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Abstract—This paper introduces an enhanced droop-based dc-
voltage control method, including dead-band, for applications
to the high-voltage direct-current (HVDC) grid that utilizes the
voltage-sourced converter (VSC) technology. The proposed droop-
control structure also autonomously imposes energy balance be-
tween the HVDC grid and its host ac system. The droop-control
method (1) divides the VSC stations into four groups, (2) activates
the droop-control of each group based on a prespecified voltage
margin, and (3) introduces an improved power-voltage character-
istic for desirable VSC station dynamic performance. Feasibility
and performance of the proposed control method are evaluated
based on time-domain simulation studies in the PSCAD platform,
using the IEEE-39-Bus system that imbeds a five-terminal VSC-
HVDC grid. Each VSC station is a monopolar modular multilevel
converter (MMC). The study results show that the proposed droop-
control method enables the HVDC-AC system to reach a new steady
state after transient events.

Index Terms—Modular multilevel converter, dc voltage droop-
control, dead-band droop-control, VSC-HVDC grid.

I. INTRODUCTION

CONOMICAL feasibility and technical features of the
E voltage-sourced converter (VSC) [1]-[3] technology, and
particularly those of the modular-multilevel converter (MMC)
[4]-[6] configuration, have made the concept of HVDC grid a
reality [7], [8]. One of the challenges and active research and
development aspects of the VSC-based HVDC grid is the DC-
side voltage/power control, i.e., simultaneously (i) the DC node
voltages must be maintained within a permissible range and (ii)
the net-zero exchange of power between the DC grid and its AC
host system(s) must be imposed [9]-[11].

The HVDC grid voltage control is achieved by: either (i)
a centralized DC voltage control method which requires an
extensive and fast communication infrastructure [9] or (ii) a
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distributed droop-based DC voltage control which exploits lo-
cal voltages and eliminates the need for fast communication
[12]-[14]. The focus of this paper is the latter method.

To ensure coordinated operation and retention of viable oper-
ating points of the HVDC converter stations, the droop-control
can be realized based on:

1) Voltage Dead-band [15]: When the operating point of

a converter station is within the dead-band, constant
current/power control mode is adopted. Otherwise, the
droop-control, based on a unique droop ratio, is activated.
The challenges of this method include (i) determination of
a unique and feasible dead-band for each converter station
within a fairly narrow voltage range, i.e., £10%, and (ii)
the need to re-determine each dead-band as the number of
converter station changes, i.e., due to the grid expansion
or when a converter station is out-of-service.

2) Voltage Undead-band [16]: The undead-band droop-
control introduces multiple droop ratios, one per converter
station, and abandons the constant current/power control
mode of the dead-band approach. This method can opti-
mize dynamic performance of the droop-control [9], how-
ever, (i) requires engineering judgement to properly select
the droop ratios and (ii) the operating points of converters
are subjected to excursions after transient events.

This paper presents an enhanced, dead-band-based, DC volt-
age droop-control for the MMC-HVDC grid. The numbers of
voltage margins and dead-bands in the proposed method are not
affected by the number of converter stations. The proposed ap-
proach divides the MMC-HVDC stations in four groups. Each
converter group is assigned with (i) a pre-specified priority for
activating the droop control and (ii) a unique voltage margin
and voltage dead-band. Thus changes in the number of the op-
erational converter stations, i.e., addition of a new station or
out-of-service mode of a station, are accommodated based on
the existing dead-bands. Subsequent to a transient event, the
dead-band droop-control of the MMCs within a lower-priority
group can be de-activated so that the MMCs can maintain their
pre-disturbance operating points. Since the active power of a
converter station intends to decrease due to the current limits, a
single droop ratio based on reducing the active power is adequate
for this approach.

