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Abstract

The increasing deployment of offshore wind farms necessitates robust and stable
high-voltage direct current networks. Achieving optimal stability, especially in damping
oscillations on the DC side, remains a significant challenge. This study focuses on miti-
gating post-fault converter de-blocking oscillations, a critical issue exacerbated by complex
interactions between AC and DC systems, converter dynamics, and system faults. These
behavior are governed by nonlinear system dynamics, making traditional control meth-
ods less effective in ensuring stability. A comprehensive analysis of DC side oscillations
and their interaction with converter dynamics is developed to understand the key factors
influencing system stability. The research investigates a DC voltage regulation damping
approach, identified as the most effective solution in the literature. Comprehensive para-
metric sensitivity analysis evaluates system behavior under diverse operational conditions.
Addressing current damping method limitations during converter de-blocking, this work
proposes an innovative control approach integrating fuzzy logic control and proportional–
integral controllers. This approach enhances DC voltage regulation and incorporates
a modified circulating current suppression control in the inner loop. The coordinated
fuzzy logic control and proportional–integral controller dynamically adjusts to nonlin-
ear system dynamics in real-time, providing a robust framework for improved post-fault
recovery. It aims to achieve faster recovery times and reduced overshoot compared to con-
ventional methods. The proposed controller’s efficacy is validated through comparative
analysis with existing approaches. Electromagnetic transient) simulations using the real-
time digital simulator platform demonstrate the controller’s performance under realistic
operating conditions.

1 INTRODUCTION

The burgeoning growth of offshore wind farms necessitates
robust and efficient power transmission solutions. High-voltage
direct current (HVDC) transmission based on voltage-sourced
converter (VSC) technology is rapidly emerging as a lead-
ing contender for this task [1]. Several studies have shown
that VSC-HVDC offers distinct advantages over traditional AC
transmission for long-distance applications, particularly those
involving offshore wind farms [2]. Firstly, unlike AC trans-
mission which suffers from power limitations due to cable
capacitance, VSC-HVDC systems are not constrained by dis-
tance. This makes them ideal for connecting offshore wind
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farms located far from shore to mainland networks. Secondly,
VSC-HVDC offers superior controllability compared to AC
transmission. This enables valuable features like power oscilla-
tion damping (POD) to mitigate inter-area oscillations within
the AC system. Additionally, VSC-HVDC facilitates the opera-
tion of multi-terminal HVDC networks (VSC-MTDC), paving
the way for interconnected offshore networks across national
borders [1, 2].

As VSC technology evolves from low voltage and capacity
to high voltage and capacity, the modular multi-level converter
(MMC) is becoming the mainstream method for constructing
HVDC networks [3]. MMCs offer several advantages over tra-
ditional two-level VSC systems. Firstly, the output voltage at the
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AC terminal can be close to an ideal sinusoidal waveform, elim-
inating the need for filters at the point of common coupling
(PCC) [4]. Secondly, the expansion of DC voltage and capacity
can be easily achieved by increasing the number of sub-modules
in each arm, making MMCs a scalable solution for HVDC trans-
mission systems [3]. This development in VSC technology paves
the way for larger and more complex HVDC networks.

While HVDC offers numerous benefits for integrating off-
shore wind farms, its integration into existing power networks
presents new challenges regarding oscillation control and sys-
tem stability [5]. The presence of significant inductance and
stray capacitance in long HVDC cables can introduce poorly
damped oscillations that interact with the control systems of
power electronic converters, potentially leading to over-voltages
and even system instability [6]. These oscillations at the DC side
are particularly concerning, as current peak overshoots and large
settling times can interact with converter control loops and lead
to grid failures or blackouts. To theoretically explain the occur-
rence of these oscillations, the mathematical model is discussed
in [7] with DC side equivalent circuit of the converter with non-
linear dynamics and internal parameters (e.g. capacitance and
inductance). These factors contribute to resonance and poor
damping behaviour. Post-fault oscillations during deblocking of
converter have been widely observed and are exacerbated by
non-optimally tuned controllers and current limitations. These
oscillations are particularly critical when the inverter is con-
nected to weak grids, necessitating the use of adaptive damping
techniques such as virtual resistors or flexible control schemes
to stabilize voltage and frequency during fault recovery periods
[8, 9].

Various supplemental controllers have been proposed to
enhance damping on the DC side of HVDC networks. For
example, Liu et al. implemented D-Q circulating current sup-
pression control (CCSC) with modulated signals, achieving a
2.59% reduction in overshoot and a 3.57% reduction in set-
tling time compared to conventional methods [10]. Virulkar
et al. integrated CCSC with model predictive control (MPC),
resulting in a 13.6% reduction in settling time compared to tra-
ditional PI control [11]. Li et al. introduced a novel virtual active
damping or resonance suppression strategy to maintain DC-link
voltages within acceptable limits [10, 12]. Additionally, Wu et al.
explored virtual synchronous generators using virtual inertia
and damping control with a proportional-derivative controller
to enhance DC network stability [13]. Despite these advance-
ments, traditional damping methods like impedance-based and
active damping control often require additional hardware or face
parameter tuning challenges [14, 15].

