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Abstract: To solve the problems of DC voltage control and power allocation in the hybrid
multi-terminal high voltage direct current system effectively, a DC voltage adaptive droop control
strategy based on DC voltage-current characteristics is proposed. Based on adjustment of the droop
coefficient of the converter station, the proposed control strategy introduces the influence factor of the
droop coefficient, which considers the dynamic power margin of the converter station according to the
direction of DC current variation in the converter station. When changes in the hybrid multi-terminal
high voltage direct current system power flow occur, the droop coefficient of the converter station can
be adjusted by the influence factor of the droop coefficient, so that the converter station can participate
in power regulation according to its own power regulating ability. Consequently, the proposed control
strategy can reasonably allocate the active power and minimize the deviation of the DC voltage.
Besides, the stability analysis of the proposed control strategy is also carried out. Simulation results
have verified the feasibility and effectiveness of the proposed control strategy.

Keywords: adaptive droop control; deviation of the DC voltage; hybrid multi-terminal high voltage
direct current system; influence factor of the droop coefficient; power margin

1. Introduction

The line commutated converter based high voltage direct current (LCC-HVDC) system has been
widely utilized in many areas due to high power capability, low losses, and economic advantages.
However, LCC-HVDC has a strong dependence on the AC grid, thus, if the interferences occur in an
AC grid, LCC-HVDC would be susceptible to commutation failures [1-3].

Nowadays, voltage source converter based high voltage direct current (VSC-HVDC) has been
developing rapidly. It has many advantages, such as independent control of active power and reactive
power, high switching frequency and low harmonics, and its ability to provide dynamic reactive
power support for the AC grid. Due to its advantages, it is a potential solution to the new energy
grid-connection. However, VSC-HVDC are worse than LCC-HVDC in both costs and losses [4].

The hybrid high voltage direct current (Hybrid-HVDC) system formed with VSC and LCC combines
the advantages of LCC-HVDC and VSC-HVDC. This paper focuses on the Hybrid-HVDC system that
adopts voltage source converter (VSC) on the rectifier side and line commutated converter (LCC) on
the inverter side. Compared with LCC-HVDC, the Hybrid-HVDC system can provide reactive power
support for the AC grid at the sending end. Compared with VSC-HVDC, the Hybrid-HVDC system has
lower switching losses, more mature technology, and lower capital costs. With the increasing demand of
new energy grid-connection, the hybrid multi-terminal HVDC (Hybrid-MTDC) system has become the
inevitable development trend of the HVDC transmission system [5-8].

Hybrid-MTDC has more flexible operation modes than the two-terminal hybrid HVDC system,
and the power coordination between converter stations is very important for the Hybrid-MTDC system.
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Therefore, it is necessary to study the coordinated control strategies of Hybrid-MTDC to improve the
ability of power regulation [9]. At present, three basic methods that control the MTDC system, namely,
master-slave control strategy, voltage margin control strategy, and DC voltage droop control strategy, have
been proposed [10]. DC voltage droop control combined with fixed DC voltage control and fixed active
power control can control DC voltage at the same time by multiple converter stations, and can distribute
active power in proportion to the droop coefficient, which is widely used in the MTDC system [11].

In the last few years, scholars at home and abroad have studied the problems of droop control
strategy, including overload of the converter station, DC voltage deviation, tedious setting of the droop
coefficient, and the influence of the droop coefficient on the control performance. To maintain the
power balance of the MTDC system, a control method, based on frequency-domain stability analysis,
was presented by Prieto-Araujo, E. and Bianchi, ED. to provide a selection standard for the droop
coefficient. However, the selection method of the droop coefficient is based on an accurate DC network
mathematical model, which is not suitable for the large-scale HVDC system [12]. In [13,14], the optimal
solutions of DC voltage and active power instructions for each converter station were obtained at the
upper controllers to improve the droop control performance. However, communications between
converter stations and the upper controllers are needed. In consequence, the reliability of the MTDC
system decreases. The core idea of droop control proposed in [15] is to divide converter stations
into four converter station groups that are set at different voltage margins and dead zones to set the
priority level for coordinated control. As a result, converter stations have good dynamic characteristics
in the transient state. Aiming at the situations of DC voltage oscillations caused by AC side faults,
Yan, FY. and Tang, G.F. improved the traditional DC voltage droop control strategy by introducing
a common DC voltage reference value, which improved the stability of the system [16]. The droop
control strategy proposed in reference [17] can reduce DC voltage deviation by introducing DC voltage
feedback. However, both methods do not consider the power margin of the converter station, which
can easily lead to the overload of the converter station. The authors in reference [18] proposed a power
sharing adaptive droop control method, considers the dynamic power margin of the converter station
to avoid overload. However, the influence of DC voltage deviation on the droop coefficient was not
considered. In reference [19], a droop control strategy based on optimal power flow was provided,
but the calculation time was a little longer. A droop control with DC voltage regulation and frequency
support, which guarantees the rational distribution of active power and the effective regulation of
DC voltage, was introduced in reference [20], but it requires high performance of the communication
system. The authors in reference [21] introduced a droop control that adjusts the droop coefficient
according to the power margin and DC voltage deviation. However, the calculation of the droop
coefficient is too complicated, and the improper selection of the droop coefficient will lead to an increase
of the DC voltage. In reference [22], a droop control strategy was proposed that introduced a power
margin factor and voltage deviation factor to ensure good steady-state and dynamic performance of
the converter station, but it did not consider the direction of DC voltage variation.

