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Abstract: With the advance of insulated gate bipolar transistor (IGBT) converters,
Multi-Terminal DC (MTDC) based on the voltage-source converter (VSC) has developed
rapidly in renewable and electric power systems. To reduce the copper loss of large capacity
and long distance DC transmission line, an improved droop control design based on optimal
power sharing in VSC-MTDC integrating offshore wind farm is proposed. The proposed
approach provided a calculation method for power-voltage droop coefficients under two
different scenarios either considering local load or not. The available headroom of each
converter station was considered as a converter outage, to participate in the power adjustment
according to their ability. A four-terminal MTDC model system including two large scale
wind farms was set up in PSCAD/EMTDC. Then, the proposed control strategy was verified
through simulation under the various conditions, including wind speed variation, rectifier
outage and inverter outage, and a three-phase short-circuit of the converter.

Keywords: multi-terminal DC (MTDC); improved droop control; power sharing; offshore
wind farm; voltage source converter (VSC)
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1. Introduction

Renewable energy especially large scale wind power generation, is rapidly becoming an alternative
to traditional generation technologies due to less pollutant emission. However, large scale wind farms
are often located in remote areas. Given the large capacity and long distance wind power bulk, the high
voltage direct current (HVDC) based on voltage source converter (VSC) is considered to be a feasible
solution to transmitting wind power because of its great advantages [1]. VSC-HVDC can control active
and reactive power independently, especially as it is able to provide black-start capability [2,3], whose
typical topology of two-terminal VSC-HVDC system is shown in Figure 1. Multi-terminal DC (MTDC)
grids are foreseen as an alternative solution to point-to-point connections owing to their increased
redundancy and higher flexibility [4]. Intensive researches have recently been conducted to resolve
various technical issues in the VSC-MTDC system, such as locating and isolating of DC faults [5],
operation and control of MTDC grid integrating wind farms and so on [6,7]. In order to improve the
capacity and stable operation of MTDC, X. Chen et al. [8] have studied the control methods of hybrid
MTDC grid integrating wind farms, and proposed corresponding control strategies. B. Silva and his
colleagues [9] have done researches into fault ride through capacity of VSC-MTDC grid. However,
there are few studies on control strategies for reducing the copper loss of MTDC grid integrating wind
farms under different operation condition.

#VSC1 Transmission cable #VSC2

PCC1 | | PCC2
Trans Trans

Yo 1) N Y
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Figure 1. Configuration of voltage-source converter-high voltage direct current (VSC-HVDC) system.

The stable operation condition of VSC-MTDC is to guarantee the constant DC voltage control. DC
voltage control mainly includes two types of control strategy: One is the master-slave scheme [10,11],
and the other is DC voltage droop control [12,13]. Master-slave control needs communication system
between different converters. One of the converters is chosen to control DC voltage of VSC-MTDC to
compensate power losses, which is similar with the role of a slack bus in an AC power system, while other
converters utilize the constant power control scheme. The duty of DC voltage droop control is to share
imbalanced instantaneous power among two or more VSC terminals according to value of slopes [14].
As for the above control strategies, the active and/or reactive power reference or values of slopes will
change the power flow of whole power system, thus affecting copper loss of VSC-MTDC system.
According to Haileselassie’s study [12], DC voltage droop control is considered more reliable than the
master-slave scheme due to power balancing, so steady operation of MTDC grids should not depend on
a main VSC-HVDC terminal.

Then there are two problems we will face: One is how to reduce copper loss as VSC-MTDC operates
steadily, the other is how VSC-MTDC will react to power imbalance caused by the outage of one or
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more converter stations. The concept and working principle of droop control have been proposed for power
sharing and frequency through VSC-MTDC grid [15—17]. Haileselassie’s group [12] has discussed the
impact of DC voltage drops on distribution of DC grid balancing power, and concluded that the DC
voltage droop coefficient determined the degree of power sharing. Rouzbehi ef al. [18] has studied the
voltage-droop strategy based on optimal DC power flow, all converters operate normally. However, the
references above merely considered fixed droop coefficient, ignoring actual operational condition of
VSC-MTDC. In another study, Chaudhuri ef al. [19] considered the particular operating condition of each
converter, presented available headroom, and proposed an adaptive droop control scheme for appropriate
power sharing. In our study, to solve the two problems of VSC-MTDC above, an improved droop control
would be proposed to minimize copper loss of the whole MTDC system integrating large scale wind
farms under two different scenarios considering local load or not. On the basis of reducing copper loss,
the available headroom of each converter station is taken into account in case of the outage, and then an
adaptive improved droop control is proposed to improve the dynamic response ability of converters.

