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With the continuous advancement of science and technology, there is a growing
global focus on new energy sources. Despite the rapid progress of offshore wind
power generation systems, they are still plagued by issues such as significant
transmission loss, limited transmission distance, and low-frequency oscillation,
which hinder further development. To address these challenges, the Flexible
Direct Current Transmission System (VSC-HVDC) has emerged as a widely
studied solution. The integration of energy storage power stations presents new
opportunities for enhancing offshore wind power transmission systems. These
power stations not only serve as energy buffer pools to reduce transmission
loss but also improve transmission efficiency through intelligent regulation and
control, effectively mitigating low-frequency oscillation. This article introduces
an optimization control parameter design method based on sensitivity analysis
to enhance the stability of MTDC based on MMC. It outlines the topology
structure of the offshore VSC-HVDC system, covering the main circuit and
control system. Additionally, the article delves into the derivation of the small
signal stability model of the system and investigates the selection of control
parameters based on the eigenvalue objective function. Lastly, it analyzes the
impact of the control system on the stability of the wind power flexible direct
output converter station, highlighting the significant influence of control system
parameters on the small signal stability of MTDC systems based on MMC. The
MMC parameter selection strategy proposed in this paper is shown to effectively
enhance system stability.

KEYWORDS

modular multilevel controller, multi terminal DC transmission system, parameter
selection, stability analysis, offshore wind farms

1 Introduction

Although flexible direct transmission systems based on offshore wind power have been
widely studied, parameter selection of modular multilevel controllers and their stabilisation
control considering energy storage plants have rarely been investigated. Offshore wind
farms (Fu et al., 2022; Rong et al., 2019), as a clean and sustainable energy solution, can
meet the demand for renewable energy (Haegel and Kurtz, 2022; Yi et al., 2018) in various
countries and have gained rapid development. Flexible direct transmission systems are
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widely used as they can transmit power to load centres efficiently
and stably. The energy storage power station uses various
battery technologies (such as lithium-ion battery, sodium
sulfur battery, lead-acid battery, etc.) or other energy storage
methods (such as hydraulic energy storage, thermal energy
storage, compressed air energy storage, etc.) to store and release
electric energy (Wang et al., 2021). They can serve as a buffer pool
for power, reducing transmission losses and improving transmission
efficiency. Additionally, they can effectively suppress low-frequency
oscillations through intelligent regulation to ensure the stable
operation of offshore wind farms. Therefore, this paper investigates
the selection of mmc parameters and its stabilisation control method
for the flexible direct feeder converter station of energy storage
power plant, which is of great research significance.

Modular Multilevel Converter (MMC)(Karwatzki and Mertens,
2018) is a key technology in flexible DC transmission systems,
widely used in the field of power transmission due to its high voltage
capability, high power density, high reliability, high efficiency, and
other advantages. VSC-HVDC (Song and Breitholtz, 2016) is a
new type of direct current transmission technology based on
voltage source converters, using fully controlled power devices,
and its transmission capacity can reach ultra-high voltage levels.
In the context of the construction of China’s new power system,
the advantages of flexible DC transmission technology will be
further highlighted in response to major needs such as the safety
and stability improvement of new energy transmission and multi
DC feeding into the power grid. In reference (Wang et al., 2022),
In order to improve the control performance of the controller
and suppress the system oscillation, a new control method based
on damping compensation is proposed. The simulation results
show that the proposed method can effectively improve the
anti-interference ability of the flexible direct system, accurately
compensate the damping and maintain the stability of the DC
voltage. In reference (Wen et al., 2020), aiming at the problem of
voltage transient stability in the current flexible direct system, and
considering the system communication delay, the author proposes
an improved PCC DC voltage compensation scheme, which includes
multiple controllers to compensate the voltage signal of the input
controller. Through the simulation analysis of the multi node system,
it is verified that the proposed control strategy can effectively
improve the voltage transient stability of the flexible direct system,
Effectively alleviate network delay. In reference (Wang et al., 2023),
aiming at the problems of power grid turbulence and power
quality decline caused by large-scale electronic devices when new
energy is connected to the grid, the author proposes an improved
droop control method based on voltage compensation, which can
accurately control the constant power load in the power grid, and
can synchronously optimize the system bus voltage and power to
ensure the accurate distribution of active power. Moreover, the
DC boost converter in the system is directly connected to the
bus, which greatly reduces the cost. In reference (Zhengetal,
2024), with the increasing maturity of MMC technology and its
extensive application in offshore wind farms, broadband Oscillation
events in power systems are becoming more and more serious.
To solve this problem, the author proposes a new control strategy
based on impedance analysis method, which considers the practical
problems faced by submarine cables in application, establishes a
detailed system model, and proposes an optimized active damping
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control method for broadband oscillation mechanism. Finally, the
simulation results show that the proposed method can enhance the
control performance of the grid connected controller and effectively
reduce the broadband oscillation of the system.