The rest of this paper is organized as follows. Section II
introduces the proposed droop-control. Section III describes
the converter grouping approach. Section IV explains the volt-
age margins, the dead-bands and the improved power-voltage
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Fig. 1. Outer-loop current controllers in d-axis of the dead-band droop-
control: (a) DC-side voltage control, and (b) active power control.
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Fig. 2. The conventional P — Uy, characteristics of the DC-side voltage
control and active power control.

characteristic. Section V provides the PSCAD-based study re-
sults and Section VI presents the conclusions.

II. DEAD-BAND DROOP-CONTROL

The conventional dg-current control [17], [18] is the widely
used approach for droop-based control of the DC-side voltage.
Fig. 1(a) and(b) show the outer-loop d-axis controller that gener-
ates i4,0r based on real power or DC-side voltage, respectively
[9]. Fig. 2 shows the conventional power-voltage (P — Uy.)
characteristics [9] that impose the cooperation between the DC-
side voltage control of Fig. 1(a) and the active power control of
Fig. 1(b).

InFig. 1, Pyax_i (Puin_i) is the maximum (minimum) of real
power of the corresponding converter where subscript i refers to
the controller type, i.e., i = 1 is the DC-side voltage control and
i = 2 is the active power control. igyef_max (édref_min) defines
the top (bottom) straight-line characteristic of iqyef. Pref (Udcret )
is the steady-state reference value of active power (DC-side
voltage) and Ppea(Udemea) is the measured value. K; and T
are gains and time-constants of the PI controllers, where j = 1,
2,3 and 4. The P — U, characteristics of Fig. 2 show that Uq.
of Fig. 1(b) canbe Ugc_ym _1 or Uge_ym 2 in Fig. 2. kin Fig. 1(b)
refers to the slope of each segment of the P — Uy of Fig. 2
when the active power is within the range (Pyin_2, Prax_2)-

Fig. 2 reveals that within the voltage margin, one controller
provides constant voltage control and the other one determines
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the active power. Point “A” on Fig. 2 is the steady state equilib-
rium point where (Pref, Uderer) locates. When the DC voltage
exceeds the voltage margin in Fig. 2, a droop-control is applied
by the “P control” and the original “Uy. control” behaves as
a constant active power control. Thus the updated steady-state
point migrates to either point B or C on Fig. 2.

In general, the slope for “A to B” can be different from that
of “A to C”. The reason is that the absolute value of active
power can hardly increase whereas often reduces in practice.
Therefore, to determine the slope of the droop-control, it is
adequate to consider either “A to B” or “A to C”, according to
the location of “A”. A more desirable P — Uy, characteristic
and the corresponding method to determine & are introduced in
Section IV which also discusses the dead-band selection.

III. CONVERTER GROUPS

This section introduces (i) the basis for dividing the converters
of an HVDC grid into four groups by which the desired dynamic
behavior and the optimal operating point of each converter are
determined, and (ii) the principals that the converter groups
cooperate with each other in terms of the overall system control.
An HVDC grid includes four or more converter stations [19] and
is divided into:
® Group 1 which includes converters (at least one) that con-
trol the DC-side voltage (DC slack bus) and equipped with
the DC-side voltage control of Fig. 1(a).

¢ Group 2 and Group 3 which each contains converters which
are equipped with the active power control of Fig. 1(b). The
converters in Group 2 (Group 3) are connected to strong
(weak) AC buses with SCR>2 (SCR<?2).

¢ Group 4 which is formed by converters that do not partic-

ipate in the DC voltage control.

Group 1 to Group 4 converters are given descending priority
for activating the droop-based control. If all converters within
a group reach their power limits and the DC voltage fails to
retain an acceptable value, then the droop-based control of the
converters in the next group are engaged.