The rest of this paper is organized as follows. Modeling and control of MTDC are introduced in
Section 2, followed by Sections 3 and 4 which propose the improved droop control strategy and
post-contingency operation state. Then we validated this droop control of VSC-MTDC in
EMTDC/PSCAD in Section 5, and drew conclusions in Section 6.

2. Modeling and Control of MTDC

In terms of the point-to-point VSC-HVDC links, one converter station is used to maintain DC link
voltage which acts as a slack/swing converter station. The other stations operate in power control mode
to ensure the scheduled power exchange.

2.1. Converter Modeling

The main circuit topology of converter for VSC-HVDC is composed of a conventional two-level six-bridges

pulse width modulation (PWM) voltage source converter [20,21], which is shown in the Figure 2.
In Figure 2, U, refers to fundamental component of AC bus voltage, U, is the fundamental component

of converter’s output voltage, o is the angle that Uc lags to US , parameter R and X are the inductance

and resistance of phase reactor of the VSC respectively, and capacitor C, represents the shunt filter.
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Figure 2. Main circuit topology diagram of voltage source converter.
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Ignoring the resistance R and harmonic components, the active and reactive power absorbed by
VSC-HVDC system is given in [22], because the angle 0 is very small, then sind =35, cosd =1, active
and reactive power absorbed by VSC are described as follows

_UU
0- Uf((US—UC) (1
- X

where, X =wL is the reactance of the inverter; ® is the nominal angular frequency of AC system.
Figure 2 shows a schematic diagram of VSC connected to an AC grid. The AC-side dynamics of the
converter can be expressed by the following equation

-U —L%+Riabc )

U cabc d t

sabc

where, i, represents the current flowing through interfacing reactor and coupling transformer.

A synchronous d-g reference approach is conventionally employed to facilitate VSC-HVDC control,
and the positive-sequence three-phase voltages U _, and currents i, are transformed to d-g

sabc

components U, and i,, using Park Transformation.

. 2. i o
Usdq :Ud +.]Uq =§Je ! (Usa t+e J3 Usb +eJ3 Usc) (3)
2 e Bn fn
ldq=zd+qu:§Je (i, +e *i,+e’i) 4)

where, U, and U, are the voltage at d-axis and g-axis respectively; i, and i, are the current at d-axis

and g-axis respectively. In the synchronous d-g reference frame, the dynamics of VSC in Equations (3)
and (4) can be expressed as follows

di . ,

Usd—Ucd:Ld—;’+de—coqu (5)
di, ) )

Usq_ch:LE—l_qu—‘r(’Ole (6)

where, U, =MU,, sind/2; U, =MU, cosd/2.

The instantaneous active and reactive power absorbed by VSC in dg-axis are given in [23],
which could be described as follows
P=1.5U_i,
0=-150i, )

It can be seen from Equation (1), the angle and amplitude of ac voltage for VSC-HVDC system
determine the absorbing of active and reactive power, and the following expressions could be obtained

U,
(i) Angle of phase shifting: & = arctan—=-

cd
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U, +U;
(i1) Modulation index: M = @

U, /2
Therefore, according to U, , U,, and U, of VSC, both of the modulation index M and angle 6 are

obtained, to realize the independent control of active power and reactive power of VSC-HVDC.
2.2. Control Method of VSC-MTDC Integrating Wind Farm

As for the long distance and large transmission capacity VSC-MTDC system, the copper loss is
substantial due to large resistance and imperfect power distribution of each DC power transmission line.
To reduce copper loss of VSC-MTDC, we proposed an improved droop control strategy, the basic idea
of which is as follows: Any one inverter converter of VSC-MTDC is chosen as a benchmark converter,
and fixed droop control method is used, then the signals of power output for benchmark inverter station
are transmitted to other inverter stations. Droop coefficient of other inverter stations would be adjusted
according to power difference between benchmark inverter stations and other ones adaptively.
The concrete implementation process will be realized in the following paragraphs.

In this paper, a four-terminal HVDC system will be considered two large-scale offshore wind farms
are integrated into this four-terminal HVDC system. As is shown in Figure 3, each offshore wind farm
contains its local AC network to connect individual wind farms, and each feeder is to convert the AC
into DC fed to the HVDC network.
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Figure 3. Wind farms integration in a four-terminal HVDC system.