The conventional coordinated control strategies for MMC-
MTDC systems primarily comprise master-slave control, voltage
sag control, and voltage margin control. In reference (Yang et al.,
2023), the author puts forward an integrated distributed control
approach based on PI controller. This method involves establishing
the small signal model of the system and analyzing the dynamic
impact of the proposed integrated distributed controller on
the flexible direct transmission system. The proposed approach
enables accurate adjustment of the DC system voltage and precise
distribution of active power. In reference (Sunetal, 2023), in
view of the shortcomings of the single control method, the
author considers the combination of power/voltage droop control
and current/voltage droop control, and proposes a new control
strategy based on the power distribution in the steady state. The
rationality and superiority of the proposed method are verified by
simulation. Reference (Shahriari et al., 2020) addresses the issue of
DC grid fault protection in MMC-MTDC systems and proposes
a novel energy-based control strategy. This method maintains a
constant DC grid voltage through reactive power compensation,
ensuring accurate branch and branch energy balance control during
DC faults.Additionally, this strategy can greatly reduce transient
overvoltages across the equivalent arm capacitors and suppress zero-
sequence current in the control loop. Reference (Wu et al., 2020)
proposes an active damping control method based on MMC-MTDC
transmission system for calibrating M-DCPFC in response to power
oscillations caused by unbalanced AC power grids. Virtual damping
is introduced into the calculation of transmission line power,
reducing fluctuations in DC current and effectively suppressing DC
power oscillations.

The Grid Side Converter (Jiao etal., 2021), as one of the
key equipment in flexible DC transmission systems, converts AC
electrical energy into DC electrical energy and delivers it to the
receiving end through DC cables. Compared with traditional HVDC
systems, flexible DC systems adopt more advanced GSC technology,
which has higher controllability and flexibility. GSC converts AC
energy into controllable DC energy by rectifying and converting it.
At the same time, bidirectional power flow can be achieved, which
can convert AC electrical energy into DC electrical energy and
deliver it to the receiving end, as well as invert the DC electrical
energy from the receiving end into AC electrical energy and inject it
into the power system. In reference (Wu and Guo, 2024), the author
combines the current source converter with the DC voltage rise
and fall, and proposes an improved integrated control strategy. The
control strategy improves the overall utilization of the switch duty
cycle, reduces the service time of the main switch, and improves
the system efficiency and the quality of the output voltage. This
method can not only ensure the power quality at the grid side,
but also ensure the accurate voltage output, and avoid the use of
zero vector. In order to address the challenge of voltage regulation
for subsequent level DC/DC converters in power side converters,
reference (Yu et al., 2023) proposes a synchronization optimization
method that can track local output power during system transients
and achieve synchronization optimization. In reference (Lee et al.,
2024), in view of the DC bus voltage instability and controller design
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difficulties caused by a large number of power electronic equipment
connected to the grid, the author proposes a new bi-directional
active power control method, which can ensure the system stability
without using pulse modulation switches, effectively reduce the
overshoot problem, and maintain the DC bus voltage stability. To
sum up, developing a high-power and high gain converter can not
only improve the generation efficiency and capacity of offshore wind
power system, but also enhance the stability and reliability of the
system, which is of great significance to promote the development
of offshore wind power.