Subsequent to a transient scenario, i.e., an N-1 contingency
event, in the HVDC grid, the new steady-state DC voltage is
desired to be within the voltage margins of either Group 1 or
Group 2. Therefore, Group 3 and Group 4 converters often are
not involved and not affected by the droop-control process.
The converters of Group 2 and Group 3 are not recommended
to be merged as a single group. The reason is that as a
single group, controllers of the MMCs engage and disengage
more often subsequent to a transient event and consequently
initiate undesirable oscillations and adverse dynamics impacts
on the weak AC buses. A converter is desired to reach its
maximum and minimum active power limits within its voltage
margin. This determines the minimum value of k in Fig. 1(b).
The converter grouping approach:

® Provides a straight-forward and easy approach for practical

implementation and only requires four voltage margins.

® Does not require re-adjustment of voltage margins when

new converter stations are introduced in the grid, i.e., inher-
ently accommodates system expansion and out-of-service
condition of each converter station.
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Fig. 4. Engage and disengage regions: (a) Group 2, and (b) Group 3.

e Takes advantage of the range that power of a converter can
be varied to balance the active power of the DC grid.

e Assists the converters in the new steady state, when con-
nected to weak AC buses, to converge to their original op-
erating points which are also the optimal operating points.

IV. DEAD-BAND FOR VOLTAGE MARGIN
A. Voltage Margins and Dead-Bands

The priorities of activating the droop-control for Group
1 to Group 4 converters are determined by voltage mar-
gins UM, to UM, formed by different DC voltage values
U, to Urs, shown in Fig. 3. Since margin U M, does not share
a common boundary with the other margins, it does not require
a dead-band. Since Group 4 converters are not involved in the
droop-control, when Uy is within the UM, margin, MMCs
in Group 4 are disconnected from both AC and DC buses. It
should be noticed that the upper area of margin UM, is only
for rectification and the lower one is for inversion. When Uy,
recovers to Uqcret after a transient event, converters in Group 4
are reconnected.

To avoid repeated movement of the operating point be-
tween either UM, to UMy or UM, to UDM;, dead-bands
are introduced by the “engage” and ‘“disengage” regions
of the droop-control for converters in Group 2 and Group
3, as shown in Fig. 4. In Fig. 4, Uw;(Usj) is the DC
voltage threshold of the engage (disengage) regions, where
subscript j = 1, 2 (3, 4) is for Group 2 (Group 3)
converters and the odd (even) number refers to the upper (lower)
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region. The engage region of Group 2 (Group 3) is the area that
Ude > Uw1(Uws) and Uy < U 2(Uw 4). The disengage re-
gion of Group 2 (Group 3) is the area that Ugs (Usy) < Uge <
Us1(Uss). When Uy, enters into the engage (disengage) region,
the droop-control is activated (de-activated) for the correspond-
ing converters.

For the dead-band of a converter in Group 2 or Group 3,
Uw;j is around Ur;i(j = 1,2,3,4). Since converters intend to
reduce the amount of active power, an increasing (decreasing)
U, indicates that the DC grid needs to import (export) less
active power from (to) the AC system. Therefore, rectifier (in-
verter) is more sensitive than the inverter (rectifier) to activate
the droop-control, when dealing with an increasing (decreasing)
Ujy.. Hence, Uy and Uyy 3 can be marginally smaller (greater)
than U1 and Uy 3, respectively, for the rectification (inversion)
mode. Uy and Uy 4 could be slightly higher (lower) than Uj o
and Uy 4, respectively, for the inversion (rectification) mode.

In Fig. 4(a), Ug, and Ugs should be close to Ugeyer and fur-
ther away from Uy, and Uyy o, respectively. The gap between
Ug, and Ug, should be adequate to cover variations in DC volt-
age measurement. In Fig. 4(b), Ugs (Ugy) is marginally smaller
(greater) than U1 (Up2).

B. Droop Ratios

Fig. 5 compares the original P — Uy, characteristic of Fig. 2
and the improved P — Uy characteristic, considering the en-
gage and disengage regions. H; to Hg are different DC voltage
values and are not the same for Group 2 and Group 3.

