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Abstract—This paper proposes a generalized voltage droop
(GVD) control strategy for dc voltage control and power sharing in
voltage source converter (VSC)-based multiterminal de (MTDC)
grids. The proposed GVD control is implemented at the primary
level of a two-layer hierarchical control structure of the MTDC
grid, and constitutes an alternative to the conventional voltage
droop characteristics of voltage-regulating VSC stations, provid-
ing higher flexibility and, thus, controllability to these networks.
As a difference with other methods, the proposed GVD control
strategy can be operated in three different control modes, includ-
ing conventional voltage droop control, fixed active power control,
and fixed dc voltage control, by adjusting the GVD characteristics
of the voltage-regulating converters. Such adjustment is carried
out in the secondary layer of the hierarchical control structure.
The proposed strategy improves the control and power-sharing
capabilities of the conventional voltage droop, and enhances its
maneuverability. The simulation results, obtained by employing
a CIGRE B4 dc grid test system, demonstrate the efficiency of the
proposed approach and its flexibility in active power sharing and
power control as well as voltage control. In these analysis, it will
be also shown how the transitions between the operating modes of
the GVD control does not give rise to active power oscillations in
the MTDC grids.

Index Terms—CIGRE B4 dc grid test system, generalized volt-
age droop (GVD) control, multiterminal dc (MTDC) grids, power
sharing.

I. INTRODUCTION

HE research conducted in the field of voltage source
converter (VSC)-based multiterminal dc (MTDC) grids,
including modeling and simulation [1]-[3], short-circuit cal-
culation [4], protection [5], [6], and control [7]-[9], has ex-
perienced an outstanding evolution over the last years. Such
popularity is mainly due to two reasons: appropriateness of
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the MTDC grids for the integration of offshore wind farms
and possibility of interconnecting several (more than two) ac
networks with even nonidentical frequencies.

The high-voltage MTDC grids are advantageous compared
to conventional ac transmission for the integration of offshore
distant wind generation into the ac mainland, due to their capa-
bility for transmitting high power over long distances [10]. At
the present time, there are several ongoing projects worldwide
for transmission of bulk offshore wind generations to the ac
networks via the MTDC grids [11]-[13]. Moreover, efforts
are being made for developing the “European Supergrid” with
MTDC grids as its backbone [11]. Likewise, there are also pro-
posals for a subsea MTDC grid around the North Sea to collect
the rich wind resource of the region and also interconnect the
U.K. and Nordic pool with continental Europe [14].

DC voltage control, active power control, and power sharing
are essential operational tasks in MTDC grids in order to guar-
antee the proper performance of the grid. This is due to the fact
that, in a dc network, the flow of energy between the network’s
terminals is governed by the terminal’s dc voltage. Unlike ac
systems where synchronization parameter (i.e., frequency) is
maintained at the nominal value throughout the system, the dc
voltage in the MTDC grids cannot be set to a same level for all
terminals. In fact, there must be a strategy for controlling the
dc voltage in the MTDC grids, in such a way that the desirable
power flow is realized between the dc terminals.

Three main strategies can be identified for dc voltage control
in MTDC grids, i.e., master—slave strategy, voltage margin
strategy, and voltage droop strategy. While in the master—slave
approach always one VSC is responsible for controlling the
voltage profile and others control the flow of power [15], the
voltage-regulation task can be shifted among several VSCs in
the voltage margin strategy [15]. Obviously, the master—slave
method suffers from poor reliability since the dc voltage con-
trol is totally lost if the master converter fails. However, the
voltage margin method, which can be seen as an extension
of master—slave control, experiences some drawbacks, too. For
instance, oscillations are generated in the dc voltages when the
master converter is shifted [16].

