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Abstract: The High Voltage Direct Current (HVDC) transmission technology employing modular
multilevel converters (MMCs) can effectively enhance the transmission efficiency and stability of
offshore wind farms, thereby aiding the promotion of large—scale utilization of new energy. This
holds significant importance for achieving the dual carbon goals. Aiming at the problem of negative
sequence current circulation in MMC—HVDC transmission systems, a circulation suppression strat-
egy based on augmented order decoupling linear active disturbance rejection control (LADRC) is
proposed in this paper. By introducing new state variables into the traditional ADRC structure, the
actual output deviation signal and observation gain signal from the disturbance observation value of
the system are used. It can not only realize the decoupling control of disturbance and tracking terms
but also enhance the disturbance immunity, robustness and rapidity of the controller. Finally, an
18—level MMC system model is built based on Matlab (9.12.0.1884302 (R2022a)) & Simulink (R2022a),
and the circulation suppression effects of stable operation and voltage sudden change are simulated
and compared, which verifies the suppression effect of the improved control strategy on negative
sequence current circulation, which lays a theoretical and application foundation for the sustainable
development of the offshore wind power industry.

Keywords: HVDC; modular multilevel converter; negative sequence current circulation; LADRC;
circulation suppression

1. Introduction

Global warming and climate change pose an existential threat to humanity. Pursuing
industrial development while vigorously expanding renewables is the core strategy of
many countries around the world [1]. Renewable energy has been widely used in various
industries because of its low cost, environmental friendliness and other advantages. Among
them, offshore wind power, ocean energy and solar power are the main new energy forms
in the world [2—4]. Offshore wind power has become an important part of the large-scale
utilization of new energy because of its rich resource reserves, high power generation
efficiency, low water consumption, small land occupation area and close to power load
center [5,6]. The development of offshore wind power is helping to build a clean, low-
carbon, safe and efficient energy future, in order to meet the challenges of climate change
and energy security [7]. With the gradual expansion of the scale of offshore wind farms
and the continuous increase of offshore distance, the traditional interconnection of offshore
wind farms with the onshore substations by high voltage alternating current cables does
not find techno-economic feasibility. Advanced schemes and technologies of submarine
power transmission are necessary to facilitate the capacity expansion of offshore wind
farms [8-10].
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In order to improve the large-scale utilization efficiency of offshore new energy and
ensure the high quality of electric energy in the process of transmission, key technologies
such as wind turbines, floating wind power platforms, submarine cables and power trans-
mission have been launched one after another. Among them, HVDC technology has the
characteristics of strong controllability, small footprint and efficient long-distance power
transmission. It can effectively transport the power generated by offshore wind power to
onshore substation, improve the reliability of power supply, reduce the loss of transmission
lines, increase the transmission capacity of transmission lines and provide protection for
offshore wind power and other large-scale access [11-15]. Therefore, HVDC technology
has become one of the main means of cross-sea large-scale power transportation. It has
become a new choice for power supply in mega-cities and isolated islands [16,17], and it is
also one of the best choices for large-scale clean energy power generation to be connected
and transmitted by high-voltage DC power grids in the future [18,19].

Compared with the HVDC system with its traditional two-level or three-level con-
verter, a modular multilevel converter (MMC) has the characteristics of low switching
loss, low harmonic loss and fast response to power grid fluctuations, which can realize the
efficient, stable and controllable operation of an HVDC system [20-22]. However, due to
the structure of MMC itself, the instantaneous voltages of the sub-modules of the upper
and lower bridge arms are different, which leads to the internal circulation between the
phases in the normal operation of the system. The existence of circulating current not
only increases power consumption and energy loss and causes voltage fluctuation and
voltage distortion but also shortens the service life of power electronic devices [23,24].
Well-specified circulating current suppressors play an important role in improving power
quality, reducing loss and optimizing system performance in HVDC systems. The com-
monly used circulating current suppressor are divided into passive circulating current
suppressors and active circulating current suppressors. Passive circulating current suppres-
sors mainly rely on physical methods to adjust the elements to achieve the suppression of
interphase circulation, but the flexibility and adaptability are general. The active circulating
current suppressor dynamically suppresses the circulation through the software method;
the response speed is fast, it avoids the problems caused by the passive circulating current
suppressors and it is the main method to restrain the circulation [25,26]. Therefore, the
design of a reasonable and effective circulation suppression strategy is of great significance
to promote the progress of HVDC technology and the large-scale expansion of offshore
wind power [27,28].