Fig. 5 shows that the improved P — Uy, characteristic con-
sists of the engage and disengage parts as discussed in Fig. 4.
The main differences between the original and the improved
P — Uy, characteristics are that (i) the improved P — Uy char-
acteristic enables Uq._y in Fig. 1(b) to set at Uqcyof rather than
H, or Hy and (ii) k in Fig. 1(b) adopts the slope of the seg-
ment for which the absolute value of active power reduces. The
improved P — Uy, characteristic:

® Simplifies the determination process of Uy._, and k, i.e.,

the original P — Uy, characteristic requires to determine
if Uge_r = Hy or Uy._, = Hj to obtain the corresponding
value of k. Therefore, two values of each of the Ug.
and k in the original P — Uy characteristic are required



LI et al.: AN ENHANCED DC VOLTAGE DROOP-CONTROL FOR THE VSC-HVDC GRID

for either increasing or decreasing the amount of active
power, respectively. However, since the converters intend
to reduce the amount of active power in practice, the values
of each of the Uy._, and k for decreasing the amount of
active power are enough for the droop-control.

e Makes the new steady-state Uy, closer to Ugcyer, 1.€., in
Fig. 5 when Uy, is smaller than Hj, the droop-control
is activated. Assuming that the new steady-state active
power is zero, the new steady-state Uy .of the improved
P — Uyq, characteristic is between H; and H; while the
new steady-state Uq. of the original P — Uy, characteristic
is below Hj;. Thus the improved P — Uy characteristic,
under droop-control, obtains a new steady-state Uy, which
is closer to Ugeret-

Since Ugc_; 1s set as Uqcrer in the improved P — Uy, charac-

teristic of Fig. 5, k is calculated based on

Hl - Udcref H6 - Udcref)
b )
Pmin - Pref Pmax - Pref

which gives the minimum value of k£ by which the converter can
reach P, and P, .« within its voltage margin. In this paper,
optimization of & is not discussed. Fig. 5 shows an example that
P, is near P, i, and the slope of P, to P, determines k.
If P.or is near Py, ., then k is more influenced by the slope of
Pyet to Puin. The two scenarios are covered in (1) by function
“max()”. The power and voltage in (1) are per unit values.

kzmax( ()

C. Evaluation of Dead-Bands

This section evaluates the effect of dead-bands on the con-
verter transient performance. Then proper threshold values of
the engage and disengage regions for a converter of Group 2
or Group 3, i.e., Uw; and Us;(j = 1,2(3,4) for a Group 2
(Group 3) converter), are determined based on an objective func-
tion by a trial and error approach [20].

e Qver-corrections: Assume that x,.¢ is the original steady
state value of variable x, and x is the first encountered
peak of x during a transient event. The over-correction of
x is defined as

Lyef — TR

2

ro =

Lref
zo is mainly affected by Uy to Uyr4 which determine
the threshold DC voltage at which the droop-control is
activated.

e Adjustment-time: This is the time duration for the
system to migrate from the original to the updated
steady-state. Therefore, the interactions of the activated
droop-control among the converters determine the dura-
tion of the adjustment-time. As a result, the values of Ug;
to Usy4 in Fig. 4, which de-activate a converter’s droop-
control, are the key factors to determine the adjustment-
time.

e Updated steady-state DC voltage: When the droop-control,
using the improved P — Uy, characteristic, is engaged
within the voltage margin, the updated steady-state DC
voltage can be between the engage and disengage region.
For example, when P = 0 in Fig. 5, Uy is between H,
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TABLE I
STEADY STATE OPERATION POINT AND CIRCUIT PARAMETERS OF MMCSs

MMC 1 2 3 4 5
Active Power (MW) —943.7 —684.6 9122  990.8 —233.8
Reactive Power (Mvar) —79.4 —-36 63.47 —18 —84
DC voltage (kV) 633 640 645 644.4 642.5
SCR of the AC bus 1.7 7.6 20.3 1.5 -
SM Capacitance (mF) 12 9.63 12 12 2.83
Arm Inductance (mH) 41.66 51.9 41.66 41.66 176.48

Note: SCR is short for short circuit ratio.

and Hj. Since Uy to Uyy 4 are determined for obtaining
a lower over-correction, Ug; ~Usgy affect the value of the
updated-steady state DC voltage.

