(15)
where

(16)
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Fig. 6. Schematic diagram of DCS3 and detailed power flow results (rounded)
for base case (CPFC losses are neglected and dc line powers are reported at
the receiving ends).

In the case of an ideal CPFC (i.e., lossless CPFC), shown
in Fig. 6, the following expressions can be derived:

Fyj = Fyj a7

Vi = n.V; (18)

where P;; is the power flowing from bus i to bus j, and
Vi/ Vi is the transformation ratio of the CPFC.
By including the CPFC, one degree of freedom is provided
which allows for the regulation of either the dc voltage on
one side of the converter or the power flowing through it.
In both cases, n. is the only control variable

H =

Au = An,. (19)

When power regulation is intended, ie., P;; = P‘.‘}f, then we
have

Ay=AP; =P — P:-j. (20)

The Jacobian matrix can be updated to include the following
elements, obtained from (18):

oPj _9P; aV; 1 oP i
ok Vi Vi n. 8V
o P _ d Fjj . aV; _ *E . aPjj 22)
On, eV én. n{Z_. oV
where
Pij = Vi(V; = Vi)(—=Gij). (23)
Hence, (15) becomes
J__|-op/on [TAV] _[APT
-"P,-_;/8V|—6P,-j/6nc An, 5 APU
and
|
0P /oVy = ;(Vj —2Vi)(=Gij)
s
1 Vi
= — (Vj — 2—) (=Gij) (25)
e e
oP;j/aV; = Vi(=Gij)
Vi
= —(=Gij) (26)
ne
N Vi
OR;j/one = ——5(Vj — 2V)(=Gij)
2
Vi Vi = .
= —2 (Vi —2-%) (~G). 27



TABLE 1
OVERHEAD LINE AND CABLE DATA

TABLE 111
POWER FLOW RESULTS (BASE CASE: FOR e = 1)

Line Data R L c G
[Q/km] [mH/km)] [nF/km] [uS/km]
DC OHL + 400kV 0.0114 0.9356 0.0123 -
DC cable + 400kV 0.0095 2.1120 0.1906 0.048
AC OHL 380kV 0.0200 0.8532 0.0135 -
TABLE 11

POWER FLOW DATA

DC Bus Bus Type DC Voltage Net Power (pu)
Bb-Al Slack 1 Unknown
Bb-B1 P Unknown -0.5
Bb-Bls Intermediate Unknown 0

Bb-B2 P Unknown -0.4
Bb-B4 Intermediate Unknown 0
Bb-C2 P Unknown 09
Bb-D1 P Unknown 19
Bb-E1 Intermediate Unknown 0

The augmented Jacobian matrix in (24) and expressions
in (25)—-(27) allow inclusion of the CPFC into the dc power
flow program. In (24), the additional row and column are
associated with the inclusion of the CPFC, and introduce the
transformation ratio of the CPFC n. as a new power flow
unknown.

IV. STATIC SIMULATION RESULTS
A. Test MTDC Grid

In order to demonstrate how the CPFC capabilities enhance
the controllability of the MTDC grid, static simulations are
carried out on the CIGRE B4 MTDC grid test system [18].
This test system is developed by CIGRE’s B4 working group
as a benchmark for conducting MTDC grid studies [17]. The
CIGRE B4 MTDC grid test system includes two onshore ac
systems, four offshore ac systems, two dc buses (with no
connection to any ac system), and three MTDC systems.

In this paper, the MTDC system three (DCS3),
a five-terminal meshed grid comprised of bipolar VSC-HVdc
stations with dec-link voltage of +£400 kV. is employed
in order to evaluate the proposed control framework. The
schematic diagram of DCS3 is shown in Fig. 6.

The data for the dc transmission system are presented
in Table I. Note that the base power and voltage are
500 MW and 800 kV, respectively.

As can be seen in Fig. 6, a dc—dc converter is installed
between dc buses Bb-B1 and Bb-Bls. This converter plays
the role of the dc power flow controller in DCS3 and provides
special control over the power flow in the dc line between dc
buses Bb-E1 and Bb-B1. It is worth noting that without the
presence of the CPFC, the VSC installed at the dc bus Bb-B1
(i.e., Cb-B1) will not be able to simultaneously control the
power of the dc bus and the dc line between the dc buses
Bb-Bl and Bb-El.