In the voltage droop control, as the most commonly em-
ployed strategy for dc voltage control in the MTDC grids, sev-
eral converters contribute to the dc voltage control of the grid
[17]. In this approach, which originated from power—frequency
droop control in ac systems, the voltage-regulating converters
will share the power based on the slope of their voltage droop
characteristics. The voltage droop control exhibits a higher
reliability compared to the master—slave control, and does not
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Fig. 1. CIGRE B4 eleven-terminal dc grid with five offshore and six onshore
ac buses.

give rise to voltage oscillations associated with the voltage
margin method [18].

However, despite the popularity of the voltage droop control,
it has some drawbacks. The main one lays on the fact that it
cannot perform fixed power control for a particular VSC station
or fixed dc voltage control, if necessary.

In order to overcome the mentioned shortcoming, in this
paper, a generalized voltage droop (GVD) strategy is proposed
for performing the voltage control and power control of MTDC
grids. The proposed strategy is flexible in terms of power flow
and dc voltage control and power sharing based on droop
characteristics. In fact, fixed power control and fixed dc voltage
control can be both performed using the proposed GVD control
strategy with a smooth transition strategy.

The rest of this paper is organized as follows: Section II
describes the control structure of the MTDC grids. The GVD
is explained in Section ITI. Simulations of a six-terminal dc test
system are presented in Section IV. Finally, the main findings
of the paper are summarized in Section V.

II. CoNnTROL OF MTDC GRIDS

MTDC grids are characterized by the interconnection of sev-
eral VSC-HVDC systems. Fig. 1 depicts the schematic diagram
of the recently released CIGRE B4 MTDC grid [24], inter-
connecting six ac buses to five offshore grids via 14 dc buses.
The main components of the VSC-HVDC terminals include ac
circuit breaker, ac transformer, ac filter, phase reactor, VSC, and
dc capacitor.

For the effective control of the MTDC grid, a two-layer hier-
archical control structure, as illustrated in Fig. 2, is developed
in this paper. In this structure, at the upper level (secondary
control), the parameters of the voltage droop controllers of
the VSCs are determined, according to the grid conditions and
demand and generation requirements at the ac sides, and sent to
the primary control level.

On the other hand, primary control of MTDC grids includes
dc voltage regulation at the dc terminals, control of active and
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Fig. 2. Proposed hierarchical control framework for the MTDC grids.

reactive power at the point of common coupling (PCC), and
maintaining the PCC’s ac voltage at the specified setpoint.
The most commonly used control strategy for the VSC-HVDC
stations is based on the vector control [18]. In this strategy, the
ac currents and voltages of the converter station (at the PCC) are
transformed into the rotating direct—quadrature (d—q) reference
frame, synchronized with the ac grid voltage by means of a
phase-locked loop (PLL). This structure permits to carry out
a decoupled control of the active and reactive powers as well as
the dc and ac voltages. The general architecture of the vector
control at a VSC-HVDC station is illustrated in Fig. 3. The
outer controllers in Fig. 3 are responsible for generating the
reference currents for the inner current controller (ICC), which
determines the voltage reference of the converter in the d—q
frame.

A ICC

The ICC, as shown in Fig. 4, includes fast proportional—
integral (PI) controllers, which track the reference currents, set
by the outer controllers, and produces the voltage reference for
the converter. To derive the structure of the ICC, the voltage
at PCC (eg) and the converter-side voltage (v.) in Fig. 3 are
related by

dic

€s — Uc = RTicJV_LTE (l)

where 7. is the current flowing from the ac grid to the converter,
and Ry and Ly represent the total resistance and inductance
installed between the PCC and the converter. Then, by applying
the d—q transformation, (1) can be expressed in the d—q
reference frame by

di
cqg —vg = Rrig + LTﬁ — wLTz'q

2
q 2
. dig .
€q — Vg = Rrig + LTE + wLpig 3)

where w is the angular frequency of the ac voltage at the PCC.
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Fig. 4. Structure of the ICC.

The reference voltages (Vg ver and vy vef), produced by ICC,
are then transformed back into the abc reference frame and used
to generate the switching signal of the converter.