V. STUDY RESULTS
A. Test System

The system of Fig. 6 is used as the study system to evaluate
and validate the effectiveness of the proposed enhanced droop-
control. Fig. 6 shows a modified version of the IEEE-39 Bus
system [21], augmented by a five-terminal monopolar MMC-
based HVDC grid. The nominal DC voltage of the DC grid
is 640 kV. Each MMC is based on 400 sub-modules in each
arm and is connected to the corresponding AC bus through a
Y/A transformer. MMC3 controls the DC voltage and the other
MMCs regulate power flowing into or out of the DC grid. MMCj5
supplies a passive system and MMC, is connected to a source,
i.e., equivalent of a wind power plant. The DC network includes
overhead lines and underground cables. Details of the HVDC
grid and its parameters are given in [10] and Table I. The positive
direction of power is assumed from the AC side to the DC side.
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TABLE II
VOLTAGE MARGINS OF CONVERTER GROUPS

Group 1 Group 2 Group 3 Group 4
Upr Ups Ups  Upa Urs Upe Upr  Urs
1.05 0.97 1.06 0.94 1.1 0.9 — 0.7
TABLE III
DEAD-BANDS OF MMCs
MMC Uwi1 Uws Uws Uwas Us:i Us2 Uss Usa
1 - - 1.065 0.935 - - 1.035 0.96
2 1.05 0.98 - - 1.03 0.99 - -
4 - - 1.055 0.93 - - 1.03 0.98
TABLE IV

ACTIVE POWER LIMITS AND DROOP RATIOS OF MMCS

MMC 1 2 3 4
Prax (MW) —400 753 1100 1100
Puin (MW) —1038 —753 —1100 0
Droop Ratio k —0.17 —0.03 — —0.1

B. Voltage Margin, Dead-Band and Droop Ratio

According to the SCR values of Table I and the control modes
of MMCs, MMC3; and MMC, are classified as Group 1 and
Group 2, respectively. MMC; and MMC, constitute Group 3
and MMC;j forms Group 4. Voltage margins for the four groups
are listed in Table II by which the dead-bands of converters are
provided in Table III. Since MMC;5 cannot operate as a rectifier,
there is no Uz7 in Table II. Parameters in Tables II and III
are in per unit. The based power and voltage of each MMC is
the steady-state value of active power and DC voltage of the
corresponding MMC in Table I

Table II indicates that the DC voltage of a converter can vary
within £10% of its steady state value under the droop-control.
When DC voltage reduces to 0.7 pu, MMC; is disconnected
from the system to reduce load and maintain a stable Uy.. In
Table III, Uyw; is closed to Uy, where j = 1, 2, 3, and 4. To
make the droop-control of a rectifier (inverter) more sensitive
to an increase (decrease) in Uy, in Group 3, Uyys and Uy y
of MMC, are greater than those of MMC,. Table IV gives the
pre-specified active power limits and the corresponding & value
for each converter based on (1).

C. Performance Evaluation

The objective of this section is to evaluate the performance of
the proposed enhanced droop-control during system transients.
Initially, the system of Fig. 6 is under a steady-state condition
as specified in Table I.

e (Case I - Removal of an MMC from service

At time ¢t = 7 s, the system is subjected to the removal of
MMC; (Group 1) from service, i.e., (i) the AC-side circuit
breakers open and subsequently (ii) the DC-side is disconnected

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 2, MARCH 2017
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Fig.7. System response to the removal of MMC3: (a) DC voltages of MMCs,
(b) power of MMCs, and (c) power and rotor speeds of generators.

when the converter DC current reaches zero after about 10 ms.
Fig. 7 shows the system response to the transients.