The power flow data, i.e., slack and P-bus assumptions,
are presented in Table II where Bb-A1l is the grid slack bus,

DC Bus/DC Line  Bus Type  DC Voltage (pu) Net Power (pu)
Bb-Al Slack 1 -1.8254
Bb-B1 P 1.001 -0.5000
Bb-Bls Intermediate 1.001 0
Bb-B2 P 0.9986 -0.4000
Bb-B4 Intermediate 0.9996 0
Bb-C2 P 1.0047 0.9000
Bb-D1 P 1.0079 1.9000
Bb-E1 Intermediate 1.0044 0

Bb-EI to Bb-Bls’ - - 1.1515

Bb-C2 to Bb-A1" - - 1.5873

"Line powers are reported at the receiving end.

and Bb-Bl and Bb-B2 are P-buses with predefined net
injected power.

Two offshore buses, i.e., Bb-C2 and Bb-D1, are also P-bus
and have predefined generation. Note that in the diagram of
Fig. 6, dc buses Bb-B4 and Bb-Bls are intermediate dc buses
with no load and no generation.

B. Base Case: No Power Flow Control by CPFC

In the base case, the transformation ratio of the CPFC is
kept at unity (11, = 1), and hence, the CPFC does not provide
power flow control. By applying the NR method to the current
dc power flow problem, the dc voltage and net injected power
of all buses in DCS3 are obtained, as presented in Table III.
More detailed results are shown in Fig. 6.

C. Case 1: Line Power Control by CPFC

In this case, the CPFC is used to control the power
transmitted through the dc line between Bb-B1 and Bb-EI.
Specifically, the power flowing from Bb-El to Bb-B1 should
be maintained at 1.4 pu (note that the power flowing through
this line was 1.15 pu in the base case), with all other power
flow assumptions (i.e., generation and consumption in the
DCS3 buses) being satisfied.

The power flow problem is formulated and solved
using (15)-(24). Based on the resulting power flow solution,
in order to achieve the desired power flow through the dc
line between Bb-B1 and Bb-El, the CPFC transformation ratio
must be set to n, = 1.0041. The results of the power flow for
this case are summarized in Table IV.

Note that while the power flowing from Bb-EI to Bb-B1 has
been adjusted to 1.4 pu, the net injected power in the dc
buses is the same as the base case, with the exception of
the slack bus. When the power flow through a specific line
is changed, it is highly likely that this will lead to a change
in the total system losses, which must then be compensated
for by the slack bus, i.e., the injected power in the slack
bus should change. A comparison of the results presented
in Tables III and IV indicates that the dc voltage of all buses
in case 1 has changed with respect to the base case; this is due
to the voltage regulation provided by the CPFC. The detailed



TABLE 1V
POWER FLOW RESULTS (CASE 1: FOR ne = 1.0041)

DC Bus/DC Line Bus Type DC Voltage (pu) Net Power (pu)
Bb-A1l Slack 1 -1.8254
Bb-B1 P 1.0017 -0.5000
Bb-Bls Intermediate 0.9976 0
Bb-B2 P 0.9991 -0.4000
Bb-B4 Intermediate 1.0002 0
Bb-C2 P 1.0040 0.9000
Bb-D1 P 1.0060 1.5000
Bb-El Intermediate 1.0018 0

Bb-E1 to Bb-Bls - - 1.4000

Bb-C2 to Bb-Al" - - 1.3386

"Line powers are reported at the receiving end.

= DC hipole {+ 400 kv)
= AC onshaore (380 kV)
— AC offshore (145 kV)
== Cable

= Overhead line

Fig. 7.
neglected and dc line powers are reported at receiving ends).

Detailed power flow results (rounded) for case | (CPFC losses are

power flow results for case 1 are illustrated in Fig, 7, where
the power flowing through all dc lines is presented.

Note that in Fig. 7, the sum of incoming and outgoing
power at every node may deviate from zero; this is due to
the omission of dc transmission losses. The change in power
flow on all of the dc lines, with respect to the base case, can
be observed by comparing Fig. 6 with Fig. 7.

V. DYNAMIC PERFORMANCE EVALUATION

This section of this paper presents the results of the dynamic
simulations that were carried out on DCS3, employing the
average model of the VSC and CPFC stations.

In DCS3, the grid-side VSCs Cb-Al, Cb-B1, and Cb-B2 all
adopt voltage droop characteristics and hence contribute to
the dc voltage control and power sharing in the MTDC grid.
Contrastingly, the wind farm-side VSCs Cb-C2 and Cb-DI,
are used to control the frequency of their corresponding ac
grids.

