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In order to realize the unbalanced power optimally allocated and the DC voltage stably
controlled after disturbance, an adaptive droop control method considering power and
voltage deviation is proposed based on the traditional voltage—power droop control of a
voltage source converter-based multi-terminal direct current (VSC-MTDC) distribution
network. The inherent constraint that the unbalanced power is proportionally distributed
according to its capacity under the traditional droop control is broken in the proposed
method to realize the reasonable transfer of unbalanced power and to reduce the overload
risk of smaller capacity VSCs; the “dead zone” is appropriately set to relax the operating
range of the VSC to a certain extent by a power deviation factor being introduced in the
droop characteristic curve. The corresponding MATLAB/Simulink simulation model of the
five-terminal DC power distribution network is established and compared with the
electromagnetic transient model under the traditional droop control. Finally, the
simulation results verify the effectiveness and control effects of the proposed control
method.

Keywords: VSC-MTDC distribution network, adaptive droop control, power-voltage deviation, unbalanced power,
DC bus voltage

INTRODUCTION

The continuous maturity of flexible DC equipment and control technologies in the field of electricity
transmission has greatly promoted the development of DC power distribution (Li and Lao, 2017;
Liao et al,, 2018). Compared with the traditional AC power distribution network, the DC power
distribution network has many advantages, such as lower loss, larger transmission capacity, higher
power quality and power supply reliability, and easier power control, regardless of the frequency and
voltage phase, more convenient for large-scale access to clean energy and lower environmental
pollution (Yang et al., .2015; Jaynendra et al., 2019; Li et al., 2021a), and can effectively isolate AC side
faults and disturbances in parallel with the AC system (Xu et al., 2019; Zhao et al., 2019). As an
important basis of the energy internet and smart grids, a reliable, flexible, and efficient flexible DC
power distribution network has gradually become an important guarantee for the safe and economic
operation of the power system and power supply at a high service level (Gao et al., 2019). Therefore,
the construction and development of the flexible DC power distribution network is of great
significance to meet the needs of energy conservation, emission reduction, and comprehensive
energy utilization in various countries, to improve the intelligent level of power supply, to promote
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the transition from traditional power grids to the energy internet,
and to build a green and environmentally friendly energy society
(Li et al,, 2021b; Li et al., 2022).

The three-level VSC-MTDC power distribution network has
the characteristics of multi-source power transmission, multi-
drop power reception, and system power flow flexibly regulation
and control and has become an effective solution to develop and
reform the power supply mode in the future (Li et al., 2019). The
power flow of the DC power distribution network has frequent
fluctuations, and the transient process is very short, so it brings
great challenges to the coordination of VSCs, the power optimal
dispatching, and the voltage stability control (Beerten and
Belmans, 2013; Wang and Barnes, 2014). Therefore, as a
typical multi-point control, the droop control has become the
hot point of the current research for the fast response capability to
the change of power flow. In the aspect of the control strategy,
Pedram and Mohsen, 2018 proposed a distributed control
method of the DC system based on the main controller and
low-bandwidth communication and realized accurate power
allocation by setting droop gain, but this method depends on
the communication between VSCs to a certain extent. Chen et al,
2018 proposed an adaptive droop control method for the multi-
terminal DC system based on the compensation governor with
synthetically considering the dynamic voltage and power
deviation of the DC network, which improved the system
steady-state characteristics and dynamic response. Wang et al.,
2019a addressed the problem that a fixed droop control
coefficient will reduce the DC voltage control capability of the
entire MTDC system and proposed an adaptive droop control
scheme based on the DC voltage deviation factor and power
distribution factor to ensure that the MTDC system maintains a
high power sharing capability. Wang et al., 2020a derived the
VDM model related to the DC voltage through the VSC-MTDC
generalized linear model and proposed a droop coefficient
adaptive method, which can realize the effective control of the
system DC voltage. Wang et al., 2020b proposed a structure-
changed master-slave control method based on the equal load
rate based on the master—slave control method of DC distribution
systems, which can reduce the DC voltage deviation when
disturbance occurs. In Qusay and Xie, 2018, a transformer less
H-bridge inverter with a series power flow controller is designed
to control the transmission power of PCC, and its power supply
connection interface adopted the U-P droop control strategy,
which improved the control flexibility of the system, but the DC
transient overvoltage is high in the process of fluctuation. Li et al.,
2017 basically realized the reasonable distribution of active power
and the stable control of AC side voltage of each VSC according to
the unified adaptive droop control based on dynamic reactive
power limiter, but the DC side voltage of VSC had not been
deeply analyzed and verified by simulation. In the aspect of model
analysis, Rouzbehi et al., 2014 realized the economic operation of
the DC system by an improved optimal power flow algorithm, but
to some extent, this way of accurately controlling voltage and
power by modifying the droop coefficient accordance with power
flow optimization results reduced the response speed of droop
control to power flow change. Han et al., 2016 proposed a hybrid
MTDC system decentralized autonomous control based on the
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consensus algorithm considering actual requirements of wind
power grid connection and power transmission; the model
convergence performed well, and the global information
acquired fast under power fluctuation. The above documents
were the necessary combination and improvement of the
traditional droop control at different angles, which improved
the distribution accuracy of the active power assumed by each
VSC, but none of them really realized the isochronous control of
DC voltage.