In Figure 3, there are two wind farms feeding power by cables 1 and 2 which are joined together with
cable 5 at the offshore connection point. The transmitted power is then divided among cables 3 and 4
into two VSC stations. In general, the control strategies for sending and receiving feeders for VSC are
different. In this study, the VSCs of sending feeder and receiving feeder are controlled by power
synchronization control, and offshore VSC is connected to the wind farm. The control strategy is holding
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a constant magnitude of ac voltage and frequency so that power generated by wind farm can be
dispatched. In addition, the control strategy of onshore VSC is holding a constant DC voltage, to realize
the power balance of VSC-MTDC system.

2.2.1. Control of VSC for Offshore Wind Farm

The equivalent circuit of wind farm connected to VSC station is shown in Figure 4. Ignoring resistance R
and harmonic components of VSC, voltage and current of ac side are described as follows

{ClpUWM = Iy — Loy (8)
Rl +Lpl., =Uy, —Ugq

In the analysis, Equation (8) is expressed in dg-axis coordinate system, which is given by

g = Levg = CpUppyy — (’OCIUWMq 9
1 _]CVq = ClpUWMq +oCUy,, ©)

WMgq

Upna — CVd =(R +pL )., —oL ICVq
=(R + pL )1y, +OL 1y, (10)

UWMq CVq

where, p =d/dt is differential operator.
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Figure 4. Equivalent circuit of wind farms connected to VSC station.

According to Equation (9), voltage loop control would be built, then reference value of current loop

control can be obtained
[ée;d = _[kpl(U;VeAiId - UWMd ) + kz’l (U;;Af/[d - UWMd )dt] + [WMd + O‘)CIUWMq (1 1)
]écrfq = [kpl(UIfVCAt:Iq _UWMq)+ kil (Uvr;/;q _UWMq )dt] +IWMq _(DclUWMd
Then the d-axis is coincidence with ac voltage vector, Ul =1, U, {V% =0 . According to

Equation (10), current loop control would be described as follows

Uée;d = [k 2 (Ig;d ca )tk _[ ([;ﬁd cva At +Up ., + oL e, (12)
Uéclfq = _[kp2(1éclfd CVd)—I—kzZJ-(IéCIfd cvd )dt] +UWMq oL ICVd
Simplified schematic diagram of control strategy is shown in Figure 5. Back-to-back PWM converters

are used for variable speed wind power generation.
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Figure 5. Control block diagram of VSC offshore wind farm.
2.2.2. Control of VSC for Onshore Stations

Onshore VSC stations would be controlled by improved adaptive droop control method. Firstly, this
control strategy is holding a constant DC voltage and realizing the power balance of VSC-MTDC
system. Secondly, the optimal power distribution between DC transmission lines will be realized, and
copper loss of VSC-MVDC system will be reduced. The diagram of the improved adaptive droop control
strategy for onshore VSC is shown in Figure 6.
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Figure 6. Control block diagram of onshore VSC.
3. Improved Adaptive Droop Control in VSC-MTDC
3.1. Fixed Droop Method

As for two terminal VSC-HVDC links, one station operates in active power control mode to ensure
scheduled active power, the other operates in DC voltage control mode to provide constant DC voltage
for the system and supply power loss due to line resistance, which acts as a slack VSC converter station.
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As for VSC-MTDC grid, if one or more converters follow an outage, remaining ones should share power
gap in certain appropriate proportion. Droop coefficient is very important at different converter stations
in that it determines how a power imbalance will be shared among converters, which has been discussed
in [12]. If droop coefficient is identical, remaining converters are required to share power imbalance at
equal ratio. On the other hand, if droop coefficient is unequal, the higher ones would have dominant
contribution from active power control loop.

However, actual load condition has not been considered in a fixed droop control. In fact, if a converter
follows an outage, some converters may achieve the upper limit of their capacity, though they are unable
to share more power imbalance. In addition, the issue needs to be settled as to how much power ratio should
be shared for each remaining station to realize minimum copper loss of VSC-MTDC. Adaptive droop
control can solve these problems and will be described in the next subsection.

