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ABSTRACT Active power sharing and voltage regulation are two of the major control challenges in the
operation of the voltage source converter based multi-terminal high-voltage DC (VSC-MTDC) system
when integrating large-scale offshore wind farms (OWFs). This paper proposes two novel adaptive voltage
reference based droop control methods to regulate pilot DC voltage and share the power burden autonomously.
The proposed Method I utilizes DC grid lossy model with the local voltage droop control strategy, while the
proposed Method II adopts a modified pilot voltage droop control (MPVDC) to avoid the large errors caused
by the DC grid lossless model. Dynamic simulations of a five-terminal MTDC grid are carried out using
MATLAB/Simulink SimPowerSystems /Specialized Technology to verify the proposed autonomous control
methods under various types of disturbance and contingency. In addition, comparative study is implemented
to demonstrate the advantages of the proposed methods.

INDEXTERMS  Adaptive voltage reference based droop, autonomous control, offshore wind farms (OWFs),
power sharing, power-voltage droop control, voltage regulation, voltage source converter based multi-
terminal high-voltage DC (VSC-MTDC).

. INTRODUCTION

ACING finite fossil fuels and worldwide appeal for
F cutting down greenhouse gas emission, the past twenty
years witness a continuous growing share of the sustainable
energies in the power generation mix [1], [2], [3]. As one
of the mainstream renewable energy technologies, offshore
wind generation is growing rapidly in many countries in
Europe, North America, and Asia [4], [5]. There are two
feasible technologies to integrate the offshore wind farms into
an existing AC system, i.e. high voltage ac grid and volt-
age source converter based high-voltage DC (VSC-HVDC)
grid. However, the advantages of independent control of the
active and reactive powers, undersea connection, as well
as power flow redirection capability make HVDC grid,

i.e. multi-terminal HVDC (MTDC) system, a preferable solu-
tion to integrate offshore wind farms [1], [6], [7], [8], [9].
The classical VSC control schemes for MTDC system can
be categorized into three types: V-P control [10], voltage mar-
gin control [11], [12] and DC voltage droop control [13], [14],
[15], [16], [17]. The V-P control strategy assigns a primary
VSC to regulate the DC voltage while the other VSCs control
real power. However, the MTDC system will be out of service
when the DC voltage controlled VSC is tripped [18]. Voltage
margin control is considered as an improved voltage-power
control with alternative slack buses [19] although oscilla-
tion in the DC voltage profile may occur when shifting
the VSC under constant voltage control [18]. The reliability
and stability of the MTDC can be reinforced by distributed
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droop control as multiple VSCs contribute to voltage reg-
ulation and power sharing [15], [16], [19]. There are two
kinds of DC voltage droop control, namely, local voltage
droop control [13], [14], [15] and pilot voltage droop control
(PVDC) [20], [21], [22]. The power sharing of PVDC does
not rely on local voltage following a disturbance. It is noted
that the pilot voltage is selected to be the average voltage
in this work. However, the drawback of PVDC, compared
to the local DC voltage droop control, is its requirement on
communication of pilot voltage feedback signal among the
VSC stations [23].

It is critical that power burden is shared appropriately
among the VSC stations after system disturbances to avoid
converter overload [21] and to minimize the impact on the
neighbouring AC systems. In [24] and [25], hierarchical
control structures were proposed for power sharing control
of MTDC system which requires communication among the
VSC stations to solve global power flows of AC and MTDC
system. The adaptive droop control based power sharing
methods were proposed in [21], [26], and [27] while the
droop control design methods for optimal power sharing were
proposed in [28], [29], and [30]. However, the voltage profile
of MTDC system is not regulated in these works.

Besides the power sharing control, system operators may
find it important to regulate the voltages of the DC nodes,
particularly for a DC system with long transmission distance
and large power flow [31], [32]. DC voltage regulation is
fundamental for the MTDC system operator to ensure stabil-
ity, protect connected devices, control power flow, minimize
losses, integrate with larger grids, manage contingencies, and
enhance overall system resilience. Therefore, it is desirable
to consider DC voltage control and converter power shar-
ing simultaneously [31], [32], [33], [34], [35], [36], [37],
[38], [39]. In [23], an analytical appliance to analyze the
impact of the droop constants and line resistance on the
post-contingency DC voltage variation and power sharing fol-
lowing a VSC outage was proposed. However, the method to
realize the accurate power sharing was not introduced in [23].
Considering both the power sharing and the voltage deviation
indexes, an adaptive droop control strategy was proposed
in [33], [34], [35], and [36] to ensure that the DC-side power
and voltage are within their limits. However, the DC voltages
of the power controlled VSCs are not controlled and may
exceed their limits. In [31], a distributed control framework
was proposed to mitigate the voltage variation generated by
the primary droop control and to share power equally between
the VSCs. However, proportional power sharing according
to the headroom was not considered in [31]. A distributed
voltage control strategy was presented in [37], which can
realize DC voltage control and converter power sharing with
tradeoff of two conflicting control objectives [23], [37]. To be
specific, if the voltages at all DC nodes are precisely reg-
ulated, it is impossible to realize accurate power sharing
control [23], [37]. In comparison with frequency in the AC
grid, the average voltage can manifest the overall voltage
profile of the MTDC grid [20], [31]. Regulation of the pilot
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DC voltage to the nominal value is an effective way to refrain
the DC voltages from violating the operational limit, and
maintain healthy DC voltage profile especially following
contingencies.