Traditional methods of circulating current suppression often employ Proportional
Integral (PI) control [29,30]. However, the decoupling process involved in the control loop
leads to increased workload, and the system stability and effectiveness in suppressing
circulating currents are limited. Reference [31] introduces the Proportional Resonant (PR)
controller, which eliminates coordinate transformations, as well as the coupling terms
and feedforward compensation items affected by circuit parameters. In response to issues
such as high parameter sensitivity, poor disturbance rejection and narrow bandwidth in
PR controllers, literature [32] proposes a quasi-PR controller. However, it incorporates
a notch filter to enhance control effectiveness and necessitates stability analysis of the
system. Literature [33] combines a low-pass filter with Internal Model Control (IMC)
to enhance the robustness of the system. Compared with the above methods, ADRC
provides stronger robustness through active interference suppression, has relatively low
requirements for dynamic characteristics of the system, and can quickly respond to changes
and disturbances of the system [34]. ADRC circulation suppression strategy helps to
improve the overall stability of the power system, which plays a key role in preventing
system instability, oscillation or even collapse. Reference [35], utilizing the characteristic of
LADRC that does not rely on a detailed model of the MMC circulating current, designs
a circulating current suppression strategy that simplifies the mechanisms of circulating
current control, demonstrating good robustness but constrained by bandwidth limitations.
In the literature [36], a circulating current suppressor based on virtual impedance sliding
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mode control is proposed, and its transient performance is simulated. However, no explicit
criteria are provided for evaluating the effectiveness of the circulating current suppressor.

This paper aims at the problem of negative sequence current circulation in long-
distance MMC-HVDC in marine environments. Based on the analysis of the working
mechanism of MMC bridge arm circuit, an improved LADRC circulation suppression
strategy of MMC based on offshore wind power is proposed in this paper. By changing the
structure of the linear extended state observer (LESO), a new differential term is introduced
into LESO. Augmented Order Decoupling LADRC (AD-LADRC) is designed to increase
the bandwidth of the controller and decouple the disturbance term and tracking term of
the controller. Through modeling, simulation and comparing the coupling relationship,
the rapidity and stability of the ADRC are improved. The parameter setting process is
simplified, and the system performance is optimized. The effectiveness of the improved
LADRC circulating current suppressor is verified by a Matlab & Simulink simulation,
and the circulation suppression effects of stable operation and voltage sudden change are
analyzed and compared.

2. Advantages of HVDC Technology

HVDC provides strong technical support for the development and application of
offshore wind farms. The offshore wind power HVDC project involved in this paper is
shown in Figure 1 [37].

Power supply in
megalopolis

OO0 0000000000000 000000 _‘
High Voltage

Converter Converter
station HVDC station alternatlng
current grid
0O00000O0O0O0Ooooo00000000

‘ Offshore wind power ‘ Isolated island

power supply

Figure 1. Overview of Offshore Wind Power HVDC Project.

As can be seen from Figure 1, the converter station is the key equipment of HVDC
technology and an important hub connecting offshore wind farms and power loads. By
controlling the turn-on and turn-off time of switching devices, the stepless conversion of
AC and DC energy between different forms of power grids or between different voltage
levels is realized; thus harmonics and losses are reduced.

An LADRC circulation suppression strategy of MMC-HVDC based on offshore wind
power proposed in this paper has the following advantages:

(1) The harmonic level is low.

Compared with traditional DC transmission technology, the HVDC system with a
modular multilevel converter generates voltage and current close to sinusoidal waveform,
which has a significant effect on improving the quality and stability of power transmission
in offshore wind farms.