3.2. Design for Minimum Copper Loss

The relationship of power sharing between receiving end feeders is shown in Figure 7. It can be seen

from Figure 7 that U, and /, are the voltage and current at sending end, U, and Uy, are the receiving

end converter voltages, [, and [, are receiving end currents, R, and R, are resistance at

receiving end. The voltage equations of receiving end for VSC-MTDC system are expressed as

U, =Ugss + 155 R, 13
Ut:UGSy+(It_]GSx)RGSy (13)

[ RGS,\'

GSx UGSx

——

I R

Gsy GSy U

) | I GSi

Figure 7. Power sharing between receiving end feeders.

The copper loss of VSC-HVDC between receiving end feeders is given by
0SSS 2
Pclopper = RGlecz?Sx + RGSy (]t - IGS)C) (14)
Then Equation (14) is differentiated with respect to 7, , then equating to zero. According to

reference [24], the power sharing ratio for minimum copper loss between two feeders is inversely
proportional to feeder resistances

aps,
dl—zzRGleGSx_zRGSy (Iz _]GSX):O (15)
GSx
R GSx RGSy

- (16)

GSy RGSx

o
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The power loss is minimized if the voltage magnitudes of different receiving end converters are the
same [24]. If there are n cables between receiving end feeders, the power sharing ratio for minimum
copper loss of VSC-MTDC system is as follows
1 1 1

Fog) - Fogy - Fogy = : S 17
R Rgs, R, (a7

3.3. Improved Adaptive Droop Control

To reduce copper loss of VSC-MTDC grid, optimal strategy of power sharing based on discussions
in the paragraph above is proposed, and the concrete implementation process is as follows. As for the
MTDC grid, the first inverter converter is operated by fixed droop, which is given by [19]

2 ref
Udcislack - (Udcl )

4 kdmop (P(;_eqfl PGSI):O (18)

In this paper, the common DC reference voltage U, .., is introduced as reference voltage of MTDC

system, whose value is chosen from the converter with DC link voltage control mode. The fixed droop

coefficient of the first inverter converter is described as follows

rcf 2
droop dCl min ) Udsislask
: 4P - pr (19
GS1 GS1
where, U, ., is minimum value of DC link voltage; F.¢" is the maximum value of active power for

converter i. Then the improved droop control of the ith converter is given by

U2 i —(UF) ~
¢ _slac ci + kidroop (P(;gt _ PGS,') =0 (20)
kidm()p = kldr(mp +m, (PGSl - PGSi) 1)

Then, m, is defined as the power difference coefficient between the benchmark inverter station and

other inverter ones, which will be deduced in the following paragraphs.

(1) Inverter converter without local load
In terms of inverter converter station, if 6=0, and P, =0; if & # 0, the fundamental component of

converter’s output voltage is described as follows

P..X,

TGSt
UC[ US 6 (2 2)

From Equations (18), (20) and (22), if 6 =0, then
ki (Péfsf —Fosi ) k" (PGr§f1 —Fosi ) =0 (23)

Substituting Equations (21) into (23), then expression of power difference coefficient of inverter
stations m, is obtained as follows
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‘_kldmap[(Pcr;f_PGSz) (PGSI PGrgf‘)}‘

m; = ~ 24
‘ (PGSzf PGSi)(PGSl _PGSi) ‘ @9
Similarly, if 6 #0, m, is given by
|k [ (P = By )+ (B~ B ) |+ (Pl ~ R X7) / (40787 N
l ‘ (Pcr;gzf PGSz)(PGSI PGSi) ‘ )

(2) Inverter converter with local load
As for the first inverter converter station, if =0, B, =0; if 6 # 0, then fundamental component of
converter’s output voltage is given by
(PGS[ ~ By )Xi

U, =
p U5 (26)

If =0, m, is shown in Equation (24). Similarly, according to Equations (18), (20) and (26),
if 6#0, m, could be obtained as follows

‘_kldmop [(Pcrgf _PGSI) (PGSI _Pcr?i )] "{(PGrng _Ploadz) Xzz (Pcrgfl _onadl )2 Xlz} /(4Us262)
m. =
l ‘ (PGr;f_PGSz)(PGm_PGSi)

‘ 27)

where, B, and P, . are local load of the first and ith inverter converter respectively; and the data of

oadi

m. could be obtained according to communication device of system.