In this paper, a DC voltage adaptive droop control strategy based on DC voltage-current characteristics
is studied. According to the direction of DC current variation in the converter station, the power margin of
the converter station is obtained to introduce the influence factor of the droop coefficient. By introducing
the influence factor of the droop coefficient, the proposed control strategy can adjust the droop coefficient
in real time. Consequently, the control strategy allocates the power reasonably and minimizes the deviation
of the DC voltage. Besides, the stability analysis of the proposed control strategy is also carried out.
Finally, the feasibility and effectiveness of the proposed control strategy are verified through simulation
analyses of a four-terminal hybrid HVDC system performed in PSCAD/EMTDC.

The rest of this paper is organized as follows. In Section 2, the Hybrid-MTDC system is
outlined. The DC voltage adaptive droop control strategy is systematically derived in Section 3.
Section 4 validates the control performance of the DC voltage adaptive droop control strategy on
PSCAD/EMTDC. Conclusions are drawn in Section 5.
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2. Hybrid-MTDC System

The topology of the parallel four-terminal hybrid HVDC system is shown in Figure 1. VSC1 and
VSC2 are rectifier stations, while LCC3 and LCC4 are inverter stations. T; is the converter transformer
of the i (i = 1,2,3,4) converter station. P; and Q; are the active power and reactive power of the ith
converter station, respectively.

o A2 e
@@&—JG jz—@%@
Grid1 < VSC1 LCC3 < Grid3

r Bl PQ, g
@}@—J@ jz—@ﬁ%@
Grid2 VSC2 LCC4 L Grid4

Figure 1. The topology of the parallel four-terminal hybrid HVDC system.

The bipolar Hybrid-HVDC system has a higher voltage level and transmission capacity, which
is suitable for the occasion with high reliability. The structure of the bipolar VSC converter station is
shown in Figure 2, which consists of two sets of VSCs in series on the DC side. Furthermore, the neutral
point between the two sets of VSCs is grounded.

O
converter converter
transformer reactor %

T
%1 ) VSC I
RagaiSill

T O

Figure 2. Structure of the bipolar voltage source converter station.

The structure of VSC is shown in Figure 3, in which, ug, iy, and uy (k =4, b, ¢) are the AC grid
voltage, the AC grid current, and the fundamental component of the converter’s output voltage,
respectively. R and L are the equivalent resistance and equivalent inductance between the AC grid and
the converter, respectively.

Figure 3. Structure of VSC.
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Assuming the AC grid has three-phase symmetry, the mathematical model of VSC in the abc
reference frame is [23]: 4
Ld;TSf = Usqg — Risg — Uy
dig, .
L% = ug, — Rigy — uy @
L% = Uge — Rige — U,

By using Park transformation, the mathematical model of VSC in the dg reference frame is:

dis ) . 2)
L ;‘;7 = —Risg — wligg + usg — 1y

{ L% — —Rigy + wLisg + tteg — iy

where ug; and us; are components of the AC grid voltage in the dq axis, respectively; u; and u,
are components of the fundamental component of the converter’s output voltage in the dg axis,
respectively; igy and i5; are the components of the AC grid current in the dq axis, respectively; and w is
the synchronous rotating angular velocity of the AC grid voltage vector.

The structure of the LCC converter station, which mainly consists of 12 pulse converters, converter
transformer, AC filter, and smoothing reactor, is shown in Figure 4.

AR9A AC bus
smoothing
¥ ¥ ¥

reactor
¥ ¥ ¥

converter
transtfmer

Grid

i—e

¥ ¥ ¥

; 4&@7 AC
vV v ¥ filter

F U o ' o' W —

Figure 4. Structure of the line commutated converter station.
As the inverter station, the mathematical model of LCC is:

3v2

Uje = —
de T

Upr.cosp + %Xcldc 3)
where Uy and I, are the DC voltage and DC current of the converter station, respectively; Uy is the
effective value of line voltage at the transformer secondary-side; j is the advance firing angle; and X,
is the equivalent commutation reactance.