(2) The stability of the system is enhanced.

By reducing the influence of external disturbances, the ADRC circulation suppression
strategy helps to improve the overall stability of the offshore wind farm HVDC system.
This plays a key role in preventing instability, oscillation or even collapse of the system.

(8) There is no reactive power compensation and no commutation failure.
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HVDC technology uses turn—off devices to control the turn-on and turn-off time.
This method does not rely on the AC side to provide commutation current and reverse
voltage and effectively avoids the loss of a large amount of reactive power. In addition,
it has nothing to do with the current direction and fundamentally solves the problem of
commutation failure.

(4) It has the ability to supply electricity to isolated islands.

Because HVDC technology can realize commutation independently and can operate
in passive inverter mode without external commutation voltage, the receiving end system
can be a passive network.

(5) Itis suitable for constructing a multi-terminal system.

The current of the HVDC system can flow in both directions, and the polarity of the
DC voltage remains unchanged when the power flow is reversed. This makes it suitable
for the construction of multi-terminal systems, in which the power flow between converter
stations is more flexible, and it can provide a convenient connection form for the follow-
up large-scale construction of new energy at sea and the combination of multi-energy
situations.

3. Analysis of Working Mechanism of MMC Bridge Arm Circuit
3.1. MMC Topology

The single-phase equivalent circuit model of the Modular Multilevel Converter is
depicted in Figure 2 [38].

Figure 2. MMC single-phase equivalent circuit model.

It comprises upper and lower bridge arms, each formed by equivalent resistors, induc-
tors and N sub-modules. The sub-module capacitor voltages are denoted as u,; and u,;;
the bridge arm currents are labeled as i); and i,,j; the internal circulating current is denoted
as icjrj- In this context, Lo represents the inductance of the bridge arm, and Ry denotes the
resistance of the bridge arm. On the AC side, the single-phase voltage is represented as
uyj, and the current is denoted as i,;. On the DC side, the total voltage is denoted as Uy,
Each sub-module includes two IGBT switches, labeled as V'T; and V'T,, Each sub-module
includes two anti-parallel diodes, labeled as VD; and V D,, and a capacitor, labeled as C.
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3.2. Analysis of the Principle of MMC Circulation
Obtained from the MMC single-phase equivalent circuit (1):
i bt
cirjy — 2
of = M tpi M

In the equation, ¢/, represents the internal electromotive force of the three-phase system
(abc).

Based on Kirchhoff’s laws, the expression (2) for the reference values of the capacitor
voltages in the upper and lower bridge arms can be derived:

w_ Uge 0
Upj” = ¢ — €j — Udiffj

T 2)
Unj* = 4 — ej = tgifs;

In the equation, u;¢; represents the circulating voltage drop across a single bridge
arm.
Define the modulation ratios for MMC output voltage and output current (3):

_ 4
k= UdCW}Z
L2 3)
m =
lac/3

In the equation, U, represents the amplitude of the AC side voltage, and I;;, denotes
the amplitude of the AC side current.
The voltage and current equations for the upper and lower bridge arms are as shown
in Equation (4):
up; = 3Uge(1 — ksinwt)

tyj = 3Uge (1 + ksinwt)
ipj = Y1 4 msin(wt + ¢)]
inj = 4 [1 - msin(wt + )]

In the equation, ¢ represents the initial phase angle of the AC side phase j current.
From Equation (4), the instantaneous power of a single-phase upper or lower bridge
arm can be obtained, and by integrating, the total energy of a single-phase upper or lower
bridge arm can be calculated. Neglecting the DC component, the AC component is given
by Equation (5):
mkudc Idc
12wy

From Equation (5), it can be observed that the bridge arm current not only has the
fundamental frequency component but also exhibits circulating currents with a negative
sequence nature, primarily at twice the fundamental frequency.