The communication required by the proposed methods
is different from the global DC power flow based tradi-
tional hierarchical control [24], [26], [33], [40]. The two
proposed methods do not require the communication between
the secondary and primary layers since the proposed control
methods do not need a centralized controller (computing
center) to calculate the global DC grid power flow. More-
over, the communication needed for the two proposed control
methods is much quicker and more reliable compared with
that of the traditional hierarchical control in [1], [24], [25],
[41], and [44]. Lastly, for the proposed Method I, only
communication among the VSCs before the contingency
(in order to obtain the DC nodal power and voltage) and
the contingency information are needed. By contrast, com-
munication among the VSCs in the primary layer is needed
before and after the contingency for the proposed Method II
because it uses the pilot (average) voltage feedback sig-
nal V). Since the proposed Method II removes the local
voltage dependence of the power sharing following a dis-
turbance, it is more straightforward to realize power sharing
using the Method II. In addition, as the average voltage is
used as the feedback signal in Method II, it is also eas-
ier to realize average voltage regulation. Consequently, the
power sharing and average voltage regulation accuracy can
be improved and the calculated burden can be reduced.
Nevertheless, the two proposed control methods are still
autonomous because the control variables (the adaptive volt-
age reference V;*) are locally/ autonomously calculated in
each VSC station ([21], [22], [36], [43]).

In this paper, instead of regulating DC voltages of all
the buses, desirable converter power sharing and pilot (aver-
age) voltage control are achieved simultaneously without any
tradeoff, using the proposed adaptive voltage reference based
droop control methods. Two novel autonomous control meth-
ods are proposed for proportional power sharing and pilot
voltage regulation of an MTDC system under different types
of disturbances. The key features of the presented control
methods and main contributions of this work are given below:

1) Two autonomous control methods are proposed, i.e. the

proposed Methods I and II. Both of the proposed
methods can allocate the power burden proportionally
to the converter available headroom and regulate DC
grid pilot voltage simultaneously without any tradeoff.
It is noted that the pilot voltage is chosen to be the
average DC voltage in this work. None of the existing
autonomous control methods (without a global control
center to solve the optimal DC power flow) can realize
power sharing and DC grid average voltage regula-
tion simultaneously without any tradeoff. The proposed
methods are viable for various types of contingencies,
e.g. real power variation, converter outage, and line
disconnection.
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2) The proposed Method I utilizes the DC grid lossy
model with the local voltage droop control strat-
egy. In the proposed Method I, the accuracy of the
steady-state analytical model of the MTDC system is
improved by taking both the converter loss and grid
loss variations into consideration. Thus, the accuracy
of Method I is still acceptable when the DC line length
changes.

3) The modified pilot voltage droop strategy (MPVDC) is
introduced in the proposed Method II to compensate
the big error caused by the DC grid lossless model.
The MPVDC scheme can greatly reduce regulation
error compared to the method using DC grid lossless
model with local voltage droop control strategy and at
the same time provide as much degree of freedom as
the local voltage droop control for the adaptive volt-
age reference based droop control to realize desirable
power sharing and average DC voltage control simul-
taneously.

4) The proposed Method II requires less computational
burden than the proposed Method I as it does not
need to calculate the Jacobian matrix of the DC power
flow and the loss variation of the MTDC system. But,
the proposed Method II needs the post-contingency
communication among the VSC stations for the pilot
voltage feedback signal. Moreover, the proposed con-
trol methods are much quicker and more reliable than
the hierarchical control strategy in terms of communi-
cation. The calculated burden of the proposed methods
is much smaller than that of the DC power flow based
methods as only linear calculation is required.

Il. STEADY-STATE OPERATION OF MTDC SYSTEM

In the following, the steady-state model of the VSC-MTDC
system under the local voltage droop control method is intro-
duced. The generalized DC voltage droop control equation is
represented as:

P; — P;k + R; (V,' — Vi*) =0 (D

where P; and P} are the actual value and setpoint of injected
active power for i" VSC (ie{1, ..., n} and n denotes the
number of DC nodes), respectively; V; and V;* are the actual
voltage and voltage setpoint, respectively; R; is the droop
constant of the i VSC in actual value by the unit of MW/ kV,
which can be calculated by

R = Piki/V' @

where k; is the per-unit droop constant; V" and P{ are the
nominal voltage and power rating. R; is nonzero for droop
controlled VSC and R; is set to zero for a active power
controlled VSC. Additionally, if a DC node is not connected
to a VSC, R; and P;‘ are both set to zero.