For the hybrid-MTDC system, the VSC converter stations being utilized for the new energy
grid-connection adopt the constant active power control strategy, and the LCC converter stations
connecting the active network apply DC voltage droop control strategy. Then, the operation
characteristics of the four-terminal hybrid HVDC system are shown in Figure 5.
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Figure 5. The operational characteristics of the four-terminal hybrid HVDC system.

Ljee3 and Ly..4 represent the droop characteristics of the LCC converter stations, and Cys1 and
Cuscp represent the characteristics of the VSC converter stations. For the sake of analysis, the losses of
the Hybrid-MTDC system are neglected so that all converter stations have the same DC voltage level,
as shown by L, ;.. Then, the intersection point, G;, between L, and the characteristic curve of the ith
converter station is the stable operating point of the i converter station. To maintain power balance,
DC currents satisfy Ij1 + Ljeo = g3 + Ljca-

3. DC Voltage Adaptive Droop Control

The traditional DC voltage droop control characteristics and controller structure are shown in
Figures 6 and 7, respectively. In Figures 6 and 7, Uer and Lycrer are the DC voltage and DC current
reference values of the converter station, respectively, Uqq and Ijeq, are the upper limit of the DC
voltage and DC current, respectively, and K is the droop coefficient.
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Figure 6. Characteristics of traditional DC voltage droop control.
+
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Figure 7. Traditional DC voltage droop controller.
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As can be observed from Figure 7, the relationship between the DC voltage and DC current is:

Uje — udcref = K(Idc - Idcref) 4

As shown in Figure 6, when power flow changes in the Hybrid-MTDC system occur, the stable
operating point of the converter station changes from A to B, then the DC voltage deviation is:

AUge = Uge = Ugere = K (Lic = Licrer) )

In addition, the unbalanced power shared by the converter station is:

AP = Ugelye — udcrefldcref = udcref (Idc - Idcref) + AlUgclge (6)

In terms of the traditional DC voltage droop control strategy, the traditional droop coefficient, K,

is described as follows:

9] - U
K — dcmax dcref @)

Idcmax

where Ugenax — Ugeref 1s the upper limit of the DC voltage deviation, which generally takes 5% of U e
According to Equations (5) and (7), Equation (8) can be obtained as follows:

AUyl
Udcref (Idc - Idcref)

< 5% (8)

That is to say, AUyl is so small that it can be ignored compared with Ujerer (Iic—Lacref)-
Therefore, the unbalanced power shared by the converter station can be expressed as:

AU U
AP = udcref(ldc - Idcref) = CTM 9)

As can be observed in Equations (5) and (9), the traditional droop coefficient, K, affects the control
of the DC voltage and allocation of unbalanced power. The larger the K is, the less the unbalanced
power allocated to the converter station is.

The traditional droop coefficient, K, is fixed at a constant level. Without considering the power
margin of the converter station, it is easy to cause an overload of the converter station and massive DC
voltage deviation.

To solve the problems of the traditional DC voltage droop control strategy, this paper introduces
the influence factor of the droop coefficient, which is defined as:

udcre Idc
o= pmﬂfx Idc > Idcref (10)
o (PMHX 7udcrefldc) I I
T Puux de < deref
where Py,4y is the rated active capacity of the converter station.
Without a loss of generality, there is:
0< udcrefldc < Udemaxlacmax = Prmax (11)

Equations (10) and (11) show 0 < & < 1.
In terms of the DC voltage adaptive droop control strategy, the adaptive droop coefficient is
defined as:
K*=K*—-1 (K>1) (12)

The relationship between the adaptive droop coefficient and the DC current is shown in Figure 8.
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O

Idcref I demax I dc

Figure 8. The relationship between the adaptive droop coefficient and the DC current.

In terms of the Hybrid-MTDC system, P is the actual power of the converter station. In the initial
state, the DC voltage and DC current of the converter station are stable at the reference value, namely,
Userer and Lycrer. When the DC current of the converter station increases, the DC current is smaller, and the
power margin of the converter station is larger. When the DC current of the converter station decreases,
the DC current is larger, and the power margin of the converter station is larger. According to Figure 8,
the converter station with a larger power margin has a smaller adaptive droop coefficient, K.