Therefore, by incorporating the second harmonic component into Equation (4) and
substituting it into Equation (1), the expression for the three-phase circulating current can
be obtained:

Wpp_ac(t) = sin(2wp + ¢) ®)

idiffa = 1'17” + sz sin(2wt =+ (p)
igifpp = 4 + Ly sin(2wt + ¢ + ZF) (6)
idiffc = I;%c + sz sin(Zwt +¢— 277{)

In the equation, iy;¢f, represents the circulating current in phase A, ig;f s, for phase B
and i4;f¢. for phase C.
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4. MMC Circulation Suppression Strategy of Improved LADRC
4.1. Design of Circulating Current Suppressor Based on LADRC
4.1.1. Traditional LADRC Controller Structure

The core concept of traditional LADRC is to achieve precise control through accurate
estimation and suppression of both internal and external disturbances in the system. It does
not require precise modeling of the system and emphasizes estimation and compensation of
disturbances, thereby achieving robust control performance. The structure of a first-order
linear active disturbance rejection controller is illustrated in Figure 3.

l @
y
Object l——b

Figure 3. Second-order linear rejection controller block diagram.

LSEF refers to the linear state error feedback rate. Generally speaking, LSEF in LADRC
can be in the form of PD controller, which can realize part of the functions of TD to improve
the overall control performance of the system. LESO is a kind of observer used to estimate
the state of the system, which can estimate the extended state of the system in real time,
including internal dynamics and external disturbances.

LESO can effectively compare the actual state of the system with the expected state in
the controller, thus helping the controller to accurately calculate the required compensation
control signal.

A first-order linear system can be represented as

y=—my+w+bu (7)

In the equation, u is the input value, y is the output value, b is the gain, a1 is the control
parameter and w represents the external disturbance.
The generalized disturbance equation can be expressed as

fyy,0) = —ay +w+ (b —bo)u ®)

In the equation, by is an estimate of the system b.
For the aforementioned equation, by selecting state variables as follows, the equation
can be further derived: .
X1 = X2 + bou
xp="h )
y=x

The expression for the LESO is

{ z1 =22 — B1(z1 —y) + bou
2 = —Pa(z1 —Y)

In the equation, z; is the tracking signal of y, and z; tracks the total disturbance f.

(10)
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By selecting appropriate observer gains, real-time tracking of system variables can be
achieved, and the control rate can be designed as
Uug — 2o

u= m (11)

In a first-order LADRC, a proportional controller is commonly used instead of LESF,
and the equation is expressed as

ug = kp(vo — 1) (12)

The controlled object can be set as

1

y =3 (f +bou) (13)
ky = wc
B1 = 2wo (14)
B2 = w?

In the equation, vy represents the given controlled signal, k, is the controller coefficient,
w is the controller bandwidth and wy is the observer bandwidth.

___ B
R "

The closed-loop transfer function of a first-order feedback system is given by

kp _— s>+ (B1 +kp)s
s+kp (s+kp)+ (2 + Bis+ B2

y= 7/ (16)

The LADRC controller system’s disturbance term and tracking term are both related
to kp, demonstrating a coupling relationship between the two. This coupling makes it
challenging to adjust parameters. Additionally, from Equation (15), it can be inferred that
while increasing the observer bandwidth wy is beneficial for enhancing the disturbance
observation capability of traditional LESO, the presence of observation noise limits the
practical adjustment of the bandwidth in engineering applications.

4.1.2. Design of Circulating Current Suppressor Based on Traditional LADRC

Treating each harmonic component in the circulating current as an external disturbance,
compensation is achieved through LESO. Subsequently, a circulating current suppression
strategy based on LADRC is designed, and the suppression process is illustrated in Figure 4.
Firstly, according to Equation (6), obtain the three-phase circulating current iy;¢¢;, and
through Park transformation, derive circulating currents i;¢ss and ig;f ;. Similarly, compare
them with their respective reference values igirrg ror and igirgy rep- When the reference
value is set to zero, it can effectively suppress the second harmonic in the circulating
current; through the LADRC controller, the circulating current drops Ugifsg_rer, Udiffq_ref
are obtained and, finally, the three-phase circulating current drops are obtained through
the inverse Park transformation.
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Idif‘fd_ref

idiffd Udiffd_ref uU..
.- ————P diffj _ref
Traditional T
LADRC djabe [
—» |
Litiq
I diffq _ ref U diffq _ ref 2wt

Figure 4. Diagram of the circulation suppression process.