The DC power equation is given by

n
Paci =V}, GiV)) 3)
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where Gj; is self- or mutual-conductance. Matrix format of (3)
is written by

P=V®(GV) “

where P = [Pi],x1, V = [Vilux1 and G = [Gy],,,- The
symbol ® is a Hadamard multiplication operator.
The relation between P; and Py, ; is given by

P; = Pac,i + Pc Loss,i ©)

where Pc 1ss,i 1S the VSC loss, which can be calculated from
DC current /4. ; as [44]

PcC Loss,i = ai + bi % Ly + ¢ * 156,,- (6)

where a;, b; and c; are invariable, linear and quadratic factors
of Iyc,;. I4c,i 18 given by
iy GikVk )
If x routes and n nodes exist in the MTDC system, x X n
matrix T is called the incidence matrix [45]. An element of T,
i.e. Tpy, equals to negative one, zero or one: negative one and
one denote that p”* line current comes in or out node ¢; zero
indicates that the p™ line is not related to node ¢. Therefore,
line voltage vector Uz can be expressed by

U, =TV ®)

[dc,i =

The DC grid transmission loss is given by
PG, Loss = U, ® (diag (Y1) Ur) ©)

where Y is line admittance vector [45]. The average voltage

of DC grid, defined as Vg, is given by

e Vi
n

Vayg = (10)

Itis noted that the DC grid losses include two parts, i.e., the
VSC loss calculated from (6) and the DC grid transmission
loss calculated from (9).

lll. AUTONOMOUS CONTROLS OF PILOT (AVERAGE)
VOLTAGE REGULATION AND CONVERTER

POWER SHARING

In order to regulate pilot (average) DC voltage and realize
desirable power sharing, V" in equation (1) is variable to
provide extra degree of freedom, while droop constant and
active power reference setpoint P} are both unchanged. In this
section, two novel algorithms are proposed to obtain the adap-
tive voltage reference autonomously. The proposed Method I
is based on DC grid lossy model with local voltage droop
control strategy, while a modified pilot voltage droop control
strategy is proposed as an alternative method to reduce the
errors caused by the DC grid lossless model.

The DC grid lossy model takes the VSC loss and DC grid
transmission loss into account while the DC grid lossless
model neglects these losses. Therefore, the DC grid voltages
of different nodes are assumed to be identical in DC grid
lossless model, while in DC grid lossy model the nodal
voltages are different.
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A. PROPOSED METHOD I

The proposed Method I adopts the DC grid lossy model
with the local droop control strategy. The pre-contingency
operating condition of the i VSC is given by (1). Following
unscheduled system faults, AC power and DC voltage devia-
tions of the i VSC are set to be AP; and AV, respectively.
AV?Y and AP} are the voltage and power reference varia-
tions respectively. The steady-state operating point is derived
from (1) by

Pi+ AP;i —Pf — APf + R; (Vi+ AV; =V} = AV}) =0
(11)

Subtracting (11) from (1) yields
AP; = AP} 4+ (AV] — AV)R; (12)

It is noted that for the droop controlled VSCs, AP;." = 0, while
R; and AV are both zero for the real power controlled VSCs.
The vector form of (12) is expressed as

AP = AP* + diag(R)(AV* — AV) (13)

From (5), the deviation of active power injection from the
VSC is given by
AP = APdc + APC,L()ss (14)

where APgc and APc 1, are the variations of converter
power injection to DC grid and converter loss, respectively.

The post-contingency operating condition of VSC loss
formula (6) is given by

PC,Loss,i + APC,Loss,i

= a; + bil ge.j + Alge,i) + cill ge.i + Alge, i)
(15)

Subtracting (15) from (6) and neglecting the quadratic
variation term ciAIG%C’ ; yield

APC Loss,i = (bi + 2¢i) Alye,i (16)

The variation of DC current vector Aly.; can be obtained
from (7) by

n
Algei=,  GAVi (17)

Substituting (17) into (16) and rewriting into vector form,
one can obtain

APc 10ss = (b +2¢) ® (GAV) (18)

where b = [bil,x1 and ¢ = [cilyx1-
The relation between the active power deviation APg. and
voltage deviation AV can be linearized by [46]

APy, = JAV (19)

where J is the Jacobian matrix of the MTDC network.
It is noted that the Jacobian matrix element is either g;V;
(for i # j) or 3L (;V;) + giiVi (for i = j). g and g; are
self- or mutual-admittance between the two nodes.
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Substituting (18) and (19) into (14) yields
AP =[(b+2¢)® G+ J]AV (20)

By equating AP in (13) and (20), the DC node voltage
variation can be derived by

AV=[J + (b+2¢) ® G+diag (R)]”'(AP* +diag(R)AV*)
21

Following the active power balance principle, one can get
the following equation

m % n
Zj:l APj+ APy + Zi:l APC,Loss,i + APG Loss =0
(22)
where m denotes the number of VSCs in droop control
scheme and je {1, ..., m}; APg Loss 1S the variation of DC
grid loss; APY, is the total power burden caused by unsched-
uled contingencies including fluctuation of renewable power
generation and converter outage. It is noted that AP}, =
> i1 AP}, Thus, (22) denotes that the power burden AP,
(together with the loss variations) caused by the contingen-
cies are shared by the VSCs in local voltage droop control
strategy. Considering (16) and (17), D7, AP i 10 (22)
is given by

n n n
Zi:l APC,Lass,i - Zi:l [(b’ + 2Ci) Zk:l GikAVk]
(23)
The post-contingency DC grid loss is obtained from (9) by

PG,Lass + APG,Loss
= (Up + AU ® (diag (YL) (UL + AUL))  (24)

Subtracting (24) from (9) and neglecting the quadratic varia-
tion term give

APG.Loss =2AUL" ® (diag (Y1) UL) (25
From (8), AUy can be obtained by
AU, = TAV (26)
Substituting (26) and (8) into (25) yields
APG Loss = 2ATAV) ® (diag (YL)TV)  (27)
It is defined that

n
APL+D " AP+ APG Loy =Puis (28

C,Loss,i

As can be seen from (23) and (27), Z?:l APC’LO”’[ and
APG, 1055 are both functions of AV. Moreover, AP%. is a
known value, so that P,,;, in (28) is also a function of AV.