Take the four-terminal hybrid HVDC system shown in Figure 1 as an example, the adjustment
curve of the adaptive droop coefficient is shown in Figure 9. In the initial state, the DC current
of the LCC3 converter station is smaller than that of the LCC4 converter station. When the DC
current of the converter station increases, the LCC3 converter station with a larger power margin
automatically reduces the droop coefficient, which is smaller than that of the LCC4 converter station.
Consequently, the unbalanced power allocated to the LCC3 converter station is relatively greater.
Similarly, when the DC current of the converter station decreases, the LCC4 converter station with
a larger power margin assumes more unbalanced power. As a result, the capacity of active power
allocation of the converter station with the DC voltage adaptive droop control strategy is improved.

A A

udcmux ___________________ udcmax _____________________ T

udc ————————— -—r- udcref —————————————
Udcref —————

N
>»

n n 1 1 } O X " 1l
Idcr€f3 Idcref4 IdC3 IdC4 L~ Idc3ldc4 IdcrefS Idcref41dcmax

(a) (b)

Figure 9. The adjustment curve of the adaptive droop coefficient: (a) The DC current increases; (b) the
DC current decreases.

Substituting (12) into (5), the DC voltage deviation of the DC voltage adaptive droop control
strategy is:

AUy = Uge — udcref = (Ka -1) <Idc - Idcref) (13)

Compared with the DC voltage deviation of traditional droop control, Equation (14) can be
formulated as follows:
Alger = Mge = (K* =1 = K) (Ite = ey ) (14)
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Based on K* — 1 — K < 0, Equation (15) can be obtained as follows:
| AU | < [AUgc| (15)

According to Equation (15), compared with the traditional DC voltage droop control, the DC
voltage adaptive droop control minimizes DC voltage deviation.

When power flow changes in the Hybrid-MTDC system occur, the DC voltage adaptive droop
control strategy can maintain the stability of the system. To verify that the system can run stably in
the new state, it is necessary to establish the transfer function of the LCC employing adaptive droop
control. The steady-state DC equivalent circuit of the four-terminal hybrid HVDC system is shown in
Figure 10.

R, L
VSCl_ —} LCC3
VsQ— —F—— LCC4

Figure 10. Steady-state DC equivalent circuit of the four-terminal hybrid HVDC system.

For the Hybrid-MTDC system, the relationship between the DC voltage and DC current of the

converter station is:
_ Up — udc

= — 1
Ry +sLy (16)

Idc

where Uj is the DC voltage of the DC bus on the inverter side; R, and L, are the resistance and
inductance between the converter station and the DC bus, respectively.
Substituting (16), Equation (3) can be rewritten as:

Uy = %Ugcosﬁ + %XCH (17)
Assuming that the DC current is a constant, the differential of (3) is:
%Audc = 7¥U2L5in‘3%ﬁ (18)
Therefore, the proportional integration (PI) control unit is:
= K,,(l —I—l)AUdC (19)
TS

where K, and 7; are the proportional gain and time constant of the PI control unit, respectively.
From (13), (17), and (19), the transfer function block diagram of the LCC employing adaptive
droop control can be obtained, as shown in Figure 11.

u0¢+
Ll P+
LzS + Rz U
>
Lye > K. +l
+
v 1 +
> L M@ —
17’@*@ OO+ LY S asTs
deref +4 Uy,
uz,icref

Figure 11. Transfer function block diagram of LCC employing adaptive droop control.
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Where U’ deref and r deref are the DC voltage and DC current of the converter station in the new
state; K. = 3X./7; Kg = 3v2Uy /7.
Based on Figure 11, Equation (20) can be obtained as follows:

Gl(S) = K/ng(l/Ti + 1)
Gy (S) =1/Ls+ Ry (20)
G(s) =1+ KcGa(s) — Gi(s) — K*Gi(s)Ga(s)

Therefore, the transfer function of the LCC employing adaptive droop control is:

_ (KGa(s) = KeGi(5)Ga(s) + K*Gi (5)Ga(s))Up  G1(8) Uierey — K Lirey)
Hie = G() - GG) ey

Taking the droop coefficient, K, as a variable, the root locus of the transfer function is drawn when
the droop coefficient, K*, increases from 0, as shown in Figure 12. It can be observed from Figure 12 that the
eigenvalues of the transfer function of the LCC converter station are negative when the droop coefficient,
K, increases. Hence, the system can run stably in the new state. Because the eigenvalues have no imaginary
part, the system is over-damped, and the unit step response is a non-periodic process. With the movement
of the main pole, the dynamic performance of the system will be affected, that is, the response speed of the
system slows down slightly with the increase of the droop coefficient, K.

8

6.