In this paper, factors such as the characteristics of each
component, control strategy and electrical characteristics of the
MMC-MTDC system are investigated. The specific research steps in
this paper are as follows:

1. A generalised model of the MMC-MTDC system is developed
in the study, taking into account the characteristics of
each component, the control strategy and the electrical
characteristics. This model helps to deeply understand the
dynamic characteristics of the system and the interactions
between various subsystems, and provides a solid foundation
for subsequent analysis and optimisation.

2. For the flexible direct current transmission (HVDC) system,
the influence of the control system on its stability is analysed
in detail. This analysis helps to reveal the role and potential
problems of the control strategy in maintaining the stability of
the system, and provides theoretical support for optimising the
control system.

3. An optimal control parameter selection method based on
sensitivity analysis is proposed. This method determines the
control parameters that have the greatest influence on system
stability through sensitivity analysis and optimises them on
this basis, ensuring the stability and reliability of the control
system under different operating conditions.

4. Through the simulation results, the parameters of the control
system on the stability of the system has with a greater impact,
verifying the rationality and effectiveness of the optimal
control parameter design method proposed in this paper.

The practical significance of the research in this paper is
significant in that the stability of the MMC-MTDC system is
significantly improved by optimising the control system parameters.
This is of great significance for improving the reliable operation
of power systems and reducing the occurrence of faults in
practical engineering. The optimal control parameter selection
method proposed in the study provides an effective tool for
power engineers to help them better balance the system stability
and performance when designing and adjusting the control
strategy, and to improve the overall system operation efficiency.
The research results provide a scientific basis and reference
for the design, operation and maintenance of the flexible DC
transmission system, which can help to be applied and promoted
in practical engineering and promote the development of the
power system in the direction of higher efficiency and stability.
Through the establishment of generalised models and optimised
control strategies, this research provides new ideas and methods
for the development and improvement of flexible DC transmission
technology, and promotes the technological progress and innovation
in this field.
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2 Small signhal modeling of MMC grid
fconnected system in offshore wind
arm

In order to study the parameter influence of multi terminal
VSC-MTDC system, this section takes the four terminal VSC-
MTDC transmission system as an example for modeling, including
the offshore wind power side sending converter station (wfvsc),
energy storage system and the onshore grid side receiving converter
station (gsvsc).Furthermore, the small signal model of the system
is obtained by linearizing the stable operating point. Figure 1 shows
the structure of the four terminal flexible direct system, and Figure 2
shows the structure of the energy storage system at the offshore wind
power generation side.

2.1 MMC unit module topology

2021)
is shown in Figure 3, which consists of a main bridge arm and

The structure of the sub unit module (Jietal,

a capacitor connected in parallel with it. The unit module is
responsible for the power exchange between the two sides of the
MMC, which directly affects the working state and operation
performance of the converter station. where, The voltage output
of the sub unit module is expressed as U,, and the current output of
the sub unit module is expressed as I_,,,.

2.2 MMC main circuit topology

The three-phase modular MMC is a highly flexible and
controllable multilevel converter topology (Ruietal, 2020b;
Wang et al., 2024; Rui et al., 2020a), which is composed of several
phase units with upper and lower bridge arms. MMC can achieve
efficient energy conversion and transmission, and its multi-level
structure can reduce power loss and improve energy efficiency. At
the same time, it has high voltage control accuracy and response
speed, and can quickly adjust the voltage level to deal with grid
fluctuations, so as to improve the stability and anti-interference
ability of the system. Its unique modular design makes the
maintenance and repair of the system more convenient, reduces
downtime and maintenance costs, and can increase the number of
modules to expand the capacity and power output of the system in
the face of power transmission of different sizes and demands. It
can realize long-distance, large capacity power transmission, and
can also be used for renewable energy access and scheduling, which
has great application prospects and value. Figure 4 shows the main
circuit topology of three-phase MMC (Sun et al., 2022).