In terms of fixed droop control, if the rating of converter stations is identical, a power imbalance
caused by an outage would be shared equally with other remaining converter stations. However, some
converter stations may not be able to participate in power sharing equivalently due to the actual operating
condition of the system. Therefore, available headroom of the ith converter is defined as [19]

o @9

100, 100, Kmax '
k™" =k ”(—V j (29)

1

where, K, is rated capacity of the ith converter; v, is remaining capacity of the ith converter; k%°” and
k" are improved adaptive droop coefficient under pre-outage and post-outage operating conditions,
respectively; k" =max(x,,k,,---,x, ) refers to maximal value of all converters’ capacity; and 1 is a

user defined positive constant, whose value of and modal analysis of adaptive droop are discussed
in [19].

4. Post-Contingency Operation

In this section, operating point of post-contingency for VSC-MTDC will be proposed. Assuming there
are n converter stations in MTDC system, the active power must maintain real-time balance,
which will satisfy
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, =0, 2 P =0 (30)

where, P and P are the actual active power and active power reference value of the ith converter

= —Z P, . According

i=1

respectively. Moreover, total real power loss caused by DC line resistance is P,

losses

to voltage droop control strategy, improved adaptive droop control for pre-outage under steady state is
described as follows

ref |2 2 _ Plosses
(Udci ) - Udcislack =4

S o @D
i kz’O ’
P — Pfef _ Eosses
: i droo, 1 32
kiO PZ kdroop ( )
i i0

If the converter outage of MTDC system is introduced at the nth converter, that is

BrEf = _R7r8f > ‘ R = _Pl(;ss (33)

where, P, is total real power loss when converter outage is introduced at the nth converter.

Following the outage of the nth converter, the steady operating point at post-contingency for
VSC-MTDC system will be changed, which is given by

re ! P')"\'_me
(Udcf )2 - (Udc_slack )2 = 4 ( /:15—31& - )

1 (34)
Zl k.dmop
P' _ Pref Bosses — anf
P - 1 O kdroop (35)
k_droop Z] ia

Comparing the operating point between pre-outage and the post-outage, the power changes for the ith
converter is described as

P

P ref
losses m

droo, 1 - 1 & roo 3 6
ki 0 g Z droop droop Z k [Z g ( )
kiO kia i=1

' P
AP:E _Pi: losses

1

i

There is some differences involved improved adaptive droop coefficient between the inverter
converter stations with or without local load. Figures 8 and 9 show corresponding droop strategies for
the VSC-MTDC system.
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Figure 9. Block diagram of improved adaptive droop scheme with local load.

In addition, the tuning values of PI parameters for designed controller could be described from the
following aspects:

In terms of the PWM converter, initial value and steady-state value of reactive current iq are nearly
equal to zero, it is not obvious change with the tuning of controller parameters. The response curves of
ia need to be studied in detail to ensure the parameters of controllers. In terms of PI parameters Kp and
Ki of current inner loop, the basic principle is that does not increase overshoot amount and also ensure
response speed of designed controller. The best tuning values of PI parameters for current loop are
as follows

L L
,=—, K, =
2T owm

(37)

where, oy =1, /2, and T, is the switch time period of PWM.
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In terms of PI parameters Kp and Ki of voltage loop, if the Kp increases, the intensity of voltage rising
will be improved; if the K1 increases, which can accelerate the speed of voltage into without static error
state. Therefore, the best tuning values of PI parameters for voltage loop are described

CU,.
’CIZZReqC, K, = —dN (38)
ZY}’WMUS
where, the equivalent resistance R, =Ug, / R .
In addition, the best tuning values of PI parameters for power outer loop are given by
1

t,=107,, K, =

Lo T 0240 (39)

Therefore, the best tuning values of PI parameters for current loop, voltage loop and power loop of
designed controller could be obtained according to Equations (37)—(39).

5. Simulation and Discussion

The improved adaptive droop control of VSC-MTDC have been implemented by PSACD/EMTDC,
and the configuration and control system of VSC-MTDC is shown in Figure 3. Four-terminal HVDC
system is a bipolar scheme with a nominal 300 kV DC voltage. The wind farm is modeled as one
aggregated PMSG driven by a single equivalent wind turbine. Parameters of DC cables and

communicating transformers are displayed in Tables 1 and 2 respectively. The total rated capacity of
MTDC grid is about 2180 MVA, and rated ac voltage is 175 kV, t=2.5, «"=900 MW.

Table 1. Parameters of DC Cables.

Number of Cable 1 2 3 4 5
Resistance/Q 0.01085 0.01085 0.008675 0.016275 0.04
Reactance/H 0.0002  0.0002 0.00015 0.003 0.015
Distance/km 20 20 50 80 100

Table 2. Parameters of Commutating Transformers.