In terms of VSC-MTDC system stability modeling, Wang
etal., 2019b proposed a construction method of the characteristic
equation for the microgrid system composed of phase-locked
loop DG. Compared with the traditional state-space matrix
research method, this method can determine the phase angle
margin and stability margin of the system stability, and the Routh
criterion can be used to simply judge the stability. In reference to
the independent power supply system composed of multiple
batteries, Wang et al, 2021a constructed a forbidden zone
criterion based on the regression ratio matrix accordingly to
establish a state matrix and a rate of return matrix and proposed a
sag coefficient stable area analysis method. Wang et al., 2021b, on
the basis of Wang et al, 2021a, proposed a reduced-order
aggregation model based on the Routh criterion and the
balanced truncation method, which can solve the problem of
large input-output mapping errors between the original system
and the reduced-order system. Ma et al., 2021 proposed a dual-
predictive control method based on adaptive error correction
(DPCEC) applied to FW-VSIs for AC microgrids, which can deal
with and correct the influence of different negative factors and
realize the voltage source inverter real-time tracking of the
reference value and the accurate value.

At present, the research on the control strategies of the MTDC
power network mostly focuses on the transmission network, and
the load fluctuation and power flow change of the distribution
network are more complex, which puts forward higher
requirements for the design of the control system.

On the basis of traditional droop control, an adaptive droop
control of the VSC-MTDC distribution network considering
power—voltage deviation is proposed in this article, and the
electromagnetic transient model of the five-terminal VSC-
MTDC distribution network based on the MATLAB/Simulink
platform is built to verify the effectiveness of the proposed
adaptive control strategy by simulation according to different
system operating conditions. The main contributions of this
article are as follows:

1) The proposed control strategy can break the traditional droop
control restriction of the active power distribution according
to a fixed ratio under system disturbance; it can adaptively
adjust the droop coefficient to realize the optimal distribution
of power and effectively prevent the overload of the smaller-
capacity converters.

2) By superimposing the constant voltage control link in the
improved adaptive droop control strategy, the system voltage
stability before and after the transient process can be
effectively guaranteed, and the error adjustment can be
realized without relying on communication.
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FIGURE 1 | Typical structure of five-terminal DC power distribution-
based VSC.

TYPICAL STRUCTURE OF THE VSC-MTDC
POWER DISTRIBUTION

The typical structure of the VSC-MTDC distribution network
is shown in Figure 1. Taking the five-terminal power
system as an example, the AC system is connected to the
DC network with equivalent load through the corresponding
VSC. One of the VSCs is set up as the main station and adopts
the constant DC voltage control to maintain the DC bus
voltage stability. The other four VSCs are slave converters,
which adopt the adaptive droop control strategy considering
the power-voltage deviation to realize the system power
optimal distribution and to ensure the stable operation of
the DC system according to the requirement of VSCs, the
equipment connected to the AC side, the topology of the VSC-
MTDC system, and the dispatching plan. The following will
carry on the detailed analysis to the VSCs which adopt the
droop control.