From Kirchhoff current law we get Equation 1:

lx:ixp_ixn (1)

where x = a, b, c. represent three-phase circuit respectively.
From Kirchhoff voltage law we get Equation 2:
U, di di
Uy =—2 [ P “X4Ri —u,
dt dt 2)
Uy diy, i di,
Uy =——-L——-L—
w2 Ydr Tt

-Ri, +u,
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FIGURE 1
MTDC system of offshore wind farm.
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FIGURE 2

Structure diagram of offshore wind power generation side energy storage system.

where u,, and u, are the upper and lower bridge arm

xp
voltages respectively. x = A, B, C, respectively represent each
phase circuit.

Three phase modulation voltage can be expressed as Equation 3:

di, )
LE =u,—u,—Ri, (3)
After dq rotation coordinate transformation, the
three-phase modulation voltage can be expressed as
Equation 4:
g laf | | Y Ry —wL iy @
dt iy Ugg Ueq wL R iy

Combined with the above formula, the mathematical model
of MMC unit module in the rotating coordinate system
can be get as Equation 5:

di ()

L
dt

= u, (£) - v, () — Ri (1) (5)
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wherev, = @, X =a,b,c.

The
containing positive
negative sequence components, which can be expressed as

model is decomposed into two  subsystems

only sequence  components  and

Equation 6:

—ve () ~Riy (1) | | uy (D)
= + + (6)
v, () Ri, (1) uy (1)

d |ix®
dt i (0
The mathematical model of the converter in the rotating
coordinate system can be obtained by park transformation

for the subsystem with positive and negative sequence
components:
+ + + -+
d|i -V u -R oL i
P R O I I e O d
at|ir ] |-vi| |uh] |-R -eL]|i
@)
dli -V u, -R  —wL ||
LE d| _ d + d + d
iy v Uy -R oL iy
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FIGURE 3

Unit module topology structure.

Through Laplace transform, Equation 7 can be expressed as the
frequency domain form of Equation 8:

-+ + o+ +
Li || Mal R, —wL | |1 | e
dt | -+ + + +
i u wL R i u
q sq s q oq
B B B (8)
Li | | Mal Ry -wL||i, | Hea
at|ii | uy| oL R ||ig]| |ug
P . .
where i, iy, 1, i are the positive and negative sequence components

of the system in the rotating coordinate system.

To control the positive and negative sequence components of
current respectively in the rotating coordinate system and reduce the
interaction between them, PI control is used to decouple them. The
decoupled expression is shown in Equation 9:

. - Kt 1
+ 1
K -5 0
it
def
ut K/ ut
o | _ K; - 0 o+ q
ul d ul
q P q
q
0 0 wL
1 ) . 9
Lk S ©)
K -5 0
v K; i;ref "
cd _ K; ry 0 Z; + sd
Uy N Ugg
I
0 0 wL

where: KJ,K7is the integral coefficient; K}, Kpis the proportional
Co e

coefficient; i drep Larep Ldrep Igref®

negative sequence current components of the system in the rotating

re the reference values of positive and
coordinate system.

When the voltage of each phase is unbalanced, there will be
circulating current between phases. This is because the bridge arm
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structure of the input stage is symmetrical up and down, and the
input current of each phase is divided equally by the upper and lower
bridge arms, and the three-phase DC output terminal is connected
in parallel to the medium voltage DC bus. The circulating current
usually flows from the phase with higher voltage to the phase with
lower voltage, and forms a closed loop through the medium voltage
DC bus connected in parallel at the DC output.

The bridge arm current and the loop current can be expressed as
Equations 10, 11 respectively:

xp
(10)
. i
Ien = le+5x
. 1. 1.
zxfzzzxp+ Elx" (11)

where i,,,,1,,is the current of upper and lower bridge arms, and iis
the phase to phase circulating current.