Fig. 7(a) shows the DC voltages of the MMCs during
the transient fault. Due to the disturbance at ¢+ = 7 s, all
DC voltages drop from 1 pu to 0.869 pu which is smaller
than the engage region thresholds, that is, Uyo of MMC,
and Uy 4 of MMC; and MMC,. So the droop-controls
of the MMCs are activated and the DC voltages increase.
Uqe of MMC; is higher than its disengage region thresh-
old Ugy at t =7.23 s and Uy, of MMC, exceeds its Ugy
at t = 7.24 s. Then the DC voltages of MMC; and MMC,
do not enter their engage regions again and the droop-
controls of the two MMCs are de-activated. Uyq. of MMC,
enters its engage region or disengage region several
times between t = 7sand t = 11.7 s. Att = 11.7 s, Uy, of
MMC, enters its engage region and after that it does not reaches
its disengage region. Therefore, the new steady-state DC voltage
of the HVDC grid is controlled by the droop-control of MMC,.
Uy of MMC; is always higher than Upg = 0.7 pu, under which
the Group 4 voltage margin is formed in Table II, and MMC;j is
under normal operation. Fig. 7(a) indicates that the removal of
MMC; from service does not result in the DC voltage collapse
of the system, even in the absence of the DC slack bus, i.e.,
MMC;, when the proposed droop-control is utilized.

Fig. 7(b) shows the power transfer of the MMCs during
the transient event. At t = 7 s, due to the decrease of the DC
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voltages, the droop-controls of MMC;, MMC; and MMC,
are activated and the powers of the MMCs change to stabilize
the DC voltage. During the transient state, power of MMC,
(Group 2) changes more noticeably than that of MMC; and
MMC, (Group 3). This indicates that, as compared with the
converters of Group 2, converters of Group 3 are less affected
in the transient event. When Uy, begins to decrease at t = 7 s,
in Group 3, the active power of MMC; (inverter) changes more
drastically than that of MMC, (rectifier). This indicates that the
converter with the proposed droop-control intends to decrease
the amount of power. The HVDC grid reaches to the new steady
state after 50 s. MMC; regulates the DC voltage subject to the
new active and reactive power values, but MMC; and MMC,
recover to their original operating points. Power of MMC;
(Group 4) remains almost unaffected during the whole process.

Fig. 7(c) shows the dynamics of G1 to G3 of Fig. 6 dur-
ing the transient scenario. The output powers of G1 and G3
exhibit significant fluctuations but the rotor speed of G2 oscil-
lates more noticeably since G2 is an isolated unit. The power of
MMC, does not change significantly, therefore, the change of
power flow in this case is mainly accommodated by the other
generators.

e Case II - DC transmission line trip-out

Under the same initial steady-state as described for Case I,
att = 7 s, a line-to-ground fault occurs at the DC transmission
line between Bus D and Bus F of Fig. 6. After 1 ms, the fault
is detected and the DC transmission line is tripped out by the
corresponding DC circuit breakers after another 1 ms [10]. Fig. 8
shows the system response to the transient scenario.

Fig. 8(a) shows that the outage of the DC transmission line
results in disturbances in the DC voltages. At t = 7 s, Uy of
MMC; and MMC, are going to decrease while Uy of the other
MMCs intend to increase. The DC voltage of MMC; remains
higher than its disengage region threshold Ug, and the droop-
control of MMC; is de-activated during the transient process.
Uq4. of MMC, becomes smaller than Uy 5 at t = 7 s and enters
its engage region. But 0.24 s later, Uy, of MMC, increases
and becomes higher than Ug,, which is the threshold of the
disengage region of MMCs. Between t = 7 s and r = 8.68 s, the
DC voltage of MMC5 repeatedly operates at either the engage
region or the disengage region. After t = 8.68 s, Uy, of MMC,
operates at its disengage region or the dead-band. Therefore, the
droop-control of MMC; is de-activated after t = 8.68 s. Uy of
MMC; increases and enters the engage region (U, > Uy 3) of
MMC, att="7s. However 0.27 s later the DC voltage of MMC,
becomes lower than Ugs (the disengage region threshold) and
the corresponding droop-control is de-activated.