B. Outer Controllers

The outer controllers include the active and reactive chan-
nels, as shown in Fig. 3. The active channels are responsible
for regulating the active power and the dc voltage, while the
reactive channels control the reactive power or amplitude of the
ac voltage at the PCC.

For active power control, the power equations in the d—¢g
reference frame can be used as

C))
&)

P =uvgtq + vyt

Q =v4iq — Vaiq.

It is worth noting that the d-axis of the d—gq frame is aligned
with the ac network voltage phasor through a PLL, i.e., ¢, = 0
and, hence,

(6)
)

P :Udid
Q = — Ud’L'q.

Based on (6) and (7), the currents in the d- and ¢-axes can be
used to control active and reactive powers, respectively.

The ac voltage controller is intended to regulate the ampli-
tude of the PCC’s ac voltage. This can be accomplished by
injecting the required amount of reactive power such that the
ac voltage at the PCC matches the reference value. Hence, the
control of the ac voltage is carried out by modifying the g-axis
current.

Likewise, to keep the dc voltage at its reference value, the
active power exchanged with the ac grid must be properly
regulated. Hence, modification of the d-axis current (7,4) allows
to control the dc voltage within the permissible limits.

C. Voltage Droop Control

The voltage level at different terminals of an MTDC grid
directly influences the flow of dc power between the terminals
of the MTDC grid. It is worth noting that unlike ac transmission
systems where fixed and identical voltage amplitudes (normally
around 1 p.u.) are preferred throughout the system, the MTDC
grids cannot have the same voltage level over the entire system,
as the power flow between the dc terminals depend on this
variable.

The voltage droop control allows regulating the dc voltage
within the grid by adjusting the converter’s currents, in such
a way that the power balance is guaranteed throughout the grid
[19]. In this method, a proportional controller is employed, thus
following a characteristic describing a unique relation between
the dc voltage and the converter’s current [20].
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The idea behind the voltage droop control has been inspired
by the power—frequency droop control in ac networks, where
increase/decrease in demand level leads to a frequency
drop/rise, as shown in Fig. 5. Similarly, in an MTDC grid, a
rise in the dc voltage implies a power surplus in the system,
and the dc voltage-regulating stations should start to operate
in order to reestablish power balance. Meanwhile, a dc voltage
drop indicates lack of power in the system, and the dc voltage-
regulating stations should start to increase rectification [21].
This is the basics of the voltage droop control for MTDC grids.
A typical voltage droop characteristic shown in Fig. 6 illustrates
the idea clearly. In addition, the implementation of voltage
droop characteristic inside outer control loop is illustrated
in Fig. 7.
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Fig. 8. GVD characteristics with three control modes.

Despite its common applications, the voltage droop control
has some drawbacks [22], [23].

* It is not able to perform full power flow control since the
droop control cannot fix the active power at a constant
level.

It cannot fix the voltage of the dc terminals, if required.

Hence, modifications should be introduced into the voltage
droop control to overcome the aforementioned shortcomings.

III. GVD CONTROL

The GVD is able to perform fixed power control and fixed dc
voltage control and to share power among voltage-regulating
converters based on the slopes of voltage droop characteristics.
It involves three operating modes, as shown in Fig. 8, where
each mode can be activated by adjusting the coefficient of the
GVD characteristic. The GVD characteristic is mathematically
expressed by

u"fDC,mcas + /jpmcas + Y= 0 (8)

where Vb meas and Preas are the measured voltage and power
at the dc side of the VSC, respectively, and «, 3, and =y are the
coefficients of the GVD characteristics.

A. Operating Modes of the GVD Control

The operating modes of the GVD control are explained as
follows.

1) Mode [—Conventional Voltage Droop Control: This
mode is employed by choosing « # 0, 8 # 0, and v # 0. In
this mode, the conventional voltage droop control is carried
out, i.e., when converter’s dc voltage starts rising, it increases
power inversion. On the other hand, if the dc voltage drops, the
converter injects more power into the dc grid.