The available headroom [21] of jlh VSC in droop control
mode converter is expressed by

r .

[P
1

—P; — P

PjZO

29
Pj<0 ( )
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where H; is the available headroom and P? is the rated power
of the converter station. Note that when real power is trans-
mitted from DC grid to AC grid, P; is positive.

If the power mismatch P, is shared according to available
headroom H; among the VSCs in local voltage droop control,
the relation between AP; and Py, is obtained by

m
APy = =P/ (Y H)) (30)
For the j™ droop-controlled converter in local voltage
droop control (je {1, ..., m}), (12) can be rewritten as
AP; = (AV; — AV))R; 31

Equating AP; in (30) and (31) yields the relation between
AV and AV;“ as

PmisI'Ij

AV = T
TR H

+ AV}“ (32)

It is noted that if all the 1 to m — 1™ VSCs satisfy the
power sharing constraint (30), the power mismatch AP, of
the m"” VSC in local voltage droop control is automatically
shared according to its headroom. Therefore, only m— 1 num-
ber of equality constraints are needed for the power sharing
control. If all the voltage references AV¥ are set to be adap-
tive, one remaining degree can regulate average DC voltage.
The following expression of post-contingency DC average
voltage regulation is written as

21 AV

AVavg = T = Vavg,sch -V

(33)

avg,pre

where AV, is the average voltage variation; Vg e and

Vavg,pre are the scheduled and initial average DC voltages.
Considering (32) and (33), the equation set to realize power

sharing control and average voltage regulation is given by

B PisHy T
—— + AV¥
AVl Rl Z;n:l I‘I] + 1
Aan—l - PisH 1 . N (34)
Zi:l AVi Rm—l Zm:l I_Ij m—1
n L Vavg,sch - Vavg,pre _

Finally, the DC voltage reference variation vector AV* can
be calculated by combining (21) and (34).

B. PROPOSED METHOD Il

In the ideal DC grid lossless model [33], [46], the DC voltages
are assumed to be identical. Thus, (31) can be rewritten as

APj = (AV} — AV)R (35)

where AV is the identical voltage variation.

This DC lossless model for the MTDC grid in local voltage
droop control strategy is a useful tool to estimate the power
distribution of the MTDC system following a disturbance.
However, it may involve large errors in post-contingency
DC power and voltage estimation as the DC voltage in (25)
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is assumed to be identical [33], [46]. In [33] and [46], the
authors point out that the ideal lossless model results in
large errors when calculating the changes in DC voltages
and powers. In addition, the errors are affected by the val-
ues of droop coefficients, line resistances, and types of the
contingency.

The PVDC is expressed as

Pj— P+ R (Vy = V;) =0 (36)

where V), is the pilot voltage feedback signal while V' is
its reference value [20], [21], [22]. It is noted that the pilot
voltage V), can be selected as the voltage of a certain pilot DC
bus or a combination of several DC buses. In the presented
work, V), can be assumed to be DC grid average voltage to
facilitate the average voltage regulation.

Using the PVDC can avoid the large errors involved in the
local voltage droop control strategy with the DC grid loss-
less model, because active power sharing of a pilot voltage
feedback signal does not rely on the local voltage following
a contingency [23]. The relationship between power varia-
tion AP; and pilot voltage variation AV), is given by

AP = (AV} — AV,)R; (37)

Comparing (35) and (37), setting V]* of all the droop- con-
trolled converters to be adaptive in (35) can provide m degree
of freedom, while setting V[j‘ to be adaptive in (37) can only
provide one degree of freedom. Thus, the disadvantage of the
PVDC is that it lacks degree of freedom for the adaptive droop
control.

In this work, a modified pilot voltage droop control
(MPVDC) is proposed, which is given by

Pi— PI+R, (V,, — vj*) —0 (38)

The relationship between power variation AP; and pilot
voltage variation AV, in the MPVDC is given by

AP = (AV} — AVp)R; (39)

As the control target of the proposed control method is
the voltage reference regulation, degree of freedom is com-
puted according to the number of the voltage reference in
the MTDC system. The PVDC method has only one degree
of freedom since the pilot voltage variation AV in (37) is
the same for all the droop controlled nodes. However, the
MPVDC method possesses much more degree of freedom
since the local voltage variation AV;-‘ can be different for
all the droop controlled VSCs. Therefore, comparing (39)
with (35) and (37), it can be seen that the MPVDC avoids
the large errors involved in the DC grid lossless model
with local voltage droop control and at the same time pro-
vides as much degree of freedom as the local voltage droop
control.