As the DC slack bus, MMC; tries to prevent the rising DC
voltage from 1.034 to 1 pu after the fault. However, MMCj5 does
not participate in regulating the DC voltage of the HVDC grid. In
this transient process, the droop-controls of MMC, and MMC,
are activated and assist MMCj3 to stabilize the DC voltage of
the HVDC grid. At the new steady-state, MMC, and MMCy
de-activate their droop-controls and the DC voltage is regulated
by MMC;.

Fig. 8(b) shows the power transfer of the MMCs during the
transient state. Since MMC, to MMC, cooperate to stabilize
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Fig.8. Systemresponse to the outage of DC transmission line: (a) DC voltages
of MMCs, (b) power of MMCs, and (c) power and rotor speeds of generators.

the DC voltage, the two MMCs have more noticeable change of
power than MMC; and MMC;5. After r = 20 s, the HVDC grid
reaches a new steady state.

Fig. 8(c) shows the generator dynamics during the transient
scenario. Since the outage of the DC transmission line only
results in power flow redistribution in the HVDC grid, the op-
erating point of the AC system does not change between the
pre- and post-disturbance state. Thus the generator dynamics of
Fig. 8(c) are less severe than those of Fig. 7(c).

D. Dead-Band Evaluation

This section investigates the effects of the engage and disen-
gage regions of the MMC dead-bands on the over-correction,
adjustment-time and new steady state DC voltage, subsequent
to a transient event. The thresholds of the lower dead-band of
MMC, and MMCy,i.e., Uy 2 and Ug, respectively, are selected
to demonstrate the procedures to determine the threshold values
of the engage and disengage regions of the droop-control. The
transient event is the removal of MMCs, i.e., Case I in part C of
Section V.

e (Case III — Selection of Uy

Uyw 2 is the engage region threshold of the droop-control of
MMC,. By changing the value of Uyy 9, the over-corrections of
variable x, given by (2), change. Fig. 9 shows xo for power, DC
voltage and current of the MMC:s as functions of Uyy .
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Fig. 9.  Over-corrections in transient state of the MMC electric variables: (a)

active power, (b) reactive power, (c) DC voltage, (d) DC current.

Fig. 9(a) shows that when U2 = 0.98 pu, the o of the
active power of MMCs (Pyraice) is not at its minimum value
while those of MMC;, MMC, and MMCj5 are at their minimum
values. This indicates that if Uy 2 = 0.98 pu, then the lowest
over-corrections occur for the active powers of MMC;, MMC4
and MMC; in the transient event. The corresponding value of
xo of Pyvice is fairly close to its minimum value at Uyyo =
0.98 pu, and the over-correction of Pyyico in this transient
event is acceptable.

Fig. 9(b) shows the relationship between xp and Uy o for
the reactive powers of MMC;, MMC,, MMC, and MMC;.
Similar to the active power of Fig. 9(a), reactive power of MMCy
(QmMce2) does not obtain the minimum value of the xp at
Uw 2 = 0.98 pu where the reactive powers of MMC;, MMCy
and MMC;j; reach to their minimum values. As a result, over-
corrections of the reactive powers of MMC;, MMC, and MMCj;
are at their minima when Uypyo = 0.98 pu. Since the xp of
Qw2 reaches an acceptable value, which is near its minimum
value, at Uy o = 0.98 pu, the over-correction of Qynco does
not noticeably impact the system during the transient event.

Fig. 9(c) and (d) show that at Uyyo = 0.98 pu, the DC volt-
ages and DC currents can obtain their minimum values of z¢.
This indicates that MMC;, MMC,;, MMC, and MMC; can
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TABLE V
ADJUSTMENT-TIME AND NEW STEADY STATE DC VOLTAGE OF MMC;

Uga(pu) 0.94 0.95 0.96 0.97 0.98
Adjustment-time (s) 36.78 35.45 32.98 33.73 49.08
New Steady State Uq. ( pu) 09716 09716 09716 09716  0.9785

achieve the smallest over-corrections in DC voltages and cur-
rents, if Uyy o is selected at 0.98 pu.