ADAPTIVE DROOP CONTROL OF
VSC-MTDC

The adaptive control of the VSC-MTDC distribution network
requires that each VSC can make independent decisions and
update the decision value in real time. When the loads, power
flow direction, and grid structure of the network change, each
VSC controller should be able to maintain the system stable and
reliable operation between the allowable power and voltage
regions.

DC Voltage Droop Characteristic Analysis
For the traditional voltage droop control, set the positive
direction as the absorption power of VSC, so the relationship
between DC voltage Upc; and output current Ipc; can be
expressed as follows

IrDeév - IDCi + KO

droopi(UrDeg - UDCi) =0, (1)

where UrDeé is the DC side voltage reference value of VSC; I gg,- is

the internal loop current reference value of VSC; andKJ, opi 15 the
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FIGURE 2 | Characteristic curves of U-P operating.

droop coefficient defined by the U-I relationship, Kgmopi >0.
Also, Ppci = Upcilpci, so the output power of the VSC is
Ppci = _KgroopiUzDCi + (KgroopiU;)eg + IrDeéi)UDCi' (2)

The U-P characteristic curve of the VSC drawn by Eq. 2 is
shown in Figure 2. As can be seen from Figure 2, the operating
characteristic curve of the VSC is a parabola opening to the left
(only taking the upper half of the symmetrical axis according to
the physical meaning). The limit operating point
M (Pimax>Uimin),  respectively, corresponds to the power
maximum value and the voltage minimum value, and there is

1 wer e Ind
Paviax = =K, 00niUne + =Ppis + ’
iMAX 4 droopi~ DC 2 DCi 4Kgroopi
3)
U 1U72f IrDeéi
MmN = ZUpc + ——5
2 2Kdroopi
where PrDef . is the output power reference value of VSC,

Pgéi = Ugclgé; Ppcy; and Ppcy; are the upper and lower
limits of the operating power of VSCs, respectively; and Upcp;
and Upcy; are the upper and lower limits of the DC side voltage of
VSCs, respectively. The tangent point N (ngi,Ugé ) of the
operation characteristic curve and the drooping characteristic
curve 1 is the optimal operation state point of VSC.

From Eq. 2 and Eq. 3, it can be seen that the DC voltage
regulation and power allocation of the VSC-MTDC power
distribution network are determined by the droop coefficient.
The selection of its value affects the dynamic performance and
stability of the whole VSC-MTDC distribution network, so it is
necessary to optimize the droop characteristic curve according to
the characteristics of the power node (VSC) and the DC network.

At the same time, the voltage safety margin and power security
margin should be considered in the operation of the VSC-MTDC
distribution network (ie., the AB section of the operating
characteristic curve in Figure 2), which not only satisfies the
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power balance equation of the DC network but also satisfies the
fixed boundary conditions of DC nodes’ voltage amplitude and
VSCs’ operating power, that is,

Ppc; = Upci ) YiiUnc; = 0, )
jei

Ubcri <Upci <Upchi

Popcri < Ppci < Ppcnie

®)

where j € i represents the node connected to node i.

Droop Characteristic Optimization of VSC

Considering Power-Voltage Deviation
According to the droop characteristic of the VSC-MTDC power
distribution network, the output error signal y of the controller is
set as follows:

X= PrDe({i - PDCi + Kdroopi(UrDeé - UDCi). (6)

At steady-state operation, the error signal output by the VSC
controller is 0 (that is y = 0). We respectively set the upper limit
of operating power of the VSC; and VSC; in the network as Piyax
and Pjvax; meanwhile, there is Pivax < Pjmax. In the case of
ignoring the DC line resistance, it can be considered that the
power loss of the DC network is 0 and the voltage drop is 0. When
disturbance occurs, the stable operating point of the VSC;
changes from E(Ppc;,Upc) to F (P’DCi,U'DC), as shown in
Figure 3.