Following the active power balance relationship, one can
obtain

Z;n:l AP+ AP5, =0 (40)

59



IEEE Open Access Journal of

s power and Energy

Substituting (39) into (40) gives
AV, =0 AVIRHAPY/T R) (@)
Substituting (41) into (39) yields

[AV*—(Z AVR; + AP )/Z RIR;
42)

Equating (30) and (42) yields the following equation system:

AV L AV R + AP/ DL R
AV} o lAv*R +APE)/ SR
AV, (o3 1AV*R +AP 2/ 2L R
T APLH, ]
R H))
APLHy

—| RCLiH) | @3)

AP Hy,

L R H))

It can be seen from the right side of (43) that the same
term (ZI h AV*R] + APY)/ ZJ | R; is included in every
equation. Therefore, (43) can be simplified by subtracting
7™ row (je{1, m — 1}) from j + 1" row and m™ row from
the 15 row in (11), which yields the equivalent equation set
B APE H; Hy

ZlHRl R_2

AVp —AVy APL Hy, Hs
AVE — AV Sy 2B

2 P l=—| YLH R R (44)
—AVF + AV

L 25 H) R R

Extracting the coefficient matrix of (44) yields

APy Hy _ Hi

)

I -r o0 0
0 1 -1 0
(45)
—1 0 0 1
mxm

As the rank of the m x m matrix (45) is m — 1, matrix (45)
is not a full rank matrix. Thus, there are non-unique solutions
of (44). In other words, one degree of freedom exists in (44).
Therefore, we can utilize this additional degree of freedom to
regulate the DC average voltage. It is noted that the average
voltage can be selected to be pilot voltage feedback signal V),.
Combining (33) and (41) gives

S AVIR; + AP
21 R;

= Vavg,sch -V (46)

avg,pre
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Substituting (46) into (43), one can get the equation set
with a unique solution as

T AP{H;
RIS H))
AVI* Vavg,sch - Vavg,pre APEHz
AVF Vavg,sch -V RS HY
2 el | RS H)p)
AV;; Vavg,sch — vavg,pre M
L Rm(z;nzl I_I]) -

(47)

C. CONTROL SCHEME DIAGRAM

The control diagram of the presented autonomous converter
power sharing and average DC voltage control is shown
in Fig. 1. The physical layer is composed of offshore wind
farms (OWFs), wind farm VSCs (WFVSCs), AC grids, grid-
side VSCs (GSVSCs) and the MTDC system. The primary
control layer comprises outer power control, inner current
control (ICC) and the pulse width modulation (PWM). It is
assumed that the WFVSCs are in real power control and
AC voltage magnitude control modes for the d-axis and
g-axis controls, respectively. The GSVSCs are in adaptive
voltage reference based droop control and reactive power
control modes for the d-axis and g-axis controls, respectively.
The reference values of the d-axis and g-axis currents, i.e.
i and i:;, are transmitted from the outer power controls
to the ICCs.

It is noted that the adaptive V* is generated from the
presented autonomous control layer and is calculated using
either the proposed Method I or II, as shown Fig. 1 by the
switch position [ or II, respectively. In the autonomous control
layer, the output voltage reference variation AV* is smoothed
by a ramp process before transmitting to the primary layer to
avoid large transient.

“ Autonomous control layer

i [eq (21) and (34)

Adaptive
Primary

control layer

droop control

* Physical

OWEF-2 WFVSC-2

FIGURE 1. Control scheme diagram of the proposed
autonomous control strategy.
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D. DISCUSSION

In order to compare the power sharing accuracy of the pro-
posed Methods I and II, the active power sharing error,
i.e. Pgyr, 1s given as

ref
AP _ (_ mis )
21 Hj
where P is the nominal power of the GSVSCs (since all the
GSVSCs in the case study have the same power rating); H is
vector of the available headroom (H = [Hjy, ---H,,]). It is
noted that P;f{; is obtained by the accurate MTDC grid power
flow result following the method proposed in [44] and is used
as the benchmark in this work.
The average voltage regulation error V,,, is given by

Verr = |Vavg,xch - Vavg,post| /Vr (49)

Perr = /Pr (48)

where Ve scn and Vg post are the scheduled average voltage
and post-contingency average voltage, respectively.

It is noted that Method II is derived from (35). Based on
the DC grid lossless, AV is the identical voltage variation.
This will cause big errors using the traditional voltage droop
control. However, under the proposed MPDC in (39), the
pilot voltage feedback signal AV, is identical without any
assumption. Consequently, although Method II derives from
the DC grid lossless model, the errors are only caused by
neglecting the converter and grid loss variations in (40). The
converter and grid losses are around 2% of the DC rated
power and their variations are around 0.2% of the DC rated
power, which is negligible. While the errors, P, and Ve,
of the proposed Method I are due to the linearization of
MTDC power flow in (19). Thus, the proposed Method II is
more accurate than Method 1.

It is also noted that the calculated burden of the Method II
is much lower than that of the proposed Method I since the
proposed Method II avoids calculating the Jacobian matrix J
and variations of DC grid and converter losses. However,
the proposed Method II needs the communication among
different VSC stations as the pilot voltage feedback signal V),
is used in the proposed MPVDC strategy.