4.

virtual axis

140 120 -100 80 -60 -40 20 0 20

real axis
Figure 12. Root locus of the adaptive droop control converter station.
4. Simulation and Discussion

To verify the feasibility and effectiveness of the proposed control strategy, the four-terminal hybrid
HVDC system shown in Figure 1 is built in PSCAD/EMTDC. VSC1 and VSC2 adopt the constant
active power control; LCC3 and LCC4 apply DC voltage droop control. The simulations are carried
out under various operating conditions, including steady-state and transient operating conditions.
Parameters of the simulation system are shown in Table 1.

Table 1. Parameters of the simulation system.

Parameter Value
DC voltage reference value U/ kV 400
Rated active capacity of VSC1 /MW 500
Rated active capacity of VSC2 /MW 500
Rated active capacity of LCC1/ MW 500
Rated active capacity of LCC2/MW 500
DC current upper limit of LCC/kA 1.19

DC side capacitance of VSC C/uF 5000

LCC converter transformer ratio/(kV/kV) 300/200

The traditional droop coefficient K 16.8
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4.1. Steady-State Simulation Analysis

4.1.1. Increase of Active Power

In this part, the four-terminal hybrid HVDC system is simulated when active power increases.
In the initial state, the active power instruction values of VSC1 and VSC2 are 250 MW and 400 MW,
respectively; the DC current reference values of LCC3 and LCC4 are 0.52 kA and 1.0 kA, respectively.
At 6 s, the active power instruction value of VSC1 rushes to 425 MW. The simulation results under the
traditional DC voltage droop control and DC voltage adaptive droop control are shown in Figure 13.

500 T T T T T 0.8 T T T
400 0.7F
g g Adaptive D Control
= — ap 1wve I'O()p ontro
S | i —~— L i
mke — VsCl 06 — Traditional Droop Control
— VSC2
200 : ; : : . 05 ' : !
4 5 6 7 8 9 10 4 6 t7/ 8 9 10
t/s s
(b)
1.2 350 T T T T
<11} E 300
4
E 1} — Adaptive Droop Control g E 250 — Adaptive Droop Control 1
—7 Traditional Droop Control — Traditional Droop Control
o | . . A
0'94 5 6 8 I9 10 004 6 7 8 9 10
f/ s t/s
(c) (d)
500 404
Z 450 2 402
S~
= & 3
& 400 — Adaptive Droop Control S 400 — Adaptive Droop Control
— Traditional Droop Control A . T Tradmox}al Droopl Control
350 5 6 7 $ 9 10 4 6 7 8 9 10
t/s t/s
(e) ®
20 T T
15F E
&0t ]
— LCC3
5F—Lccs 5
| el : : . .
4 5 7 8 9 10
t/s
(8

Figure 13. Simulation waveforms of an increase of active power: (a) Active power of VSC1 and VSC2;
(b) DC current of LCC3; (¢) DC current of LCC4; (d) active power of LCC3; (e) active power of LCC4;
(f) DC voltage; (g) adaptive droop coefficient of LCC converter stations.

The simulation results show that the DC voltage increases when the active power of
VSC1 increases at 6 s. For the traditional DC voltage droop control strategy, the DC voltage increases
from 400 kV to 403 kV. At the same time, the DC current of two LCC converter stations both increase
0.19 kA. As a result, the DC current of LCC4 reaches its upper limit value of 1.19 kA, which causes
LCC4 to switch to the constant current control mode. However, by utilizing the DC voltage adaptive
droop control strategy, the DC voltage increases from 400 kV to 401 kV. Owing to a larger power
margin, the droop coefficient of LCC3 is smaller than that of LCC4. As a result, the LCC3 shares more
unbalanced power, and the DC current of LCC3 increases by 0.234 kA. Hence, it avoids the situation
that the LCC4 converter station switches to the constant current control mode due to an overload.
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Based on the above analysis, for the DC voltage adaptive droop control strategy, the converter
stations share the power based on power margins, which improves the power regulation ability of
the converter station and prevents the converter stations from overloading. At the same time, the DC
voltage deviation decreases. In addition, it can be observed that the Hybrid-MTDC system with DC
voltage adaptive droop control has a faster response speed.

4.1.2. Decrease of Active Power

In this part, the four-terminal hybrid HVDC system is simulated when active power decreases.
In the initial state, the active power instruction values of VSC1 and VSC2 are 250 MW and 400 MW,
respectively, and the DC current reference values of LCC3 and LCC4 are 0.52 kA and 1.0 kA,
respectively. At 6 s, the active power instruction value of the VSC2 converter station rushes to
160 MW. The simulation results under traditional DC voltage droop control and DC voltage adaptive
droop control are shown in Figure 14.