The structure block diagram of MMC unit module in two-
phase dq coordinate system is shown in Figure 5. The structure
diagram of MMC control system (Huang and Chen, 2022) is as
follows. It can be seen from the above Figure 6 that the object is
the fundamental frequency component of each parameter in the
rotating coordinate system, the outputs u.; and u, of the control
system can be expressed as Equation 12:

U= U (U, -0l k(i -~k
cd ™~ Vs sd @ VA qu pZ(Zdref lsd) i2X1
(12)
LEq. . .
ch = Us Usq - w715d - kpZ (ldref_ lsq) - ki4x2

UZ
where Z = =

2.3 MMC-MTDC AC/DC system model

DC system of flexible direct system based on MMC (Zhang et al.,
2022) is mainly composed of DC transmission line, smoothing reactor
and DC circuit breaker at the end of converter station. In this paper, R-
L series model is used to equivalent DC transmission line. The model
of a DC transmission line can be expressed as Equation 13.

a_=
dt L

-—=-= (13)
where Ul and U2 are DC bus voltage of flexible direct transmission
system, I is DC bus current of flexible direct transmission
system, and L is equivalent reactance of DC bus of flexible
direct transmission system.

In general, the AC system (Duetal, 2019) is composed of
resistance, inductance, capacitance and other components in series,
parallel or series parallel with each other. In this paper, Thevenin
equivalent circuit is used to equivalent the AC system and establish
the model, and the complex AC system is simplified to an equivalent
circuit, including ideal power supply and equivalent impedance. All
inductance and capacitance elements are converted to impedance
form in complex frequency domain, and the impedance of all
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FIGURE 4

Unit module topology structure.
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FIGURE 5
MMC structure diagram in rotating coordinate system.

elements is added to obtain the equivalent impedance Z of the
system. Then connect the ideal power supply and Z in series to
form an equivalent circuit model. The Figure 7 shows the equivalent
circuit diagram of AC system.

Frontiers in Energy Research

2.4 Small signal modeling of MMC MTDC

Series parallel mode is a common MMC-mtdc topology,
which is characterized by combining MMC modules in series
and parallel to form a system with high voltage and high power
capacity.

This section discusses in detail the state space model of
multi terminal flexible direct transmission system based on MMC,
which covers many components such as AC/DC system, main
circuit and control system. The structure of the state space model
is shown in Figure 8. Based on the linearization around the stable
operating point, the mathematical model of small signal stability can
be derived.

An AC transmission lines satisfies the differential Equation 14:

dr
d WL I

Usd =U, dr ac’sq

€

d ™ Raclsd - Lac
(14)

sq
— + wLaCISd

Usg = Uag = Roeliq = L,

sq €q acsq
where L,. is the equivalent inductance of the AC transmission
line, R, is the equivalent resistance of the AC transmission
and U, U,
9 shows the logic diagram of the flexible transmission
system.

line, 4 is the ideal AC voltage value. Figure
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FIGURE 6

Structure diagram of control system based on dq transform.
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FIGURE 8
MTDC transmission system model based on MMC.
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FIGURE 7
Equivalent circuit diagram of AC system.
Based on the above theory, the dynamic vector state space model
MMC1 MMC2 of MMC can be obtained by linear approximation at the stable

operating point, which can be expressed as Equation 16:
Ax = KAx+ yAu (16)

where K is the state space matrix, y is the control
system input matrix, and the system state variables can be
expressed as Equation 17:

Aly A, AU, Al Aig, Ai

Ax= B an
Auggy, Aug, Axy Axy  Axs Ax,
where 7> i Usgyy and 1y, are the measured values of Iy, Iy, Uy

and Uy, respectively. x;,x,, 3, x, are the time integration of the error
signals of the four PI controllers respectively.
Output variables can be expressed as Equation 18:

A state-space MMC model based on the 12th order dynamic

phase can be expressed as Equation 15:

dx
i = f(x,u).

where x is the state variable and u is the control input.