Four kinds of unpredicted disturbances are considered in
the presented work, i.e. real power variation caused by the
OWF power generation intermittency, real-power-controlled
converter outage, droop-controlled converter outage, and DC
line disconnection. It is straightforward to set AP* in (21)
and AP%, in (22) for the first two types of disturbances. For
the droop-controlled converter outage, the droop constant
of the tripped converter is set to be zero before the contin-
gency to keep diag(R) in (21) unchanged before and after the
contingency.

In the following, the method to set AP* and AP’E fol-
lowing DC line disconnection is discussed in detail. Assume
that the line is tripped in the initial state and two dummy
generators are installed at two ends of disconnected line,
respectively. The real power of the dummy generators is the
same as the original line power injections. Thus, the topology
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change caused by a line disconnection is converted to real
power variations of the two DC nodes. The corresponding
elements in AP* are the negative values of the line power
injections while AP3. equals to the initial copper loss of the
disconnected transmission line.

Method II is more accurate than Method I and has less
calculated burden. In addition, since Method II is based
on the novel MPVDC proposed in this work, it is more
straightforward to derive the power sharing and voltage
regulation. However, the Method II needs post-contingency
communication since it is a common feedback signal based
method. Therefore, if the post-contingency communication
in the primary layer is lost, Method I will be selected instead
of Method II.

IV. CASE STUDIES

A. SIMULATION SYSTEM CONFIGURATION

A five-terminal VSC-MTDC system with OWFs is used
to verify the proposed autonomous controls of converter
power sharing and DC pilot (average) voltage control,
as shown in Fig. 2. The MTDC grid is implemented using
MATLAB/Simulink SimPowerSystems /Specialized Tech-
nology Blockset and OPAL-RT RT-LAB libraries. Two
OWFs and three AC systems are connected to the MTDC
system at VSCs-3 and the other three VSCs, respectively.
The WFVSCs are under real power control scheme, while the
GSVSCs are under DC voltage droop control strategy. Each
VSC is represented by average-value model [47], [48], [49]
of modular multilevel converter (MMC).

OWF-5

GOHF

FIGURE 2. Single line diagram of the test system.

The DC cables are modelled using RT-LAB/ARTEMiS
Blockset. The DC cable length and parameters as well as VSC
station parameters are shown in Tables 1 to 3, repectively.
The VSCs-1 and 2 are implemented using MMC with half-
bridge submodules, while the other VSCs are implemented
using MMC with full-bridge submodules. The converter loss
coefficients in (6) are given in Table 4 [44]. The upper and
lower DC voltage limits are 380 kV and 420 kV, respectively.

In the initial state, the WFVSC-3 changes from —750 MW
to —400MW due to wind power variation.

The effectiveness of the presented autonomous control
methods is verified using wind farm generation increase and
decrease in Cases A and D, respectively. Case B is a com-
parative study, which demonstrates that the advantages of the
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TABLE 1. DC cable length.

DCcable 1to2 1to3 1to4 1to5 2to3 3tod 4to5

Length (km) 160 400 250 320 320 320 500

TABLE 2. DC cable parameter.

Parameter R(Q/km) L(mH/km) C(uF /km)
Value 0.0200 0.1463 0.2662
TABLE 3. VSC station parameter.
VSC No. 1 2 3 4 5

Nominal Voltage Vl-r (kV) 400 400 400 400 400

Rated Power P (MW) 500 500 800 500 900
Droop Coefficient k;
(INP.U)) [33]

Power Reference P;*
(MW)

0.1 0.0668 0 0.04 0

350 500 =750 400 —500

TABLE 4. Per-unit VSC loss coefficients [44].

Submodule b

Type QAac dc Cac
Half-bridge 4.00 0.47 _3
Full-bridge | %0 | 670 | 096 X10

proposed Methods I and II compared with the Method III
proposed in [33] under GSVSC failure. Method III [33]
introduces an adaptive droop control scheme incorporating
both the DC voltage deviation factor and the power sharing
factor. This scheme is designed to guarantee that the DC
voltage and power loading rate of only the converter under
droop control remain within their specified limits. In Case C,
performance of the presented autonomous control methods to
realize average DC voltage control and proportional converter
power sharing is verified under N — 2 contingency. Case E
compares the dynamic response of the MTDC system after a
disturbance with and without automatic control

B. CASE A: POWER DECREASE OF OWF GENERATION
Case A shows that the presented autonomous controls are
able to share power proportionally and regulate DC average
voltage to the nominal value under wind power generation
increase. In Case A, the active power of the VSC Station
5 goes up from —500 MW to —850 MW when the time is
0.5 second. The autonomous controls are enabled at t = 1s.
The DC powers, voltages and average voltage of VSCs
under the proposed Methods I and II are given in
Figs. 3 and 4, respectively. It can be seen from Figs. 3 and 4
that autonomous controls in Methods I and II produce
similar results with small errors (shown in Table 5).
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TABLE 5. Comparison of methods | and Il under power variation.

Method 1 il

Vorr (%) 0.09  0.02

Py (%) 1.63 0.70
900
800 —P] 1
700 F ; Power increase : Autonomous control -—==-P2

of VSC-5

| enabled (Method 1) P3 1

DC Power (MW)

DC Voltage (kV)

DC Average
Voltage (kV)
B =
ISR

390

0 0.5 1 L5 2
Time (Seconds)

FIGURE 3. DC powers, voltages and average voltage of VSCs
when VSC-5 power increases under the proposed Method I.
(a) VSC active powers; (b) VSC DC-side voltages; (c) VSC
average voltage.