450 T T T T T 0.6 T T T - -
—vscl s —_ Ada}?t.lve Droop Control ]

3 350 —vsc2 | 1 <« — Traditional Droop Control
= =04t
~ =
n, 250 —~ 03k

150 ¢ 5 6 7 g 9 10 024 5 6 7 8 9 10

t/s t/s
(a) (b)

11 . : . 250 . — ;

1 — Adaptive Droop Control | — Adaptive Droop Control
<ok — Traditional Droop Control 200¢ — Traditional Droop Control
3 0'8 S 150¢ E
S 08p =

0.7k 100
067 5 6 7 5 5 0 504 5 6 7 8 9 0
t/s t/s
(c) (d)
450, T T T 402 T T T T T
— Adaptive Droop Control — Adaptive Droop Control
3 400 — Traditional Droop Control | > 400 Ao — Traditional Droop Control
350 < 398F
& S
300F 3961
2505 5 6 7 8 9 10 Iy 5 6 7 5 9 10
t/s t/s
(e) (f)
20 T
15F
10 1
— LCC3
5[ — LCC4 ( ]
=K — . .
4 5 6 7 8 9 10
t/s
(8)

Figure 14. Simulation waveforms of a decrease of active power: (a) Active power of VSC1 and VSC2;
(b) DC current of LCC3; (¢) DC current of LCC4; (d) active power of LCC3; (e) active power of LCC4;
(f) DC voltage; (g) adaptive droop coefficient of LCC converter stations.

As shown in Figure 14, the DC voltage decreases when the active power of VSC2 decreases at
6 s. For the traditional DC voltage droop control strategy, the DC voltage decreases from 400 kV to
395.5 kV. At the same time, the DC current of two LCC converter stations decreases by 0.27 kA. For the
DC voltage adaptive droop control strategy, the DC voltage decreases from 400 kV to 399 kV. Owing to
a larger power margin, the droop coefficient of LCC4 is smaller than that of LCC3. As a result, the DC
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current reduction amplitude of LCC4 is 0.37 kA, which is larger than that of LCC3. In other words,
the unbalanced power is mainly shared by LCC4.

From the above analysis, it can be observed that the converter stations employing the DC voltage
adaptive droop control strategy share the power based on power margins, which improves the power
regulation ability of the converter station. At the same time, the DC voltage deviation decreases.
In addition, it is shown that the Hybrid-MTDC system with the DC voltage adaptive droop control
has a faster response speed.

4.2. Transient Simulation Analysis

4.2.1. LCC3 Being Out of Operation

To verify the reliability of the adaptive droop control strategy, N-1 operation simulation for the
hybrid-MTDC system is carried out. In the initial state, the active power instruction values of VSC1 and
VSC2 are 300 MW and 200 MW, respectively, and the DC current reference values of LCC3 and LCC4 are
0.5 kA and 0.69 kA, respectively. At 6 s, LCC3 exits due to a failure. The simulation results under
traditional DC voltage droop control and DC voltage adaptive droop control are shown in Figure 15.

320} ] 15 . : . . .
Z 280f —vscl]{ <« I / — Lcas] |
& 240} —VSQ2[ ] X5 — LCC4| |
< 3 |
[« ~
200 or
4 5 6 7 8 9 10 05 : : : : :
i/s 4 5 6 7 8 9 10
(@ t/s
a
(b)
15 500 . . ; r :

1t s ] 375} / — LCC3] |
Lees g — LCC4
5 LCC4| - = 250f -
S~
&
of 125} ‘

8 9 10
- — LCC3|
27" / — LCC4 4051
S250( 1
~ ‘ 400 — Adaptive Droop Control
125 — Traditional Droop Control
1 1 1 1 Il 395 L L = = L

La/kA

udc/ kV

4 5 6 7 8 9 10
4 5 6 t/z 8 9 10 tfs
(e) €3]
30 . . .
20f
N 10— LCC3
— LCC4
0 _ Kl 1 1 1
4 5 6 7 8 9 10
t/s
(8)

Figure 15. Simulation waveforms of LCC3 being out of operation: (a) Active power of VSC1 and VSC2;
(b) DC current of LCC with adaptive droop control; (c¢) DC current of LCC with traditional droop
control; (d) active power of LCC with adaptive droop control; (e) active power of LCC with traditional
droop control; (f) DC voltage; (g) adaptive droop coefficient of LCC converter stations.
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The simulation results in Figure 15 show that when LCC3 exits at 6 s, LCC4 regulates the active
power. Under two droop control strategies, the DC current and active power changes of LCC3 and
LCC4 are basically the same. For the traditional DC voltage droop control strategy, the DC voltage
increases from 400 kV to 407.5 kV. However, by using the DC voltage adaptive droop control strategy,
the DC voltage increases from 400 kV to 406 kV. That is to say, DC voltage adaptive droop control
minimizes DC voltage deviation while maintaining the stability of the system.