Converters Leakage Reactance Capacity Transformer Ratio

VSC1 0.15 (pu) 440 MVA  175kV/13.8kV
VSC2 0.15 (pu) 440 MVA  175kV/13.8kV
VSC3 0.15 (pu) 900 MVA  175kV/13.8kV
VSC4 0.15 (pu) 400 MVA  175kV/13.8kV

5.1. Wind Speed Variation

The performance of a VSC station integrated with wind farms is investigated in the case of variable
wind speed, and the simulation results are shown in Figure 10. The gust wind speed of wind farm 1 and
2 are introduced at 1.8 s and 3.0 s with the fluctuation, slowing down from 12 to 10 m/s and ramping up
from 10 to 12 m/s for wind farm 1, ramping up from 12 to 14 m/s and slowing down from 14 to 12 m/s
for wind farm 2 in Figure 10a. To collect the stochastic wind power, the ac side needs to supply constant
ac voltage for the wind farm network and absorb fluctuant power automatically.
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Figure 10. Simulation result with variation wind speed. (a) Wind speed; (b) AC voltage for
different wind farm; (¢) Active power on wind farm side.

With the increased or decreased wind speed at 1.8 s and 3.0 s, it can be seen from Figure 10b that
active power generated by wind farm rose or fell near to a constant value, thus the control strategy of
wind turbine can follow the wind speed fluctuation effectively. In addition, it can be seen from Figure 10c
that the ac voltage on the wind farm side was held at 13.8 kV throughout the wind speed fluctuation as
the control strategy designed. Corresponding to the power variation of the VSC rectifier side due to the

wind speed change, then slack converter (VSC inverter side) would take effect to balance power flow in
VSC-MTDC system.

5.2. Normal Operation of VSC-MTDC

In this section, the performance of the fixed droop control and improved adaptive droop control are
compared under normal operation condition. For fixed droop, droop coefficient of station #4 is equal to
0.03418, the one at station #3 is 0.01519 according to their converter ratings. In terms of improved droop
control, station #4 is a benchmark converter station whose droop coefficient is constant. The one at
station #3 is 0.1424 under the condition of optimal power sharing, which is much larger than the one of
reference [19]. Therefore, station #3 would share much more power transmission to reduce the copper
loss of VSC-MTDC grid, and t = 2.5 was used for the improved adaptive droop control. Five different
operational scenarios for inverter side converter station #3 and #4 are investigated, which mainly

includes P3ret/Parer = 6, 3, 1, 1/3 and 1/6. Tables 3 and 4 show results of copper loss of VSC-MTDC
without or with local load respectively.
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Based on the above discussion, if there are two DC lines in inverter side of VSC-MTDC, the condition
obtained for minimum copper loss is that Psref/Parer = R4/R3 = 3.001. From Tables 3 and 4, the minimum
copper loss is about 16.7382 MW (without local load) and 16.6435 MW (with local load) respectively
when Paref/Parer = 3.0. In addition, if the capacity ratio of Psref/Parer is much greater or smaller than the
optimal ratio value 3.0, all the reduced copper loss are larger than the ones of optimal ratio.

Table 3. Copper loss of VSC-HVDC (without local load).

Capacity Ratio  Droop Control Proposed Method

Piet/Parer=6  17.0368 MW [12] 16.8933 MW
Piet/Parer=3  16.8793 MW [18] 16.7382 MW
Paet/Parer=1  17.3963 MW [12] 17.1495 MW

Pt/ Parer=1/3  18.1844 MW [12] 17.8648 MW

P3re/Pares =1/6  19.0705 MW [12] 18.7209 MW

Table 4. Copper loss of VSC-HVDC (with local load).

Capacity Ratio Droop Control [12] Proposed Method

Piret/Parer = 6 17.0156 MW [12] 16.8672 MW
Pirer/Parer = 3 16.7841 MW [18] 16.6435 MW
Piret/Parer =1 17.3718 MW [12] 17.1211 MW
P3ret/Parer = 1/3 18.1528 MW [12] 17.8232 MW
Piret/Parer = 1/6 19.0115 MW [12] 18.6413 MW

The capacity ratio of Paref/Paref is inverse proportion to optimal ratio value of the resistance of DC line
3 and 4, and improved adaptive droop control is used for VSC-MTDC without local load and the
dynamic responses of four-terminal HVDC are shown in Figure 11. It can be seen from Figure 11a,b
that converter station can follow the power reference value quickly, among which stations #1 and #2
export about 300 MW. In addition, due to the obvious DC voltage loss caused by large resistance of DC
line, voltage of rectifier side (stations #1 and #2) is about 306 kV and voltage of inverter side
(stations #3 and #4) is about 300 kV that is hold by the introduced common DC voltage Ulc siack. If DC
line resistance of VSC-MTDC system increases, the voltage loss would be greater.