A. Dynamic Evaluation of Power Flow Control by the CPFC

In this simulation, the control mode of the CPFC is set to
power control (i.e., control mode 2 in Fig. 2). The simulation
is initiated using the power flow results for the static base case,
summarized in Table III. The parameters of the voltage droop

Line power (pu)
&
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Fig. 8. Controlled power of the line between Bb-Bl and Bb-El for
Peprc, ref = 1.4 pu.
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Fig. 9. Active power of the grid-side VCSs for PCPFC, ref = 1.4 pu.

characteristic of the grid-side VSCs are tuned according to the
dc power flow results.

In this simulation, prior to t =55, S, =0, and ne rr = 1;
i.e., no control action is provided by the CPFC.

At this stage of the simulation, the steady-state active
powers and dc voltages are in line with the base case power
flow results, presented in Table III. The line power flow
between Bb-B1 and Bb-El and the active power at the
grid-side VSCs are shown in Figs. 8 and 9, respectively.

Att = 5 s, the supervisory control system executes a new dc
power flow to adjust the power transmitted by the line between
Bb-El and Bb-Bl at 1.4 pu voltage. Based on the results
presented in Table 1V, the transformation ratio of the CPFC
must be adjusted to n, = 1.0041. The CPFC voltage droop
parameters, the feedforward control signal (n, = 1.0041), and
the control mode selection signal (s, = 1) are sent by the
secondary control layer to the local controller of the CPFC.
The voltage droop characteristics of the grid-side VSCs are
retuned based on the results of the new dc power flow. It can
be seen from Fig. 8 that the power flow through the controlled
line has reached the new reference value, with a settling time
of 200 ms, thus demonstrating the desired performance of the
control system. It is worth noting that this settling time is
directly related to the parameters of the CPFC controller as
well as to the inductance and resistance. Note that the size
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Fig. 11.  Active power of the grid-side VCSs during grid disturbance.

of Ly and R; is very small in comparison with the inductance
and resistance of the cables.

Based on the active power of the grid-side VSCs shown
in Fig. 9, the droop-based voltage control system of the VSCs
has successfully maintained the active power of the VSC
stations at their predefined value. This indicates the satis-
factory performance of both the local and the global control
systems.

B. Dynamic Evaluation in Case of Disturbances

The capability of the CPFC to control the power of a specific
dc line through its regulatory action has been demonstrated.
It is, however, important to verify how the CPFC performs
when a disturbance (in generation or on the demand side)
occurs in the MTDC grid. In this scenario, the power trans-
mitted through the line between Bb-B1 and Bb-El is initially
controlled at 1.25 pu by the CPFC. Then, the generation of the
offshore grid Bo-D1 is reduced from 1.9 to | puatt =3 s.
This large disturbance changes the status of the grid, and it is
crucial that during this event, the CPFC does not lead to the
instability of the MTDC grid.

Fig. 10 shows the power flow through the controlled line
during this simulation. It is seen that when the disturbance
occurs, the power—controlled by the CPFC—is reduced due to
its voltage droop control action. As the total generated power is
significantly reduced, the power transmitted by the controlled
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3
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@

(=]

B 1

g

Q 0995}
0.99|

Time (s)

Fig. 12. DC voltage of the grid-side VCSs during grid disturbance.

line decreases, as a result of the voltage droop control action
of the CPFC. At r = 5 s, new set points for the voltage droop
controllers of the grid-side VSCs, and the CPFC, are calculated
and sent by the secondary controller. This is done by executing
a new power flow calculation for the new grid status, and
the demand requirements of Ba-B1 and Ba-B2. As can be
seen from Fig. 10, the power flow of the controlled line is
restored back to 1.25 pu. Fig. 11 shows that the grid-side
VSCs Cb-B1 and Cb-B2 each receive their predefined power,
(0.5 and 0.4 pu, respectively), after the retuning of the voltage
droop controllers by the secondary control. The dc voltage
profile of the grid-side VSCs during this simulation is depicted
in Fig. 12.

VI. CONCLUSION

This paper proposed a CPFC to regulate the power flowing
through a dc transmission line within an MTDC grid. A com-
plete two-layer control framework for VSC and CPFC stations
was proposed and analyzed. At the primary control layer,
a novel voltage-droop-control strategy was employed while,
at the secondary control layer, the dc power flow algorithm
was modified to take into account the effects of the power flow
controller. Through the application of the proposed control
strategy. the CPFC can reschedule the power flow in an MTDC
grid to increase the utilization of dc lines, while improving
the grid’s efficiency and avoiding bottlenecks. The flexibility
that this control strategy provides for the MTDC grid was
shown through sound mathematical analysis as well as static
and dynamic simulations on the CIGRE B4 dc grid test system.
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