For this operating mode, the GVD coefficients are computed
based on the dc voltage (Vpc,o) and power (Pp) associated
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with an operating point of the corresponding converter. In other
words, the following condition must be satisfied:

aVpc,o + B +v = 0. )

In (9), there are three unknown parameters («, 3, and 7).
Hence, two more equations must be added to solve for «, 3,
and ~y. In this paper, the slope of GVD characteristics (m) are
assumed constant and predefined. Hence,

B

m = —.
(67

10)

Without any loss of generality, by assuming a = 1, one can
compute

8 =m. an
Based on (9) and (11), the ~ can be determined as
v = =Vbc,o — mbP. (12)

2) Mode 2—Fixed Power Control: In the second mode of
operation, the controller fixes the active power of the station to
the specified setpoint, i.e., Pyef, by choosing a = 0, 8 #£ 0, and
~ # 0. This mode of operation allows the fixed power control,
particularly in circumstances where a station needs to receive or
transfer a particular amount of active power while the remaining
power is shared among other stations according to their droop
characteristics.

In this mode, o = 0. Hence, based on (9) and preserving 3 =
m, which is obtained for the conventional voltage droop mode,
ie.,

a=0 (13)
B=m (14)

and by setting Py = Py¢t, ¥ can be determined as
7= _Bpref~ (]5)

Implementation of the proposed GVD control with the smooth change in the operating mode.

According to (15), by adjusting the coefficients § and v and
also setting « to zero, the required reference power is obtained.

3) Mode 3—Fixed DC Voltage Control: The third operating
mode controls the dc voltage of the station at the specified
setpoint, i.e., Vb ref, With o # 0, 8 = 0, and v # 0. This mode
of operation is useful when it is required to fix the dc voltage of
the station at a particular level. In this control mode, the task of
the dc voltage control and the active power balance within the
MTDC grid is transferred to the converter station operating in
the third mode of the GVD control (such as the slack bus in ac
grid).

However, if this mode is activated by directly setting 5 = 0,
then the reference and measured signals of the active channel
must be changed from power to dc voltage via a hard switching
element, as shown in Fig. 3. In this paper, a novel strategy is
proposed to eliminate this undesirable effect. In this strategy,
for constant dc voltage control, the GVD is still operating
in the conventional voltage droop mode (i.e., mode 1), but
an extremely small value is assigned to coefficient /3, which
indicates the slope of the GVD characteristics. Hence, the
GVD characteristic is almost aligned to the horizontal axis,
resembling the fixed voltage control mode. Therefore, in this
circumstance, the following reference power signal is generated
by the GVD characteristic:

aVDC.meas + Y

Pt = (16)
—B
where 3 ~ 0, and according to (12), v can be written as
v = —Vpc,o — BFo. (17)

Now, assuming that o = 1, setting Vpc,0 = Vb vef, and sub-
stituting (17) into (16) results in Fig. 9, the following error
signal is sent to the active channel PI controller:

-1
?(Vmeas - VDC.ref) + PO - Pmeas~

(18)

e:Pref_Pmeas:
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Since, voltage and power signals are in per-unit basis (i.e., are
in similar range), and the coefficient 1/ tends to the infinity,
the power error term Py — Peas in (18) can be disregarded
compared to the voltage error term Viy..s — Vpc.rer- Hence,
(18) can be approximated by

C =

(VDC,ref - ‘/meas) (19)

|~

indicating a fixed dc voltage control action of the GVD control.

It must be noted that the large value of the gain 1/4 in the
error signal of (19) may lead to the instability of the control
system. To avoid such adverse effect, a gain scheduling block,
as illustrated in Fig. 9, decreases the gain of the active channel
PI controller smoothly, as 3 tends to zero.

Therefore, it can be remarked that the proposed GVD strat-
egy has much more flexibility than the conventional voltage
droop scheme, which is only capable of power sharing based
on the droop characteristics of the VSCs.