It can be seen from Eq. 6 that the DC side voltage change
variable of the VSC is

> P : — P DCi AP DCi
AUpc =Up —Upc = ——24 = : @)
pe pe pe Kdroopi Kdroopi

After ignoring the DC line resistance, the whole DC
network can be regarded as an equipotential point.
Therefore, the total increment of the VSC output power can
be expressed as

APpc;
ﬂderooph (8)

APpc = ZAPDCi = _AUDCZKdroopi =
Karoopj

i=1 i=1

where Karoop;j is the droop coefficient of VSC;.
Therefore, the output power increment APpc; of VSC; is
APpc

APDCj = Kdroopj n .
z,‘ledroopi

)

It can be seen from Eq. 9 that when the total unbalanced power
APpc of the VSC-MTDC power distribution system is constant,
the unbalanced power borne by each VSC is proportional to its
droop coefficient.

For conventional droop control, the droop coefficient is set
proportional to the capacity of the VSC and remains constant
during the operation process. When a considerable large
disturbance occurs in the system, the VSC with a smaller
capacity can be overloaded (corresponding to the operation
point G (Pimax, UI”)C)), while the VSC with a larger capacity
still has a certain margin (corresponding to the operation
point G(Pbcj,UBC)). If the power balance of each VSC is
broken, make the droop coefficient set by each VSC disobey
the strict proportional relation, and the droop coefficient of the
VSC with a larger power margin is improved to assume more
unbalanced power during the disturbance, the droop coefficient
of the VSC with a smaller power margin is appropriately reduced
to assume less unbalanced power during the disturbance, then the
unbalanced power is reasonably transferred, and the response
capability of the VSC adopting the droop control strategy to the
DC power flow disturbance can be indirectly promoted. In
addition, the traditional droop control can realize the real-time
regulation of the DC side voltage of the VSC with power changing
according to the droop characteristic. However, when there is no
power fluctuation in the transmittance VSC, the acceptance VSC
still performs the differential adjustment according to droop
characteristics, and it is impossible to reasonably realize the
power distribution and to cause the DC voltage to fluctuate.
Consequently, this article proposes an adaptive droop control
strategy of the VSC-MTDC power distribution network taking
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into account the power-voltage deviation, which can improve the
response capability to DC power flow disturbance and at the same
time can realize the isochronous control of DC voltage.

An improved droop coefficient that takes into account the
power margin of the VSC is defined as

P i —|P i re
¢ (Piviax — [Pocil) Kesoopts Uncs > UL

, Piviax
Kdroopi = ‘Lllp | (10)
DCi
Kroopi» Upci < Uggi-
Piviax
and satisfies that
ZKdl‘OOpl ZKdroopt ( 1 1)

i=1 i=1

In Eq. 10, 4 is as a constant, responsible for the proper scaling
of K;imopi, and its values are generally ranging within the region
(Liao etal., 2018; Li et al., 2021a) according to the actual operation
state of the power network (Tao et al.,, 2018); in this article, y is
equal to 3; Karoopi is the traditional droop control coefficient, and
that

Kdroopi = w (12)
pc — Ubct

After the optimization by Eq. 10, the droop coefficient of VSC;
decreases and the droop coefficient of VSC; becomes larger.
Under the condition of a constant reference voltage, the
optimal operating state points of the two VSCs, re fpectlvely,
correspond to the points of M (PDCJ: , UDC) and M’ (PDC i UDC) in
Figure 3, thus realizing the optimal allocation of
unbalanced power.

However, when the droop coefficient of the VSC with a smaller
power margin is too low, the slight power fluctuation will lead to a
large deviation between Upc; and Ugé , which greatly increases
the difficulty of DC voltage control and is not conducive to system
stability, so a reasonable limit should be imposed on K:iroopi’ thus
setting that (Tao et al., 2018)

KdroopzMAX A“KdTOOP‘ >

. 1 13
K droopiMIN — gK droopi> (13)
KdroopiMIN = Kdroopi < KdroopiMAX'

At the same time, in order to ensure the continuity of DC voltage
in the process of droop controlling, a power deviation factor {;
(0<{;<1) is introduced, and the “dead zone” is properly set in
the droop characteristic curve, perpendicular to the voltage shaft
in Figure 3, so

APpc = Y APy, = (;APpc. (14)

i=1 i=1

For VSC; in Figure 3, the adjusted droop characteristic curve is
equivalent to translating the original curve to the right for
{i{APpc, its assumed power increment becomes APy, the
steady operating state point is M (Plgecfl,Uref ), which only
considers that the power margin is shifted to the point