Frontiers in Energy Research

AU, AU,, AU,
ed eq dc (1 8)
(15) APref(A Udcref) AQref
where  Upeyep Prop Qe are the corresponding reference values
respectively.
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TABLE1 MMC-MTDC system parameter selection.
e 1
: ! System parameter Parameter value
! 1
I . u,, |
! Main Controller ! | SM number of each arm 200
: Control System |
|
I
L 3 SM capacitance 10mf
Rated DC voltage +400kv
T i e o e -
| Main System : DC line resistance and inductance 0.01Q/km 0.82 mH/km
I ] ]
| e 1
: AC System MMC Main Circle DC System : Equivalent bridge arm inductance and resistance 60 mH 1Q
I ]
I ]
S | Submodule capacitance value 0.15F
FIGURE 9 o o Equivalent resistance and reactance of 25mh 0Q
Flexible transmission system logic diagram.
transformers
Equivalent resistance and inductance of 35mh 2Q
communication system
MMC-mtdc system is composed of N converter stations. Its Voltage and current measurement time constant 0.0002s
complete small signal model can be expressed as Equation 19: )
Active power set value MMC,;,:600-600 600 MW
Axs)’mm = ASJ’Sfem Axs)’mm (19) Rated voltage of AC system capacitance 230kv
where: Agystem i the state space matrix of 18n-1 order N-terminal Distance between converter stations 100 km
MMC-MTDC system. Axg,,, is the 18n-1 order state variable

matrix of the system. Based on the above state matrix, the stability
of the system can be further evaluated to evaluate the stability
performance and response characteristics of the system under
different working conditions.

3 Verification of MTDC small signal
model based on MMC

At present, the connection modes of MMC-MTDC system
mainly include series connection and parallel connection. Taking
the four terminal flexible direct transmission system as an example,
the parallel topology is flexible, reliable, easy to maintain and
expand, which is conducive to the regulation and operation of
the whole system, so the system adopts the parallel topology. The
selection of system parameters is shown in Table 1. Figure 10 shows
the system topology.

In this topology, all converter stations have two-way
transmission capability, which can realize two-way transmission
of power. MMCI1 and MMC3, as transmission converter stations,
can convert AC power into DC power and input it into DC
system. MMC2 and MMC4, as receiving converter stations, can
convert DC power into AC power and transmit power to the
corresponding AC system.

3.1 Simulation and verification of small
signal model based on time domain

This section aims to verify the reliability and stability of the
proposed small signal model. Matlab/Simulink software is used to
simulate and verify the four terminal flexible direct transmission
system described in Section 2.4.
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Set the output active power value of converter station MMC2
to change from 600 MW to 640 MW in steps when t = 0.1 s. The
dynamic response results of the established small signal model and
the Simulink simulation model are shown in Figure 11. We can see
that after being disturbed, the system starts to stabilize gradually
after a certain time, and finally returns to the equilibrium state. The
simulation results are very close to the dynamic response of the
actual power system, indicating that the model has high accuracy
and reliability.

3.2 Participation factor analysis and
influence of control parameters

The eigenvalues of a linear system usually represent the response
characteristics of the system. When the eigenvalues are on the
left side of the imaginary axis, the stability of the system will be
guaranteed, and the dynamic response of the system is convergent
without divergence or oscillation. The eigenvalues of the above
system are shown in Figure 12. The eigenvalues close to the
imaginary axis have a greater impact on the dynamic response
characteristics of the system.

The system participation factor (Iskakov, 2021) refers to the
size of the dynamic response of each element in the power system
to the system. Specifically, the system participation factor can
be used to analyze the contribution degree of each component
in the system, and can also be used to evaluate the stability
of the system. By calculating the participation factor of each
component, we can know the influence of the component on
the stability of the system, so as to take corresponding measures
for the component to improve the stability and reliability of the
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Structure diagram of transmission system based on MMC-MTDC.

-360
I
ZANEY \ ——— Small signal model
> — — Simulation
% -380
(%
2
&
()
=
S 00 |-
-420 [~
0 1 2 3 4 5
Time/s
a. Active power outputs of MMCI
640 |- E—
3 W
> 1
} 1
[ 1
=2 1
o 1
a 1
v 620 - ;
B i
< ! —— Small signal model
1
— — Simulation
600
0 1 2 3 4 5
Time/s
b. Active power outputs of MMCII
FIGURE 11

Dynamic response results of nonlinear model and small signal model
(A) Active power outputs of MMCI. (B) Active power outputs of MMCII.