B. Smooth Change in GVD Operation Modes

In order to allow a smooth change of the GVD characteristic
from one mode to another, a smoothing function is employed. In
fact, when the GVD is going to change its operating mode, this
is carried out by changing its coefficients, i.e., a, 3, and -y are
varied from the old values to the new values, smoothly during
the smoothing period of Tim00thing. This strategy, as illustrated
in Fig. 9, improves the transient response of the control system
during mode change in the GVD characteristics, as compared
with the abrupt change in the GVD coefficients.

Moreover, such a smooth change policy is applied to the co-
efficients of the active channel PI controller, by gain scheduling
of k, and k;, as shown in Fig. 9, during transition to the fixed
dc voltage control mode.
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IV. SIMULATION AND DISCUSSION

The proposed GVD control strategy is evaluated by using
the recently released dc grid test system by CIGRE [24]. This
test system is developed by CIGRE’s B4 working group as a
benchmark for conducting dc grid studies and analysis. The
CIGRE B4 dc grid test system includes two onshore ac systems;
four offshore ac systems; two dc nodes, with no connection
to any ac system; and three dc systems. The overall system is
comprised of 11 VSC stations.

However, for the sake of clarity in this paper, only the dc
system three (DCS3), i.e., a five-terminal bipolar VSC-HVDC
meshed grid with a dc-link voltage of +400 kV, is employed
for evaluating the proposed control strategy. The schematic
diagram of DCS3 is shown in Fig. 10. It can be seen that two
VSCs are connected to offshore ac buses, while other three
VSCs serve as the interface between the dc grid and the onshore
ac buses (i.e., grid-connected VSCs). The offshore systems
are modeled as constant-power sources, and onshore systems
are stiff grids represented by ideal voltage sources behind the
impedance.

It must be noted that VSCs of the offshore systems adjust the
frequency of their corresponding ac system. These VSCs are
equipped with a GVD control scheme operated in fixed power
mode in parallel with a frequency controller. On the other hand,
the VSCs of the onshore systems control the voltage of the dc
grid or active power of their corresponding ac system.

A. Grid Data and Modeling

The DCS3 includes five bipolar VSC-HVDC stations with a
dc voltage level of +400 kV. There are two offshore systems
with an ac voltage level of 145 kV and six onshore systems
with an ac voltage of 380 kV. The dc grid is composed of
dc overhead lines (OHLs) and cables, with the specifications
presented in Table I. The specifications of the ac OHL are also
given in Table I. For each converter station, the total resistance



TABLE 1
OHL AND CABLE DATA

Line Data i - - “
[€/km] [mH/km] [uF/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

CONVERTER STATION PARAMETERS

VSC station Ry (QY) Ly (mH) C (uF)
Cb-Al 0.403 33 450
Cb-B1 0.403 33 450
Cb-B2 0.403 33 450
Cb-C2 1.210 98 150
Cb-D1 0.65 49 300

GVD Characteristics
[a* B* y¥] > JE
—p Pn;r
Grid frequency - iy
deviation Pk, +5__

Reference power correction

Fig. 11. TImplementation of the active channel controller in offshore wind
farms with GVD and frequency controller.

and inductance between the VSC and the PCC, i.e., Ry and
L, respectively, as well as the dec-link capacitor C, have been
presented in Table II.

The control mode of VSCs depends on whether they are
connected to an offshore or an onshore ac grid. Since the off-
shore grids are normally weak ac systems, their active channel
controls the frequency by a GVD control scheme operated
in fixed power mode, working in parallel with a frequency
controller, as shown in Fig. 11, while their reactive channel
controls the voltage’s amplitude of the offshore ac grid. On the
other hand, the grid-side converters control the dc voltage of the
MTDC grid (or the active power at the PCC) and reactive power
at the PCC. Tt must be noted that the grid-side VSCs employ
GVD characteristic at their active channel for the dc voltage
control. To maintain power factor at unity, these converters fix
the PCC’s reactive power at zero. The control functions of the
active and reactive channels of the onshore and offshore VSCs
are summarized in Table III.