400 : : 360
300
340}
200 Stations #1,2 1 Stations #1,2
100 i 320 \/_\ /
0r — >
§ Station #3 S
T -100} / ] D 300FTT e \
| T
200 ) Stations #3,4
Station #4 2801
300} 7’ i
-400 \/\ 2601
500 . \ ‘ .
2.5 3 35 4 25 3 35 4
t/s t/s
(a) (b)

Figure 11. Dynamic response of normal operation (a) Active power (b) DC side voltage.
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5.3. Converter Outage of VSC-MTDC

In this section, the performance of the fixed droop and improved adaptive droop scheme is compared
in the case of a converter outage. Unequal loading conditions are considered to demonstrate the benefit
of the improved adaptive droop. If a DC fault of converter appears, the differential protection will be
actuated. When a certain current level is reached, IGBTs would be blocked. As DC breakers have not
been used, it is necessary to block converter stations and to use AC circuit breakers to clear the fault.
In this case, both rectifier and inverter converter outages are simulated which represent two different
operational scenarios.

(1) Inverter Outage: In the first case, stations #3 and #4 imports 465 MW and 155 MW, respectively.
Stations #1 and #2 export around 620 MW into the DC grid. The outage of station #4 is considered. The
results of copper loss of VSC-MTDC without/with local load are shown in Table 5. It can be seen from
Table 5, the amounts of copper loss without/with local load reduced from 16.7124 MW and 16.6357 MW
to 16.5131 MW and 16.4265 MW as the optimal power sharing of VSC-HVDC grid (P3ref/P4ref = 3),
which are more effective for improved droop control than the ones of reference [19]. The reason is that
station #3 can adjust droop coefficient dynamic according to available headroom of converter capacity,
and ensure the appropriate P-U curve, so that reduce copper loss of four-terminal HVDC system.

Table 5. Copper loss as outage of VSC4.

Type Capacity Ratio  Droop Control [19] Proposed Method
Without local load Parei/Parer =3 16.7124 MW 16.5131 MW
With local load P3ret/Parer =3 16.6357 MW 16.4265 MW

The dynamic response of four-terminal HVDC system following inverter outage is shown in
Figure 12. Figure 12a shows that in absence of station #4, slack converter station #3 operating in
voltage-power droop control mode increases its power to compensate the power imbalance of the
inverter. From Figure 12b, the power sharing of station #3 by improved adaptive droop is larger than
that of fixed droop. The reduction of the copper loss is because improved droop control ensures a higher
droop value than fixed droop. Variation of DC voltage at converter station #3 is shown in Figure 12c,
which is larger than common bus voltage 300 kV with very little overshoot in its transient response for
fixed droop control. Therefore, the improved adaptive droop scheme can steady the DC voltage
dynamics. In addition, Figure 12d indicates that control strategy of station #3 and #4 can follow the
dynamic response effectively. Then HVDC system could reach the post-outage steady-state operating
point at 2.4 s. The results in this case are related to system parameters, such as the line resistances.
Because the copper loss of HVDC system is square to the line resistances, if line resistances of
VSC-HVDC system are much larger, much copper loss would be reduced, and then simulations will be
more evident.
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Figure 12. Dynamic responses of inverter outage (a) Voltage droop control of station #3;
(b) Active power of station #3; (¢) DC side voltage of station #3; (d) Active power
of all stations.

(2) Rectifier Outage: In order to validate the effectiveness of proposed method, the outage of
station #2 is considered, only 300MW is imported into MTDC grid. The results of copper loss of
VSC-MTDC without/with local load are shown in Table 6. As we can see, if Psret/Parer = 3.0, improved
adaptive droop control can reduce copper loss effectively. The minimum copper loss without/with local
load are 4.2794 MW and 4.2481 MW respectively, which are smaller than those using methods in
reference [12]. The reduced amounts of copper loss are 0.2748 MW and 0.251 MW respectively in this case.