4.1.3. MMC Control System Based on LADRC Circulating Current Suppressor

In this paper, double closed loop feedforward decoupling control is adopted in the
main control part of MMC, and the control structure diagram is shown in Figure 5 [39,40].
In the figure, according to the two PI controllers, the output reference voltages i, s and
Uy ref- These are then converted into three-phase voltage reference values Vj,.r through
Park inverse transformation. Uy;f; r.f represents the circulatory voltage drop obtained
through the circulation suppression control strategy. Finally, the corresponding PWM pulse
signals for controlling the sub-module switches are generated through the nearest level
approximation. “*” represents the reference value of the corresponding quantity.

i Circulating
current
suppressor

U diffj _ref

PWM
pulse
NLM —»

T

dq/abc

Figure 5. MMC structure control chart.

4.2. Design of Circulating Current Suppressor Based on AD—LADRC
4.2.1. Improving the Structural Design of LESO

In order to achieve faster and more effective circulation suppression, this paper intro-
duces an additional state variable z3 on the basis of the traditional second-order LESO. This
variable is utilized to observe the changing trend of the total disturbance. Simultaneously,
improvements are made to compensate for the total disturbance, enhancing the structure
of the extended state observer for the decoupling of disturbance and tracking terms. The
improvement in the LADRC is illustrated in Figure 6. The expression for the improved
LESO is as follows:

z1 = zp + bou
22 =z3— P1(z1 — y) (17)
z3=—(p2+B3)(z1 — y)
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Figure 6. AD—LADRC structure diagram.
Applying the inverse Laplace transform to Equation (17) yields

_ P1s*+Pas+Bs bys?

2= s3+ﬁ152+ﬁ25+/53y + $3+B15%+Bas+B3 u
_ (B1s®+Pos+pa)s . bo(Prs>+Pas+pa)

2= i T SRt (18)

23 = (B18>+Bas+B3)s®  bos(B15>+Bas+B3)

S3+,3152+ﬁ28+,33 S3+ﬁ152+ﬁ25+ﬁ3

The disturbance observation transfer function of the improved LESO is

Gaoe) = 2 = GBI Pt o (19)

f 3+ B2+ Bas + B3

In the formula, the gains are

B1 = 3wy
B2 = 3wy (20)
Bs = wp®

Based on Equations (11)-(13) and (17), the closed—loop transfer function of AD-
LADRC is as follows:
k 52
p
U+ 3 5
s+kp 82+ B1s*+ Bas + B3

y= f (21)

From Equations (19) and (21), it can be observed that compared to the closed —loop transfer
function of the traditional LADRC control system, the AD-LADRC introduces an increased
LESO bandwidth. The disturbance term is only influenced by 81, B2 and B3, while the tracking
term is only related to kp. This achieves the decoupling of disturbance and tracking terms.
From Figure 7, it is evident that the system bandwidth of the improved LESO has significantly
increased, and there is a substantial reduction in the phase lag in the mid—frequency range.

20 F T T T : -
o ~— Traditional LESO
e 0 —_— Improvement of LESO
T T~
s} L
-20
£
B of
£ .
< 60 S
ok Traditional LESO
I T Improvement of LESO
o 45F S 1
T
g 0r <
N\

[ AN
o 135}
P —

-180 | — ]

10° 10' 102 10°
Frequency(rad/s)

Figure 7. Disturbance observation transfer function characteristic curve.
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4.2.2. Analysis of Suppressor Performance
(1) Frequency Domain Characteristics of wy Changes

From Equation (17), the transfer functions for observation noise 6, and input distur-
bance ¢, are derived as follows:

2 _ P15’ 4 pas+Bs 2
O 83+ B1s2+ Bas+ B3

z1 bys?