Frontiers in Energy Research

09

400
e
300
]

200 ®
z

= 100

©

20 eeo ) oo

©

c

®-100

©

£ °

-200 ®

-300

-400

-6000 -5000 -4000 -3000 -2000 -1000 0
Real part(1/s)
FIGURE 12

Distribution of system eigenvalues

system. The impact correlation of participation factors is defined
as Equation 20:

ZxkEAx,pkf
ZxkéAx,pki

where: p,; is the correlation factor of the system variable to the ith

. i=1,2,3,4 (20)

Pi=

eigenvalue.

In this paper, each state variable of MMC-MTDC system is
divided into four groups, as shown in the table below. The four largest
eigenvalues among all eigenvalues are analyzed by the participation
factor, and the analysis results are shown in Figure 13. The results
show that when the four maximum eigenvalues change, the
oscillation frequency, convergence speed and steady-state response
of the system change, and the stability margin is affected. Therefore,
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The maximum participation of the four eigenvalues.

in order to achieve the best performance of the system under
different conditions and effectively improve the characteristics of the
system, it is necessary to study the influence of control parameters
on eigenvalues.

3.3 Participation factor analysis and
influence of control parameters

As the above control parameters will affect the system stability
and stability margin, in order to improve the stability margin
of MMC-MTDC system, this section first establishes the control
parameter optimization method with the characteristic root as the
objective function, and uses the optimization algorithm based on
the sensitivity of control parameters to optimize multiple control
parameters.

According to the above analysis, the MTDC system with N
ports contains 18n-1 eigenvalues. When these 18n-1 eigenvalues
are located in the left half of the complex plane, the stability of
the system can be guaranteed. The real part of the eigenvalue
can reflect the speed of the dynamic response of the system,
and the eigenvalue nearest to the imaginary axis can reflect the
stability margin of the studied system. If the eigenvalue closest
to the virtual axis is far away from the virtual axis, the stability
margin of the system is large and the system has strong stability
to disturbance; On the contrary, if the eigenvalue closest to the
imaginary axis is very close to the imaginary axis, it indicates that
the stability margin of the system is small and the stability of the
system to disturbance is weak.In order to improve the stability
margin of the system, all eigenvalues should be kept away from the
imaginary axis and on the leftmost side of the coordinate axis as
far as possible. The system optimization model can be expressed
as Equation 21:

mink,,y,,ky,F = max {Re/\g, g=12,...12n- 1}
i=1,2,-n

21

U 1L U
ki < Koy < Koyl < Ky < ki

where: 1, is the eigenvalue of the system state space coefficient
matrix asys; k% and kU are the lower and upper limits of
the corresponding control parameters respectively. Parameter
sensitivity (Ma et al., 2017; Xiang et al., 2015) refers to the sensitivity

Frontiers in Energy Research

Control system
state variables

|

[N
A

AC system state
variables

of system eigenvalues to changes in system parameters. When the
system parameters change, the change direction and amplitude of
eigenvalues can be evaluated by parameter sensitivity. The following
figure is the flow chart of parameter optimization algorithm based
on sensitivity. The specific steps of the optimization algorithm
are as follows:

Step 1: small signal modeling of the system.

Step 2: solve the eigenvalues of the system state space matrix, and
select the four eigenvalues closest to the virtual axis as the
object of the optimization function.

Step 3: calculate the parameter sensitivity according to the
optimization model, and establish the optimization control
matrix AX = %,IS_,S,- is A, sensitivity to the ith control
parameter. o

Step 4: determine the iteration step size in the optimization process
by using the method based on Backtracking straight line
search. The steps are shown in Figure 14. Of which €
(0,0.5),y € (0,1).

Step 5: adjust the control parameters of the system according to
the output step t of the previous step, i.e., Al; = tAx;. If the
results meet the termination conditions, the final optimized
parameters are directly output.