4.2.2. AC Grid Fault at the Receiving End

In the initial state, the active power instruction values of VSC1 and VSC2 are 300 MW and
200 MW, respectively, and the DC current reference values of LCC3 and LCC4 are 0.5 kA and 0.69 kA,
respectively. At 6 s, a three phase short circuit fault occurs in the AC grid on the LCC3 side, and the
fault lasts 500 ms. The simulation results under traditional DC voltage droop control and DC voltage
adaptive droop control are shown in Figure 16.

320 ] 2.5 T T T r T
o — Adaptive Droop Control ]
3 280 F — VSC1]| 1 <15} — Traditional Droop Control
S — VSC2 =l
2401 ] =
A = 0.5
200 (3
4 5 6 7 8 9 10 :5
t /S 8 9 10
(a)
1.1 T T T T
0.9 4 > - i
<07 400
Sos| ! Sas .
~ — Adaptive Droop Control > 290 — Adaptive Droop Control
e | — Traditional Droop Control | 5 ) — Traditiorllal Droop‘ Control
b 5 6 7 8 9 10 %4 5 6 7 8 9 10
t/s t/s
(c) (d)

Figure 16. Simulation waveforms of the three-phase short circuit fault in the AC grid on the LCC3 side:
(a) Active power of VSC1 and VSC2; (b) DC current of LCC3; (¢) DC current of LCC4; (d) DC voltage.

Figurel6 shows that when the three phase short circuit occurs in the AC network on the LCC3 side
at 6 s, the DC voltage and DC current of each converter station can restore to the initial value after
a short period of fluctuation under the two control strategies. Compared with the traditional droop
control, the fluctuations of the DC current and DC voltage of the converter stations with the adaptive
droop control strategy are smaller. The adaptive droop control strategy has good fault recovery
performance and improves the stability of the DC transmission system.

4.2.3. AC Grid Fault at the Sending End

In the initial state, the active power instruction values of VSC1 and VSC2 are 300 MW and
200 MW, respectively, and the DC current reference values of LCC3 and LCC4 are 0.5 kA and 0.69 kA,
respectively. At 6s, a three phase short circuit fault occurs in the AC grid on the VSC1 side, and the
fault lasts 500 ms. The simulation results under traditional DC voltage droop control and DC voltage
adaptive droop control are shown in Figure 17.

As shown in Figure 17, under the two control strategies, the DC voltage and DC current of each
converter station can restore to the initial value after a short period of fluctuation when the three
phase short circuit fault occurs in the AC grid on the VSC1 side. While, the fluctuations of the DC
voltage and DC current of the converter stations with adaptive droop control are smaller. That is to say,
the adaptive droop control strategy has good fault recovery performance and improves the stability of
the DC transmission system.
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Figure 17. Simulation waveforms of a three-phase short circuit fault in the AC grid on the VSC1 side:
(a) Active power of VSC1 and VSC2; (b) DC current of LCC3; (¢) DC current of LCC4; (d) DC voltage.

4.3. Comparison of Different Adaptive Droop Control

To verify the effectiveness of the proposed control strategy further, the simulations of the
four-terminal hybrid HVDC system with the adaptive droop control based on DC voltage deviation
and the adaptive droop control based on the DC voltage deviation coefficient and power distribution
coefficient are conducted. It is compared with the simulations of adaptive droop control proposed in
this paper.

4.3.1. Steady-State Simulation Comparison

In the initial state, the active power instruction values of VSC1 and VSC2 are 250 MW and 400 MW,
respectively; the DC current reference values of LCC3 and LCC4 are 0.52 kA and 1.0 kA, respectively.
At 5 s, the active power instruction value of VSC1 rushes to 425 MW. At 7 s, the active power instruction
value of the VSC1 converter station rushes to 160 MW. The simulation results under different adaptive
droop control strategies are shown in Figure 18.
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Figure 18. Simulation waveforms of active power fluctuation: (a) DC current of LCC3; (b) DC current
of LCC4; (c) DC voltage. Where Adaptivel, Adaptive2, and Adaptive3 denote the adaptive droop
control strategy proposed in this paper, the adaptive droop control based on DC voltage deviation,
and the adaptive droop control based on the DC voltage deviation coefficient and power distribution
coefficient, respectively.
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As shown in Figure 18, the power margin of the LCC3 converter station is larger when the active
power of VSC1 increases at 5 s. Under the adaptive droop control strategy based on DC voltage
deviation, without considering the power margins of the converter stations, the DC current of the
LCC4 converter station exceeds the limit. Under the adaptive droop control strategy proposed in this
paper, LCC3 undertakes more unbalanced power, which avoids overload of the LCC4 converter station.
The power margin of the LCC4 converter station is larger when the active power of VSC1 decreases
at 7 s. Under the adaptive droop control strategy proposed in this paper, LCC4 undertakes more
unbalanced power.