Table 6. Copper loss of station #2.

Type Capacity Ratio Droop Control [12] Proposed Method
Without local load  Psei/Parer =3 4.5542 MW 4.2794 MW
With local load P3ret/Pares =3 4.4991 MW 4.2481 MW

The outage of station #2 appears at 2.3 s, and dynamic response of VSC-MTDC system with fixed
droop and improved adaptive droop following the contingency are shown in Figure 13. It is to be noted
from Figure 13a that control strategy of station #1 and #2 can follow the power dynamics. In addition,
it can be seen from Figure 13b,c that the AC voltage of station #1 can stable operate at 13.8 kV, and it
has no effect on DC voltage of VSC inverter side (station #3 and 4) under condition following
station #2 outage.
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Figure 13. Dynamic response of rectifier outage (a) Active power of station # 1 and 2;
(b) DC side voltage of station # 3 and 4; (c¢) AC side voltage of station # 1.

5.4. Converter Short Circuit of VSC-MTDC

In this section, the performance of the fixed droop and improved adaptive droop control is compared.
If a short-circuit fault is detected in AC side close to points of common coupling (PCC), the PCC voltage
will be reduced, which in turn affects voltages and currents of ac transmission grid close to PCC.
To prevent destructive overcurrent, then distance protection would be actuated at this time. In this case,
a three-phase short-circuit fault is introduced at 2.3 s on station #4 with a duration of 300 ms. If the
short-circuit fault is detected, the AC side voltage of station #4 decreased from 13.8 kV to 7.0 kV.
Dynamic responses of MTDC grid with fixed droop following the contingency are shown in Figure 14.
During the disturbance, as shown in Figure 14a,b, DC voltage of station #4 decreased to 298 kV from
300 kV as using the improved droop control while the ones decreased to 293 kV from 300 kV as using
fixed droop control method. Therefore, overshoot amount of improved droop control is less than the
ones of fixed droop control. Since AC voltage of wind farm was controlled at constant value, its power
output about 600 MW injected into VSC-MTDC network remained unchanged. In addition, improved
droop control can hold DC voltage of station #3 at 300 kV while fixed droop control cannot realize this
objective. The reason is that common DC voltage and available headroom of converter are considered
as designing the control strategy of HVDC grid, and the proposed method could improve the stable
operation of converter. From Figure 14d,e, it can be seen that the control strategy of station #3 and #4
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can follow the active/reactive power dynamic response, and there is small variation for power when
improved droop control is employed.

Therefore, the improved droop control method can reduce the copper loss of system effectively, and
improved stable operational performances under the condition of inverter outage, rectifier outage and a
short-circuit fault of converter, and decrease dc voltage fluctuation and dc power oscillation caused by
AC side fault of VSC-HVDC system. Therefore, the improved droop control scheme leads to desirable
system performance.

310
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L — e
éz\/\{wj:; |
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Figure 14. Dynamic response of short-circuit fault. (a) DC voltage of station # 4; (b) DC
voltage of station # 3;(¢) AC side voltage of station # 4; (d) Active power of VSC-MTDC;
(e) Reactive power of VSC-MTDC.
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6. Conclusions

With the development of large capacity and long distance HVDC transmission lines, the copper loss
of the whole system is considerable. Therefore, the paper provides a discussion based on optimal power
sharing on MTDC grids interconnecting large-scale offshore wind farms with ac mainland grids.
The control strategies are proposed to reduce the copper loss of the DC transmission line.

This paper has proposed a calculation framework of the variable power-voltage droop coefficients
either considering local load or not. Any inverter converter of MTDC grid can be chosen as a benchmark
converter and a fixed droop control is employed. The adaptive droop coefficients of other converters are
obtained by power difference between other converters and the benchmark one, the optimal power
sharing of MTDC grid is realized. Compared with the fixed droop control method, the control strategy
is able to reduce copper loss of MTDC grid more effectively under the condition of normal operation
and following an outage of converter.

On the basis of optimal power sharing, available headroom of each converter station is considered in
case of converter outage, and then the adaptive improved droop control is proposed to improve stable
operation as well as reducing the copper loss of HVDC system. Transient simulations are implemented
on a four-terminal MTDC grids integrated with two large capacity wind farms. The results for outages
of rectifier and inverter as well as short circuit fault under three different scenarios are presented, and
steady-state operating points of post-contingency are deduced in detail.
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