Adaptive Droop Control of VSC-MTDC

K (PD e Uref ) without the reference voltage changing; at

present, ”the correspondlng reference power increase is {;APpc

up to PDrélf , where the inflection point C is a voltage deviation
control enabling node, and
ref

Pl = 0O | el APy, (15)

droopi

where
2
#(Paviax — Pil;)
Pouax(UpE = Upar)

_yef T
Upci=Up¢

K droopi

After the additional DC voltage deviation control, the droop
coefficient of the controller (corresponding to the slope of the
characteristic curve of droop control) holds in line, and the power
reference value of the optimal operating state point increases,
which expands the operation range of VSC to a certain extent,
alleviates the power margin decrease of the VSC in the case of
only adopting power margin control, and can obviously enhance
system voltage stability. The adaptive droop control block
diagram of the double closed loop based on the PI link is
shown in Figure 4.Here, Upc, is the DC voltage modulation
value; Kp;, Kj;, K 'Pi, and K ii are the PI controller coefficients; Kgu;
and Kgp; are the control identification bits; and the
corresponding control mode is enabled when the value is 1.

RESPONSE CHARACTERISTIC ANALYSIS
OF ADAPTIVE DROOP CONTROL

To clarify the relationship between the output DC voltage and
power of each VSC under the adaptive droop control in the VSC-
MTDC distribution network, it is necessary to analyze the U-P
response characteristics of VSCs. Figure 4 shows that when the
control identification bit coefficient Kgy; and Kgp; are both 1, the
output power-voltage relationship of the VSC is

Pied = Poci + (K yroap: + 1)U = Unci)

1 1
= Kx % Upcr + Inci |- (16)
Kp; + =k KPr + 2

Because the response speed of outer loop voltage control and
inner loop current control is much higher than that of droop
control, the DC voltage stability of the system is less affected by
the parameters of the PI controller and more significantly affected
by the droop coefficient (Liu et al., 2019). Therefore, assuming
that the closed loop transfer function of DC voltage is 1, there is

Upcr = Upgi. (17)

With the introduction of unit step response into the steady
operation of the VSC-MTDC distribution network, that is, the
system power demand suddenly increases to 1 kW, the response
relationship of the VSC-MTDC distribution system under
different droop coefficients K:imopi is obtained by Egs. 16, 17
and shown in Figure 5, and the response relationship scheme is
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segmented with the DC voltage reference value (Ugé =750V) as
the critical point. In the limiting range of the droop coefficient
K;imopi, the DC side voltage of the VSC can basically change in the
range of +5% of Ugé , and for any VSC, the larger the droop
coefficient is, the stronger the stability of the system is.

TABLE 1 | Parameters of response characteristic analysis.

Parameters Data
DC voltage reference valueUpc 750V
Output power reference valueP, 80kW

0.045 and 138
0.015 and 105

Quter loop control coefficient: Kp; and Kj;
Inner loop control coefficient: Kp; and Kj;

The set VSC-MTDC distribution network control parameters
for response characteristic analysis are shown in Table 1. Here,
the outer and inner loop control coefficients are calculated
according to the method of Wang et al.,, 2018, Upc and Ppg;
are chosen according to their reference values, the maximum
operating power of the VSC is selected by 70% of the reference
capacity, and the lower limit of DC voltage of the VSC is less than
30% of the reference voltage; therefore,

80000 x (1 + 70%) — 80000
750 — 750 x (1 — 30%)
K;lroopiMAX = #Kdroopi =3 x 106.67 = 320
1 (19)

g 1
KdroopiMIN = ngroopi = g x 106.67 = 35.56.

= 106.67, (18)

droopi =

Therefore, the limiting interval of the droop coefficient is
determined to be [35, 320].