From Figs. 3 (a) and 4 (a), one can see that when the
active power of VSC-5 goes up, the distribution of active
power of the VSCs-1, 2 and 4 under the traditional droop
is not desirable as VSC-1 still has relatively large headroom
compared with the other two droop-controlled VSCs. After
the proposed autonomous controls are activated at t = 1s,
the active powers of the GSVSCs are shared proportionally
to their headrooms. On the other hand, it is observed from
Figs. 3 (b) and 4 (b) that the DC voltage profile increases
following the active power variation of the VSC-5. Espe-
cially, DC voltage of the VSC-5 is close to the upper voltage
limit (420kV). As shown in Figs 3 (c) and 4 (c), the voltage
profile increase is mitigated after the autonomous controls
are activated to adjust the average voltage to the nominal
value. It is observed from Table 5 that V., and P, of the
proposed Method II are smaller than those of the proposed
Method I, indicating the proposed Method II is more accurate
than the proposed Method 1. This is because the error due
to neglecting the converter and grid loss variations in (40)
of the proposed Method II is smaller than the lineariza-
tion error of MTDC power flow in (19) of the proposed
Method 1.

VOLUME 11, 2024



Zhang et al.: Adaptive Voltage Reference Based Controls of Converter Power Sharing and Pilot Voltage

Power increase | Autonomous control

700 ERCE ! enabled (Method IT) P31
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1 1
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Voltage (kV)

(¢)

0 0.5 1 1.5 2
Time (Seconds)

S
(=3
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FIGURE 4. DC powers, voltages and average voltage of VSCs
when VSC-5 power increases under the proposed Method II.
(a) VSC active powers; (b) VSC DC-side voltages; (c) VSC
average voltage.

C. CASE B: COMPARATIVE STUDY OF GSVSC OUTAGE

In this situation, the presented autonomous control strategies
are contrasted with the Method III proposed in [33] when
the MTDC grid encounters huge perturbation, i.e. GSVSC
failure. The Method III proposed in [33] can guarantee the
active power and voltage of all the droop controlled VSCs
below their boundaries. However, the DC voltages of the
power controlled VSCs under the Method III are not regulated
and may exceed their limits.

1) THE PROPOSED METHODS | AND Il

In Case B, the proposed autonomous control methods are
applied to share power proportionally and regulate average
DC voltage under the GSVSC outage. In this case, VSC-2
is tripped at t = 0.5s. The presented autonomous controls
are enabled at t = Is. It is seen from Table 6 that the
proposed Methods I and II are able to realize the voltage
control and active power sharing control with small errors.
Similar to Case A, Method II is more accurate than Method 1.
Due to space limitation, only the DC powers, voltages, and
average voltage of VSCs of the presented Method I are shown
in Fig. 5.

It is shown in Fig. 5 (a) that the active power of VSC-4
is fully-loaded under the VSC-2 failure, while VSC-1 still
has plenty of headroom. After the autonomous control is
enabled, the active power burden caused by VSC-2 outage
is proportionally distributed by VSCs-1 and 4 according to
their headrooms. It is illustrated in Figs. 5 (b) and (c) that
obvious voltage increase occurs in the voltage profile when
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TABLE 6. Comparison of methods | and Il under converter
outage.

Method 1 1T
Verr (%) 0.15 0.03
Py (%) 197 073
600
500 T s et
E 400 Mmoo
) 300 ) ; Autonomous control E
% """""""" i VSC-2 outage i enabled (Method I) Pl
200 | ] ; —_
2 | Py
i T nues |
100 | P)
I

()

&
%o

n
9}
(=]

DC Voltage (kV)
o
f=]

o
(=)
(=}

390

B
- N
(=T

P
(=3
(=}

DC Average
Voltage (kV)

390

Time (Seconds)

FIGURE 5. DC powers, voltages and average voltage of VSCs
when VSC-2 is tripped under the proposed Method I. (a) VSC
active powers; (b) VSC DC-side voltages; (c) VSC average
voltage.

VSC-2 breaks down at t = 0.5s. After the presented control
is enabled at t = 1s, the increase of DC voltage profile is
mitigated while the average voltage is adjusted to 420 kV.

2) THE METHOD Il PROPOSED IN [33]
The simulation result under the Method III proposed in [33]
is shown in Fig. 6. Similarly, VSC-2 breaks down at t = 0.5s.
Then autonomous control of Method III is enabled at t = 1s.
It is shown from Fig. 6 (a) that, active powers of
VSCs-1 and 4 are both within the limit (500 MW) after
the autonomous control (Method III) is activated. However,
compared with Fig. 5 (a), the power sharing of Method I is
more desirable than Method III as the DC power of VSC-4
in Fig 5 (a) has more headroom. In addition, as illustrated
in Fig. 6 (b), DC voltage of the VSC-5 under constant P
control is beyond the upper voltage limit (420kV). While
in Fig. 5. (b), all the DC voltages are within the limit.
Therefore, the proposed methods (Methods I and II) show
better performance than Method III proposed in [33] as
far as DC voltage control and active power sharing are
concerned.
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FIGURE 6. DC powers, voltages and average voltage of VSCs
when VSC-2 is tripped under Method lll. (a) VSC active powers;
(b) VSC DC-side voltages (c) VSC average voltage.