For modeling of the grid, an average-value model of the
VSCs has been used. The offshore wind farms have been
modeled as constant-power sources. Moreover, the 7 model has
been adopted for the OHLs and the cables.

B. MTDC Grid Startup

Prior to performing the simulation of the different scenarios,
the startup condition of the grid will be discussed and simulated.

TABLE TII
CONTROL MODES OF VSCs

VSC station Active channel Reactive channel
Cb-Al GVD control Reactive power control
Cb-B1 GVD control Reactive power control
Cb-B2 GVD control Reactive power control
Cb-C2 GVD with Frequency AC voltage control

control
Cb-D1 GVD with Frequency AC voltage control
control

Active power (pu)

Time (s)

Fig. 12. DC power at converter stations for different voltage intercepts of
voltage droop characteristics when there is no offshore generation.
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Fig. 13. DC power at converter stations for identical voltage intercepts of
voltage droop characteristics when there is no offshore generation.

The startup condition is related to the initial dc voltage of
the VSCs when the grids start from a resting state (i.e., no
generation by offshore systems). When there is no offshore
power generation, it is expected that no power flows within
the dc grid. However, in case the different voltage intercepts
(i.e., Vpc,o in Fig. 6) are not identical, there will be an
unexpected flow of power through the grid, even if there is
no power injection from the offshore stations. This happens
due to the difference between voltage intercepts (AVpc o) of
voltage droop characteristics of onshore VSCs. The dec power
at the onshore VSCs, considering a situation where there are
differences between the voltage intercepts, is shown in Fig. 12.
In contrast, Fig. 13 shows the dc power in the case when voltage
droop characteristics have identical voltage intercepts.



TABLE 1V
BRIEF DESCRIPTION OF SIMULATION SCENARIOS
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Fig. 14.  Active power at converter stations for scenario 1.

To avoid such an undesirable phenomenon in an MTDC
grid, the simulations of this paper are initiated with identical
voltage intercepts for VSC’s GVD characteristics. After the grid
startup, the GVD characteristics are adjusted according to the
planned power sharing.

C. Simulation Results

In order to investigate the control performance of the pro-
posed approach within an MTDC grid, three simulation scenar-
ios, as presented in Table IV, are implemented.

1) Scenario 1—Conventional Voltage Droop: In the first
simulation scenario, the generated power by the offshore sys-
tems is shared among grid-side VSCs based on the conventional
droop scheme. Figs. 14 and 15 show the active power and
dc voltage at all converter stations during this simulation,
respectively. The base power and dc voltage for normalization
are 500 MVA and 800 kV, respectively.

In this scenario, at ¢t =1 s, the generated power of off-
shore grid Bo-DI increases to 2 p.u. This power increase is
shared among the grid-side converters based on their droop
characteristic.

As stated earlier, the offshore VSCs control the amplitude
of the ac voltage at the PCC. The ac voltage amplitude of the
offshore grids Bo-C2 and Bo-D1 is shown in Fig. 16. It is
shown that, at ¢ = 1 s, when the generation by Bo-D1 increases
to 2 p.u., there is a transient in the ac voltage amplitude of
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Fig. 17. Frequency at offshore grids for scenario 1.
this offshore grid. The reactive channel of VSC Cb-D1 quickly
restores the grid voltage to the reference value of 1 p.u.

In addition, the frequency at the offshore grids is depicted
in Fig. 17. It is shown that the frequency of the offshore grid
Bo-D1 is quickly restored to the reference value of 50 Hz after
generation increase at ¢ = 1 s. In addition, there is no variation
in the frequency of offshore grid Bo-C2, as it is isolated from
the other offshore grid.