When the power fluctuation occurs, to ignore the quadratic
disturbance term and to linearize Eq. 16, the small-signal closed-
loop transfer function T'(s) of adaptive droop control can be
expressed as follows

_ AUDCi (S) _ szz + bls

T(s) = = 3
( ) APDCi (S) a252 +a;s+ag

(20)

where
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FIGURE 6 | Zero-pole distribution map of T (s) under droop coefficient
variation.

o = KIiK’Ii(UrDengroopi
a = (KuKy,; + KniKy, ) (UpK
a, = KpKy,(URZK,
b, = Kjli,
b, = K,

ref ref
+Upc +P DCi)’
? ref ref
droopi T Upc + P DCi)’

ref ref ref
droopi T Upc + P DCi) - Upcs

Figure 6 shows the zero-pole distribution map of the transfer
function T'(s). In the limiting range of the droop coefficient
K;lmopi, all poles are in the left half of the complex plane and
on the real axis, so the VSC-MTDC power distribution
network is always stable, and the system stability is
independent of the inner and outer loop control
coefficients and the power and voltage reference values.
Only when Klimopi reduces to a value far below its
minimum value, the poles may appear to the right of the
imaginary axis, at which point the system will be unstable. As
shown in Figure 7, when the inner or outer loop control
coefficients change, the pole will shift on the negative half axis
of the real axis, and the larger the pole value is, the farther
away the pole is from the virtual axis and the faster the
response speed of the system is.

Adaptive Droop Control of VSC-MTDC

SIMULATION VERIFICATION AND
ANALYSIS

Parameters of the Simulation Model

In order to verify the effectiveness and control effect of adaptive
droop control proposed in this article, the electromagnetic
transient model of the five-terminal VSC-MTDC distribution
network is established on the MATLAB/Simulink software
platform, in which the other four VSCs all perform adaptive
droop control considering the power-voltage deviation from the
constant DC voltage control adopted in VSCs. In this section, the
simulation experiments are carried out for three operating
conditions, including the equivalent load fluctuation of the DC
network, VSC; with droop control exiting operation, and VSCs
with fixed DC voltage control exiting operation, and the
simulation results are compared and analyzed in detail with
traditional droop control. The main parameters of the
simulation model are shown in Table 2.

Analysis of Simulation Results

Operating Condition 1: Equivalent Load Fluctuation in
the DC Network

When t = 1.4s was set, the equivalent load of the DC network
increased from 500kW to 545kW, the resulting power shortage
led to the decrease of DC bus voltage, and then each VSC
increased power output to maintain the stability of DC bus
voltage.

Under the traditional droop control, the power shortage of the
system should be allocated strictly according to the capacity of the
VSC. As shown in Figure 8A, each VSC, that is, VSC;, VSC,,
VSC;, and VSC,, which adopted the droop control strategy,
respectively, increased the power output by 6.67 kwW, 13.33
kwW, 10.62 kW, and 9.38 kW, and the homologous load rates
were 82.72, 60.49, 56.10, and 49.67% apart; VSC,; operated with
heavy load. The time for the system to recover stability is more
than 1.6s, and there was a DC bus voltage deviation of 8.52 V
compared with 1.4s ago, and the voltage deviation rate was 1.14%.
During the period, the peak voltage fluctuation of the DC bus
reached 54.55V, accounting for 7.27% of the rated voltage. As
shown in Figure 8B, under the adaptive droop control, the
unbalanced power borne by each VSC with droop control
broke the fixed proportional constraint and, respectively,
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TABLE 2 | Parameters of response characteristic analysis.

Parameters Data
Rated primary voltage of the AC system 10.5kV
Rated secondary voltage of the AC system 0.4kV
Rated capacity of the AC system 300 kVA
Ratio of equivalent reactance to resistance in the AC 5
system
Rated voltage of the DC network 750V
Rated capacity of VSCs with droop control 135, 270, 215, and
190 kVA
DC side capacitance of VSC 5000 pF
DC side flat wave reactance of VSC 0.2mH
Initial equivalent load of the DC network 500kW

increased the power output of 3.27 kW, 21.16 kW, 10.63 kW, and
8.65 kW, and the corresponding load rates were 80.20, 63.39,
56.11, and 49.29%, respectively, and the load rate of VSC,
obviously reduced. The system restored stability after 0.14s,
during which the peak voltage fluctuation of the DC bus
reached 14.10V, accounting for 1.88% of the rated voltage.