57: s3+ B1s% + Bas + B3

(23)

When by is fixed and wy is set to 10, 20, 30, 40 and 50, respectively, the frequency
domain characteristic curves are obtained as shown in Figure 8a, Observation Noise. From
the graph, it can be seen that as wy increases step by step, the response speed of the
improved suppressor is enhanced. This reduces the high-frequency noise gain on its output
side, effectively suppressing the equivalent measurement noise on the input side.

Amplitude(dB)

w0=10

Phase(deg)

-90 -

=
0= ~ w0=20
< NN wo=30 T
N AN w0=40 7}
\% w0=50 E
. =
[
w0 E
| 2
-100
T T T e —— : .
0ofb——m——— I S wo=10
N N ’oTa AN w0=20
\ o 90 N wo=30
L o N w0=40
-45 N % \ wO0=50
~ NS Q@ 0 SE
w0 — < g AN
~y w0 =
90 s
10° 102 10° 10 10° 10" 102 10°

(a) Observation noise

Frequency(rad/s)

Frequency(rad/s)
(b) Input disturbance

Figure 8. Frequency domain characteristic curves at different bandwidths.

According to Equation (23), when wy is set to 10, 20, 30, 40 and 50, the frequency
domain characteristic curves of this transfer function are obtained in Figure 8b, Input
Disturbance. It can be observed from the graph that increasing wg can reduce the gain of
the disturbance term, enhance the system’s disturbance rejection performance and have a
significant impact on mid- to low-frequency disturbances.

(2) Frequency Domain Characteristic Curves of LADRC Before and After Improvement

Comparison of the frequency domain characteristic curves for LADRC before and after
improvement is shown in Figure 9. The improved LADRC exhibits superior performance
in terms of both speed and robustness compared to the traditional LADRC, making it better
equipped to handle external disturbances.

When the disturbance is a unit step signal, the system output response can be derived
from Equation (21) as follows:

s
83 4 3wps? 4 3wps + wp

Y(s) (24)

Applying the Laplace inverse transform to Equation (24) and taking the limit, we
can obtain tlim y(t) = 0. Moreover, as the observer bandwidth wy increases, the rate of
— 00

decrease in y(t) also increases. This indicates that the LADRC with the improved LESO
has strong disturbance rejection capabilities.
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Figure 9. Comparison of frequency domain characteristic curves.

5. Simulation Analysis

In order to analyze the feasibility of the improved LADRC circulating current sup-
pressor described in this paper, an 18-level modular multilevel converter simulation model
is built based on Matlab (9.12.0.1884302 (R2022a)) & Simulink simulation software. The
simulation parameters are as shown in Table 1, and controller parameters are as presented
in Table 2. The circulation suppression effects of three kinds of circulating current suppres-
sors, bridge arm current and sub-module capacitance voltage under steady state and DC
side voltage sudden change are simulated and analyzed, respectively.

Table 1. Simulation parameters.

Parameter Names Numerical Values

Number of MMC Arm Sub-Modules 18
Sub-Module Capacitance Value/mF 1.88
Arm Inductance Value/mH 5
Initial Value of Sub-Module Capacitor 1400
Voltage/V
Frequency/Hz 50
DC Side Voltage/kV 25.2
Table 2. Controller parameters.
wo we bo
350 1050 2000

5.1. Steady-State Operating Condition
5.1.1. Circulation Suppression Effect

Three kinds of circulating current suppressors are put into the HVDC system, namely:
PI circulating current suppressor, LADRC circulating current suppressor and AD-LADRC
circulating current suppressor. The circulation changes of the MMC bridge arm under the
action of three kinds of controllers are simulated and compared, and the results are shown
in Figure 10.
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Figure 10. Simulation diagram of circulation suppressor.