Similar studies to those of Fig. 9 are also conducted for the
electrical variables of the ten synchronous machines of Fig. 6,
i.e., active and reactive power and rotor speed of each gener-
ator. The study results also show that 19 out of the 30 elec-
trical variables of the generators exhibit their smallest xo at
Uw o = 0.98 pu. It should be noted that out of the 16 electrical
variables of Fig. 9, 14 reach to their minimum xo values at
U2 = 0.98 pu. The reported observations based on this trial
and error approach indicates that Uyyo = 0.98 pu for MMC,
results in minimum impact on the system behavior subsequent
to a transient scenario, and thus this is a desirable threshold
value for the engage region of the droop-control of MMC,.

e (Case IV — Selection of Ugy

Ug, is the lower threshold of the disengage region of MMC; .
Table V reports the adjustment-time and the new steady-state
DC voltage of MMC; when Ug, is changed from 0.94 to 0.98 pu.
The criterion that used to identify MMC; reach a new steady
state is that the oscillation of each electric variable of MMC; is
confined within 0.5% of its new steady sate value.

Table V shows that for Ugy = 0.98 pu, the new steady-state
Uq. is 0.9785 pu which is lower than Ug,. This indicates the
droop-control of MMC; is activated to obtain the new steady-
state DC voltage. Since the lower threshold value of the disen-
gage region of MMC,; is 0.99 pu, the droop-control of MMCs is
also activated as shown in Fig. 7(a). The interactions of droop-
controls of MMC; and MMC; result in the adjustment-time of
49.08 s and higher new steady-state DC voltages for the MMCs
in service.

When Ugy = 0.94 pu, the disengage region is very close to
the engage region, i.e., Uy 4 is 0.935 pu, and thus the DC volt-
age may repeatedly change between the two close threshold
limits during transients and cause a longer adjustment-time.
One approach for solving this problem is to select a proper volt-
age difference between the two threshold values. Interactions
of the droop-controls of the MMCs make the updated steady-
state DC voltage closer to the original one and result in a longer
adjustment-time. The threshold values of a dead-band can be de-
termined for a lower over-correction, a shorter adjustment-time
and a proper new steady state DC voltage.

VI. CONCLUSION

This paper presents an enhanced droop-based DC voltage
control method, including dead-band, for the VSC-HVDC grid
applications. The proposed approach imposes the net-zero AC-
DC power balance for the HVDC grid and utilizes an improved
power-voltage characteristic to achieve desirable dynamic per-



LI et al.: AN ENHANCED DC VOLTAGE DROOP-CONTROL FOR THE VSC-HVDC GRID

formance for each VSC station. The main features of the pro-
posed droop-based voltage control include: (i) dividing the
converter stations into four groups, (ii) assigning each group
with a unique voltage margin and dead-band to activate/de-
activate the proposed droop-control and (iii) providing an
improved power-voltage characteristic to adjust the new steady-
state DC voltages of the VSCs closer to their pre-disturbance
values. This paper elaborates on an approach to determine
each dead-band to reduce the over-corrections and shortens the
adjustment-time of the electrical variables subsequent to tran-
sient events.

This paper also presents a method to determine the dead-
bands to alleviate the impact of transient events on the oper-
ating points of converter stations. The salient feature of the
proposed droop-control method is that it does not require re-
tuning the voltage margins and dead-bands as the number of
HVDOC stations, due to the in- or out-of-service modes of con-
verters, changes. A set of time-domain simulation studies, using
the PSCAD software tool, were conducted on a five-terminal
VSC-HVDC grid to demonstrate the feasibility and effective-
ness of the proposed control method for the HVDC grid appli-
cations.
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