From the above analysis, when power flow changes in the Hybrid-MTDC system occur,
the converter stations with the adaptive droop control strategy proposed in this paper share the
power based on power margins, which improves the power regulation ability of the converter station
and prevents the converter stations from overloading. At the same time, the control strategy proposed
in this paper can effectively reduce the DC voltage deviation, then the DC voltage quickly stabilizes
near the reference value.

4.3.2. Transient Simulation Comparison
e  LCC3 Being Out of Operation

In the initial state, the active power instruction values of VSC1 and VSC2 are 300 MW and
200 MW, respectively, and the DC current reference values of LCC3 and LCC4 are 0.5 kA and 0.69 kA,

respectively. At5 s, LCC3 exits due to a failure. The simulation results under different adaptive droop
control strategies are shown in Figure 19.
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Figure 19. Simulation waveforms of LCC3 being out of operation: (a) DC current of LCC3; (b) DC
current of LCC4; (c) DC voltage. Where Adaptivel, Adaptive2, and Adaptive3 denote the adaptive
droop control strategy proposed in this paper, the adaptive droop control based on DC voltage
deviation, and the adaptive droop control based on the DC voltage deviation coefficient and power
distribution coefficient, respectively.

The simulation results in Figure 19 show that when LCC3 exits at 5 s, LCC4 regulates active power.
Under three droop control strategies, the DC current changes of LCC3 are basically the same. The DC
current of LCC4 finally stabilizes at 1.165 kA. However, under the adaptive droop control based on
the DC voltage deviation coefficient and power distribution coefficient, overshooting of the LCC4 DC
current occurs. Furthermore, DC voltage adaptive droop control proposed in this paper minimizes DC
voltage deviation while maintaining the stability of the system.
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e  AC grid fault at the receiving end

In the initial state, the active power instruction values of VSC1 and VSC2 are 300 MW and
200 MW, respectively, and the DC current reference values of LCC3 and LCC4 are 0.5 kA and 0.69 kA,
respectively. At5 s, a three phase short circuit fault occurs in the AC grid on the LCC3 side, and the
fault lasts 500 ms. The simulation results under different adaptive droop control strategies are shown
in Figure 20.

3 T 1.5
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2F — Adaptive2 1r
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S Ir E — Adaptivel
~of . 0r — Adaptive2
— Adaptive3
14 5 6 7 8 _0'54 D 6 7 8
t/s t/s
(a) (b)
420 T T
= 400
=
3 — Adaptivel |
= 380 — Adaptive2
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Figure 20. Simulation waveforms of a three-phase short circuit fault in the AC grid on the LCC3 side:
(a) DC current of LCC3; (b) DC current of LCC4; (c) DC voltage. Where Adaptivel, Adaptive2,
and Adaptive3 denote the adaptive droop control strategy proposed in this paper, the adaptive droop
control based on DC voltage deviation, and the adaptive droop control based on the DC voltage
deviation coefficient and power distribution coefficient, respectively.

As shown in Figure 20, under three control strategies, during the fault, both the DC voltage and
the DC current fluctuate. After the fault is removed, the DC voltage and DC current return to the
initial state after a period of fluctuations. While, the fluctuations of DC voltage and DC current of
converter stations with adaptive droop control proposed in this paper are the smallest. That is to say,
the adaptive droop control strategy proposed in this paper has good fault recovery performance and
improves the stability of the DC transmission system.

5. Conclusion

In this paper, a DC voltage adaptive droop control strategy based on DC voltage-current
characteristics was proposed for the power allocation and the DC voltage control in the Hybrid-MTDC
system. The simulation results verified the feasibility and effectiveness of the proposed control strategy.
The main conclusions are as follows:

1. The DC voltage adaptive droop control strategy considers the power margin of the converter
station according to the actual operating conditions, so that the converter station with the
proposed droop control in the Hybrid-MTDC can share power according to its own power
regulating ability. As a result, the converter station avoids the overload caused by an
insufficient margin.

2. When power flow changes in the Hybrid-MTDC system occur, the DC voltage of the new steady
state is closer to the DC voltage of the original steady state; that is to say, the DC voltage
deviation decreases.

3. When faults in the AC grid occur, it has good fault recovery performance and improves the
stability of the HVDC system.
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4. There is no need for high-speed communications between converter stations, hence the system
responds quickly.
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