Termination condition:, where |G;—G,_;| <¢ is the given
convergence error.

4 Simulation verification

In this section, taking the flexible direct transmission system in
Section 2.4 as an example, the stability evaluation and time-
domain simulation are carried out in Matlab/Simulink software
to verify the correctness and credibility of the proposed
small signal model and the accuracy of the control parameter
selection method.

4.1 Stability assessment

According to the above research results, the four

maximum eigenvalues of the system state space matrix are
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FIGURE 14
Flow chart of parameter optimization algorithm based on sensitivity.
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FIGURE 15
Steps of line search method based on Backtracking.

optimized.According to Figure 16, with the increase of iteration
times, the performance index g decreases, and the maximum
four eigenvalues are far away from the imaginary axis.
The optimized control system parameters make the system
more stable.
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4.2 Time domain simulation

Simulation 1: when t = 1s, the setting of MMCI DC voltage

reference is changed from + 320kV step down to + 280 kV.
The active power response of the system and the variation of
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ep DC transmission line voltage are shown in Figure 17. According
]
= 660 to the simulation results, the optimized control parameters can
z significantly improve the response speed of the system, suppress
o) voltage fluctuations, improve the rapid adaptability of the system
640 to external interference, and increase the sensitivity and stability of
the system.
Simulation 2: when t = 1's, the MMCII active power reference
L L L value is changed in steps from 600 to 800 MW. Figure 18 shows
0 1 ] 2 3 4 the active power response of converter stations I and II and the
Time/s voltage fluctuation of DC transmission line. The simulation results
¢. DC grid voltage show that the active power fluctuation of the converter and the
voltage fluctuation of the DC transmission line are significantly
FIGURE 18 ‘ ‘ reduced after the control parameters are optimized, and the dynamic
Change curve of active power and DC voltage when active power of L. .
MMCII changes suddenly. (A) Active power of converter station . (B) characteristics of the system are improved.
Active power of converter station I1. (C) DC grid voltage. Simulation 3: When t = 1 s, a resistive pole to pole short circuit
fault of 20 Q is applied to the DC transmission line connecting
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converter stations I and II. Cancel the fault at t = 1.1 s. To verify
the transient response performance of the system. The dynamic
response results of active power of converter stations I and II
are shown in Figure 19.

The results of comprehensive stability evaluation and time-
domain simulation show that the optimized control parameters
improve the dynamic response speed of the four terminal flexible
direct transmission system under large disturbance, the system can
quickly perceive the external disturbance and accurately compensate
the external disturbance, and reduce the transition time of the
system. The proposed optimal control parameter design method
is real and effective. This method can provide reliable stability
guarantee for the design of MTDC system based on MMC, and
improve the response speed and performance of the system.
Therefore, this design method has important practical application
value, and can provide guidance and reference for the control system
design of MTDC system based on MMC.

5 Conclusion

Aiming at the stability problem of the modular multilevel
converter-type multi-terminal flexible DC transmission system,
which can easily lead to the change of the dynamic response
within the grid due to the interaction of power allocation and
voltage regulation between different converter stations, and the
difficulty in selecting the control parameters, which leads to the
insufficient stability margin of the system, this paper puts forward
an optimization method of the control parameters. First, a small-
signal model of the system is established and analyzed. Secondly,
the backtracking line search method is used to determine the
optimization step size, and the optimization algorithm with the
eigenvalue as the optimization objective function is established.
Finally, the four-terminal flexible DC transmission system is taken
as an example for simulation verification. The results show that the
proposed control parameter optimization algorithm can effectively
improve the stability margin of the system, enhance the ability of
the system to cope with various external perturbations and internal
fluctuations, improve the robustness of the system and reduce
vibration.

The practical significance of the results lies in the fact that the
optimization of control parameters can not only improve the overall
stability of the flexible DC transmission system, but also reduce
the response time and fluctuation amplitude of the power grid
when it encounters unexpected events or environmental changes.
This is of great significance for the operation of the actual power
system, because stability and reliability are key indicators in the
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