Figure 10a—c shows the circulation waveforms of the PI circulation suppressor, the
LADRC circulation suppressor and the AD-LADRC circulation suppressor in turn.
Figure 10d is a comparison of the 0.8 5~1.4 S waveforms selected from the above three
figures in order to clearly observe that the suppression effect of the improved controller is
better. Observe Figure 10a: when the circulation reaches a steady state at 1.119S, select and
enlarge the 1.3 S~1.5 S waveform; the upper peak of the circulation is 48.904 A, the lower
peak is 35.338 A and the peak difference is 13.566 A. Observe Figure 10b: when the circula-
tion reaches a steady state at 0.974 S, select and enlarge the 1.3 S~1.5 S waveform; the upper
peak is 46.477 A, the lower peak is 38.745 A and the peak difference is 9.732 A. Observe
Figure 10c: when the circulation reaches a steady state at 0.850 S, select and enlarge the
1.3 5~1.5 S waveform; the upper peak is 44.356 A, the lower peak is 37.006 A and the peak
difference is 7.350 A. In terms of stabilization time, the improved circulation suppressor
is 24.04% and 12.73% shorter than that of PI and LADRC, respectively. In terms of peak
deviation, the improved circulation suppressor is reduced by 45.82% and 24.48% compared
with PI and LADRC, respectively. This shows that during the steady-state operation of
the system, the improved circulation suppressor has been effectively improved in terms of
speed and stability.

5.1.2. Arm Current and Sub-Module Capacitor Voltage

The simulation analysis of bridge arm current and sub-module capacitance voltage
is an important means to evaluate the performance of HVDC system, and the waveform
reflects the suppression effect of the circulating current suppressor. The simulation wave-
forms of the A-phase bridge arm current and sub-module capacitor voltage using the
AD—LADRC circulatory suppressor are shown in Figures 11 and 12.
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The second harmonic component is significantly suppressed. By analyzing the wave-
form from 1.0 S to 1.1 S, it is observed that the bridge arm current waveform tends to be
sinusoidal with fluctuations ranging between —165 A and 250 A. Furthermore, the fluc-
tuation amplitude and waveform distortion rate of the capacitor voltage are significantly
reduced, with a fluctuation range of 1150 V to 1600 V.

In addition, in order to directly reflect the influence of suppressor on the system, the
bridge arm current and capacitor voltage when the suppressor is used or not are compared,
as shown in Figure 13. The above bridge arm current is taken as an example. Figure 13a
shows the A phase bridge arm current using the suppressor, and Figure 13b shows the A
phase bridge arm current without the suppressor. It can be seen from the figure that the
waveform of the bridge arm current is obviously distorted due to the harmonic generated
by the circulation current. The use of the suppressor can improve the influence of the
circulation current and make the waveform closer to the sine wave. The peak current
difference of bridge arm with the suppressor is 4.933 A and that without the suppressor is
29.305 A.

The capacitance voltage waveforms of sub-modules with and without suppressors
are depicted in Figures 13c and 13d, respectively. It is evident from the figures that the
difference in capacitance voltage peak between sub-modules with suppressors is 1.956 A,
whereas for those without suppressors it is 23.719 A. Consequently, the utilization of sup-
pressors leads to a significant reduction in both the range of capacitance voltage fluctuation
and the waveform distortion rate.
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5.1.3. Bridge Arm Current THD

The harmonic analysis of the bridge arm current is helpful to understand the harmonic
content of the system, and a good controller should be able to restrain harmonics effectively
and ensure the stable operation of the system. Through the FFT analysis, it can further see
the suppression effect of the suppressor on the second harmonic component of the bridge
arm current. Taking t = 1.3S and 20 cycles as an example, as shown in Figure 14, when
no circulation suppressor is used, the bridge arm current THD is 9.74%;when using the
PI circulation suppressor, the bridge arm current THD is 1.82%; when using the LADRC
circulation suppressor, the bridge arm current THD is 1.71%; and when using the AD-
LADRC circulation suppressor, the bridge arm current THD is 1.63%, all of which are less
than the 3% to 5% required for different grid—connection standards. Compared with PI
and LADRC, the THD value of the AD-LADRC circulation suppressor proposed in this
paper is reduced by 10.44% and 4.68%, respectively.