Operating Condition 2: VSC With Droop Control Exiting
Operation

When ¢ = 1.4s was set, with VSC; with droop control exited
operation, its power output reduced to 0, the resulting power
shortage of 110 kW substantially led to the decrease of DC bus
voltage, and then other VSCs increased the power output to
maintain the stability of DC bus voltage.

As shown in Figure 9A, under the traditional droop control,
the power output increments of the VSC;, VSC,, and VSC,
adopted droop control strategies were 22.96kW, 45.95, and
32.34kW apart, and the homologous load rates were 94.79,

Adaptive Droop Control of VSC-MTDC

72.57, and 61.76%, respectively, VSC; is close to the full
load, and there is a great operational risk. There was a DC
bus voltage deviation of about 9.55V between 1.4s before
and after, and the voltage deviation rate was 1.27%. During
the period, the peak voltage fluctuation of the DC bus reached
95.45V, accounting for 12.73% of the rated voltage. As
shown in Figure 9B, under the adaptive droop control, the
power output increments of the VSC,;, VSC,, and VSC,
adopted droop control strategies were 12.49kW, 56.16 and
38.55kW, respectively, and the corresponding load rates were
87.03, 76.36, and 65.03%, respectively, and the load rate of
VSC; obviously reduced. The system restored stability after
0.19 s, during which the peak voltage fluctuation of the DC
bus reached 30.60V, accounting for 4.08% of the rated
voltage.

Operating Condition 3: VSC With Fixed DC Voltage
Control Exiting Operation

When t = 1.4s was set, with VSCs with fixed DC voltage control
exited operation, its power output reduced to 0, the resulting
power shortage of 50 kW substantially led to the decrease of DC
bus voltage, and then other four VSCs increased the power output
to maintain the stability of DC bus voltage.

As shown in Figure 10A, under the traditional droop control,
the power output increments of the VSC;, VSC,, VSCs, and VSC,
adopted droop control strategies were 8.33kW, 16.67kW,
13.27kW, and 11.73kW apart and the homologous load rates
were 83.95, 61.73, 57.33, and 50.91%, respectively; VSC; operated
with heavy load. The time for the system to recover stability is
more than 1.6 s due to the loss of DC voltage support; after
stabilization, there will still be a certain deviation from that before
1.4s. During the period, the DC bus voltage fluctuated violently
with a peak value of 156.82V, accounting for 20.91% of the rated
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FIGURE 10 | Simulation waveforms of the VSC with fixed DC voltage control exiting operation: (A) simulation waves based on traditional droop control; (B)

voltage. As shown in Figure 10B, under the adaptive droop
control, the power output increments of VSC,;, VSC,, VSCs, and
VSCy were 4.76kW, 2532kW, 11.98kW, and 7.94kW,
respectively, and the corresponding load rates were 81.30,
64.93, 56.73, and 48.92%; the load rate of the VSC, obviously
reduced. Because of the addition of the DC voltage deviation
control in the droop characteristic, the ability to restore the
system’s  stable state obviously enhanced, the time
consumption is about 0.39s, and the peak value of the DC bus

voltage fluctuation during the period is 14.70V, accounting for
1.96% of the rated voltage.

CONCLUSION

In this article, the adaptive drooping characteristic
optimization method considering power-voltage deviation is
applied to the VSC-MTDC distribution network. The
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proposed control strategy is modeled and simulated based on
MATLAB/Simulink under different system operation
conditions and compared with the traditional droop
control. The conclusions are as follows:

1) Based on the analysis of the response characteristics of the
VSC-MTDC distribution network under the proposed control
strategy, the stability of the control system in the limiting
range of droop coefficient is verified.

The active power optimal allocation is realized between
each VSC, and when the system is disturbed, the average
load rate of the VSC with a small capacity reduces by about
6.59%, the overload risk debases, and the response ability
of the VSC to DC power flow disturbance obviously
improves.

The system DC voltage deviation before and after disturbance
caused by the differential control characteristic of the
conventional droop control is basically eliminated, and the
isochronous control to DC voltage is achieved. At the same
time, the average recovery time of the system is shortened
more than 78.74% and the average transient voltage peak
value during the period reduces about 76.71%, which greatly
improves the reliability and power quality of power supply
to users.

2)

3)
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