D. CASE C: N — 2CONTINGENCY

In the following, the performance of the presented
autonomous control methods is validated under N — 2 con-
tingency. VSC-1 breaks down at t = 0.5s. Moreover, the DC
line 1-2 is tripped att = 0.5s. The presented autonomous con-
trol method is enabled at t = 1.5s. From P,,, and V,,, listed
in Table 7, it is shown that, both of the presented methods are
verified with small errors under N —2 disturbance. The active
powers, voltages and average voltage of VSCs under the
proposed Method II are shown in Fig. 7. It is illustrated from
Figs. 7 (a) and (b) that, VSCs-4 is fully-loaded and VSC-5
experiences overvoltage under the fixed droop control. After
the autonomous control is enabled at t = 1.5s, the DC power
is shared proportionally while the average voltage is regulated
close to the nominal value as shown in Fig. 7 (c). Thus, the
overvoltage of the VSC stations is avoided by the proposed
autonomous control methods while the active powers are
shared more desirably among the VSC stations.

TABLE 7. Comparison of methods | and Il under
N — 2 contingency.

Method I I
Vorr (%) 0.29 0.12
P, (%) 1.91 0.70

E. CASE D: POWER DECREASE OF OWF GENERATION
Case D shows that the presented autonomous controls are
capable of sharing power proportionally and regulating
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FIGURE 7. DC powers, voltages and average voltage of VSCs
when VSC-1 breaks and DC line 1-2 is tripped under the
proposed Method Il. (a) VSC active powers; (b) VSC DC-side
voltages; (c) VSC average voltage.
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FIGURE 8. DC powers, voltages and average voltage of VSCs
when VSCs-3 and 5 power decrease under the proposed
Method Il. (a) VSC active powers; (b) VSC DC-side voltages;
(c) VSC average voltage.

DC average voltage to the nominal value under wind power
generation decrease. In Case D, the active powers of the
VSC Stations 3 and 5 both decrease 300 MW when the
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time is 0.5 second. The autonomous controls are enabled
att=1s.

The DC powers, voltages and average voltage of VSCs
under the proposed Methods II are given in Fig. 8. From
Fig 8 (a) one can see that after the proposed autonomous
controls are activated at t = 1s, the active powers of the
GSVSCs are shared proportionally to their headrooms. On the
other hand, it is observed from Fig. 8 (b) that the DC voltage
profile decreases following the active power drop of the
VSCs-3 and 5. Especially, DC voltage of the VSC-2 is near
to the lower voltage limit. As shown in Fig 8 (c), the voltage
profile decrease is mitigated after the autonomous control is
activated to adjust the average voltage to the nominal value.
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FIGURE 9. DC powers, voltages and average voltage of VSCs
when VSC-5 power increases without automatic control.

(a) VSC active powers; (b) VSC DC-side voltages; (c) VSC
average voltage.

F. CASE E: THE DYNAMIC RESPONSE OF THE MTDC
SYSTEM AFTER A DISTURBANCE WITH AND

WITHOUT AUTOMATIC CONTROL

Similar with Case A, the active power of the VSC Sta-
tion 5 increases from —500 MW to —850 MW when the
time is 0.5 second. Due to space limitation, the autonomous
control using the proposed Method II are shown in this
case. The autonomous controls are enabled at the beginning.
Figs. 9 and 10 show the behavior of the MTDC system
without and with the autonomous controls respectively. It can
be seen in Fig 10 that the voltage profile can mitigate the
voltage increase and adjust the average voltage to the nom-
inal value. In addition, the active powers of the GSVSCs
in Fig. 10 are shared proportionally to their headrooms using
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FIGURE 10. DC powers, voltages and average voltage of VSCs
when VSC-5 power increases with automatic control. (a) VSC
active powers; (b) VSC DC-side voltages; (c) VSC average
voltage.

the proposed autonomous control. While the DC voltages
and powers in Fig. 9 are not desirable without the proposed
autonomous control.

V. CONCLUSION

In the presented paper, two adaptive voltage reference
based droop control methods are proposed to regulate pilot
(average) DC voltage and share converter power burden
autonomously when integrating large-scale offshore wind.
The presented Method I utilizes the DC grid lossy model with
the local voltage droop control scheme, while the proposed
Method II adopts an MPVDC strategy in the DC grid. The
effectiveness of the presented autonomous control methods
is verified using dynamic simulations under various distur-
bances, i.e., power variation, converter outage, and DC cable
disconnection. Moreover, both N — 1 and N — 2 disturbances
are included in the simulation studies. From the simulation
results, it is shown that the proposed methods can realize
converter power sharing and average DC voltage regula-
tion simultaneously with very small errors. The proposed
Method II is more accurate than the proposed Method I
although it requires the communication of pilot voltage feed-
back signal among the VSC stations. Thus, the proposed
Method I can also be regarded as a backup method during
post-contingency primary communication loss. It is noted
that both of the proposed control methods are autonomous
as they do not need a centralized controller with global
DC-grid power flow solution. Impact of adjusting DC voltage
reference on the stability of the VSC-HVDC system will be
the future work.
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