Fundamental (504z) = 2092, THD=0.74% Fundamental(S0Hz) = 206.6, THD= 1.82%

L
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Figure 14. Cont.
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Figure 14. Bridge arm current THD.

5.2. DC Voltage Transient

By introducing DC side voltage sudden change, the dynamic response of the HVDC
system in the face of voltage sudden change can be simulated, and the dynamic perfor-
mance of the circulating current suppressor can be tested. Adjust the DC side voltage to
18 KV at 1.5 s, as shown in Figure 15.

As can be seen from Figure 15a, the system undergoes a voltage disturbance at 1.5S,
and the current suppressor continues to function properly. The power waveform remains
relatively stable, with active power tracking the reference well and reaching a steady state.

Reactive power is essentially maintained at zero, indicating that the system is in an active
grid-connected state.
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The 1.35 5~2.35 S waveform is selected as shown in Figure 15b; the performance of the
improved circulating current suppressor is better than the traditional controller. The former
has a smaller oscillation amplitude and requires less time to reach stability. Moreover,
observing the A-phase bridge arm current in Figure 15¢,d and sub-module capacitance
voltage in Figure 15e at this time, it can be corrected in time in the face of sudden voltage
change, and the waveform is flat. Select 2.65~2.7S waveforms, respectively; the bridge
arm current fluctuates in the range of —75~135 A, and the A-phase sub-module capacitor
voltage fluctuates in the range of 900~1100 V. Performing FFT analysis on the bridge arm
current at this time, the improvement is 2.29%, the improvement before is 2.74% and
PI is 2.89%. This indicates that the improved circulating current controller has excellent
anti-interference capability and suppression effects.

6. Conclusions

In this paper, by combining MMC-HVDC transmission technology with an offshore
wind farm, the mechanism of negative sequence current circulation dominated by second
harmonic generation in MMC is analyzed. Based on the traditional LADRC circulation sup-
pression strategy, an improved negative sequence current circulation suppression method
is proposed. This method can improve the dynamic response ability and anti-interference
ability of the system, and the fast performance and anti-disturbance performance are better
than the traditional circulation suppression strategy. Through computer simulation, the
effects of circulation suppressors of PI, LADRC and AD-LADRC under different working
conditions of stable operation and voltage sudden change are compared and analyzed. The
results show that

(1) The improved circulating current suppressor can effectively improve the waveform
distortion effect of the bridge arm current. In terms of stabilization time, the improved
circulating current suppressor is 24.04% and 12.73% shorter than PI and LADRC,
respectively. In terms of peak deviation, the improved circulation suppressor is
reduced by 45.82% and 24.48% compared with PI and LADRC, respectively.

(2) The second harmonic component is obviously suppressed, and the influence of the
circulation can be improved after using the suppressor, so that the waveform is closer
to the sine wave.

(38) The fluctuation amplitude of the capacitor voltage and the rate of waveform distortion
decreased obviously. The peak difference of the capacitor voltage of the sub-module
with suppressor was 1.956 A and that of the sub-module without suppressor was
23.719 A.

(4) When the circulating current suppressor is not used, the bridge arm current THD
is 9.74%. When using a PI circulating current suppressor, the bridge arm current
THD is 1.82%. When using a LADRC circulating current suppressor, the bridge arm
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current THD is 1.71%. When using an AD-LADRC circulating current suppressor, the
bridge arm current THD is 1.63%. The THD is controlled within the range of 3% THD,
and the improved controller is reduced by 10.44% and 4.68% compared with PI and
LADRGC, respectively.

(5) The increased-order decoupling auto—disturbance rejection suppressor proposed
in this paper has stronger rapidity, adaptability and robustness, which is helpful
to improve the grid-connected ability of offshore wind farms and provide some
theoretical and application support for the development and large-scale utilization of
offshore wind power.
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