2) Scenario 2—Fixed Power Control: In the second sce-
nario, the grid condition is similar to the previous scenario prior
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tot = 1. After this time, the onshore grid Ba-B1 demands fixed
power of 0.96 p.u. (i.e., its absorbed power must increase from
0.7 p.u. to 1.2 p.u.). This is done by changing the GVD mode
of the corresponding VSC from the conventional droop to the
fixed power control, which is based on the proposed smooth
change strategy. The active power and dc voltage profiles of
all VSCs during this simulation are depicted in Figs. 18 and
19, respectively. Moreover, at t = 2 s, the generated power by
offshore grid Bo-D1 increases to 2 p.u. In this circumstance,
the new generation is shared between Ba-Al and Ba-B2 only
since Ba-B1 operates in the fixed power mode. During this
development, the variations of the dc voltage of the CB-B1, due
to the abrupt GVD characteristic change and smooth change
strategy, are compared in Fig. 20, indicating the positive effect
of the proposed GVD characteristic smooth change strategy.

The actual and reference d-axis current of VSC Cb-B1 is
shown in Fig. 21.

3) Scenario 3—Fixed Voltage Control: In the final simulation
scenario, prior to t =1 s, the situation is similar to scenario 1.
Att = 1 s, both Ba-B1 and Ba-B2 go into fixed power control
mode. At{ = 1.5 s, onshore grid Ba-Al takes the responsibility
of dc grid voltage control and power balance inside the grid by
operating the fixed dc voltage mode. The active power and dc
voltage profiles during this simulation are depicted in Figs. 22
and 23, respectively. In this scenario, there are two events in the
offshore power generation. First, at t = 2.5 s, the generation
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Fig. 20. Variations of the dc voltage of the CB-BI, due to the abrupt GVD
characteristic change and smooth change strategy, in scenario 2.
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Fig. 22.  Active power at converter stations for scenario 3.

by Bo-DI is increased. This event is followed by an increase
in Bo-C2 generation at ¢ = 3.5 s. During these events, the dc
voltage at VSC Cb-Al is fixed at 1 p.u., while onshore grid
Ba-Al guarantees the power balance of the dc grid.

The variations of the dc voltage at the CB-Al, which are
generated as a result of the abrupt and smooth changes in the
GVD characteristic as well as the parameters of the active
channel PI controller, are shown in Fig. 24, indicating the con-
siderable performance of the proposed smooth change strategy.
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TABLE V
PARAMETERS OF THE ACTIVE CHANNEL PI CONTROLLER

Mode ky k;

Conventional droop and fixed power 0.5 33
Fixed voltage(Final values) 0.025 1.156

In addition, the values of the proportional and integral gains of
the active channel PI controller, in case of conventional voltage
droop control and fixed dc voltage control, are presented in
Table V.

The amplitude of ac voltages of the offshore grids are shown
in Fig. 25, indicating that the voltages at the PCC are main-
tained at 1 p.u. during variations in offshore generation.

The frequency at offshore grids Bo-C2 and Bo-D1 are shown
in Fig. 26. Clearly, the frequency of both grids is quickly
restored to the reference value during transients in the generated
power.

V. CONCLUSION

This paper has proposed a GVD strategy for voltage control
and power sharing in MTDC power systems. The GVD strategy
was implemented at the primary level of a two-layer hierar-
chical control structure. On the other hand, the coefficients
of the GVD characteristic were determined at the secondary
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level of the hierarchical control system. The proposed GVD
strategy is able to perform power sharing based on the slope
of voltage droop characteristic, fixed active power control, and
fixed dc voltage control. Each of the three control modes may
be activated by proper adjustment of the coefficients of the
proposed GVD characteristics. Moreover, for smooth transition
between the control modes of the GVD, a smooth transition
strategy has been developed. Simulation results obtained for the
DCS3 of CIGRE B4 DC grid benchmark, which is composed
of five bipolar VSCs, demonstrated the capabilities and stable
operation of the GVD scheme in case of variations in output
power of converter stations.

Through the simulations, it has been demonstrated that the
proposed control strategy is able to eliminate the control and
power-sharing limitations of the conventional voltage droop
and enhance the control system maneuverability. In addition, it
was shown that switching from one operating mode to another
does not result in oscillation in the active powers as a result of
implementing a smooth change strategy for adjusting the GVD
coefficients.
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