A critical knowledge gap exists regarding damping control
in meshed HVDC networks compared to point-to-point (P2P)
configurations. Existing research predominantly focuses on P2P
systems, neglecting the intricate dynamics present in meshed
networks due to their complex topologies and potential for
multi-modal interactions. This necessitates further investigation
into control strategies specifically designed for meshed net-
works [16, 17]. Additionally, current damping control methods
might not fully address the non-linearities that arise during con-
verter de-blocking [18–20]. These non-linearities can introduce
transient behaviours that may not be adequately captured by

existing control algorithms. Consequently, the limited ability
to handle non-linearities can lead to insufficient damping and
potentially contribute to instabilities on the DC side. Address-
ing these limitations and exploring control strategies for meshed
networks with converter de-blocking considerations is crucial
for ensuring stable and reliable HVDC network operation.

Traditional PI controllers are widely used for damping con-
trol due to their simplicity and effectiveness in linear systems.
However, HVDC systems can exhibit non-linear behaviour
under certain conditions (e.g. short circuit faults), limiting
the performance of PI controllers. These nonlinearities stem
from the interactions between converter switching dynam-
ics and cable capacitance, causing sudden changes in system
stability margins. Traditional PI controllers, which are based
on linear control theory, struggle to address these transient
phenomena effectively.

Modern control techniques, such as fuzzy logic control
(FLC), offer promising alternatives for non-linear systems [21,
22]. FLC is particularly effective when system information is
lacking or complexity impedes comprehensive analysis, as it
can handle imprecise or incomplete data. Fuzzy set theory,
pioneered by Lotfi Zadeh, applies to control functionalities,
especially for damping oscillations in HVDC networks, by
incorporating system behavior ambiguity into the control strat-
egy [23]. FLC requires fewer computational resources compared
to other intelligent control techniques, making it more efficient
for real-time applications [24].

This research investigates a novel damping control method
to improve post-fault (PF) recovery in HVDC networks. The
proposed method employs an enhanced DC voltage regulation
control mechanism in the outer control loop with modi-
fied CCSC in the inner control loop. This study proposes
a coordinated FLC and PI controller for improved damping
performance. The mathematical foundation of the proposed
controller is based on nonlinear control theory, where FLC
compensates for uncertainties, and PI ensures stable opera-
tion under nominal conditions. The FLC adapts the control
strategy in real-time to handle non-linearities, while the PI
controller provides a robust framework for overall system
performance, potentially leading to faster settling times and
reduced overshoot compared to traditional methods.

The main contributions of this article are summarized as
follows:

1. Identification of the optimal damping approach: This
work analyzes various damping techniques for the DC side
of HVDC networks. It identifies a combination of DC volt-
age regulation control in the outer loop and an enhanced
current control loop for MTDC networks as the most
effective approach. Additionally, a comprehensive paramet-
ric sensitivity analysis is conducted to evaluate the system’s
performance under different conditions [7].

2. Proposed fuzzy-PI controller for improved post-fault

recovery: The article introduces a novel controller that
addresses non-linearities in the system to enhance post-
fault recovery. This fuzzy-PI controller is compared with
existing controllers from the literature to demonstrate its
effectiveness.
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FIGURE 1 A four-terminal ±525 kV half-bridge MMC-based MTDC network.

The remainder of this paper is organized as follows. Sec-
tion 2 elaborates on the system model. Sections 3 and 4 cover
the system stability mechanisms in MTDC networks, along with
an analysis of the active damping controller and the enhanced
CCSC. Sections 5 and 6 describe the approach used for paramet-
ric sensitivity analysis and the results obtained after fine-tuning
the key parameters. Section 7 presents the proposed controller
and offers a comprehensive analysis of the results obtained. In
Section 8, the work is concluded.

2 SYSTEM MODEL

A four-terminal MMC-based MTDC network with a DC volt-
age rating of ±525 kV and a bipolar dedicated metallic return
(DMR) configuration is considered for this study, as shown in
Figure 1. The converter uses a half-bridge topology. The system
can be divided into two subsystems: the onshore system and the
offshore system. The rated line-to-line (LL) voltage is 400 kV.
The onshore converter station has two Y-D transformers, each
with a rating of 2 GVA. The voltage ratio of these transformers
is 400 kV/275 kV. The onshore converters are labelled MMC3
and MMC4.

For the four-terminal HVDC network, the length of the
onshore cables is 12 km up to the PCC, as indicated by the
green-coloured onshore DC cable. The land cables connect the
onshore DC hub, which comprises DC switch. For simplicity
and to reduce the computation burden, only one DC switch
is employed. Furthermore, the DC system comprises five sub-
sea cable links (300 km length of all the subsea cables). The
cables are modelled as frequency phase-depended model. Fur-
thermore, the cable link consists of three conductors (i.e. a
positive, a negative cable, and metallic return per cable link) due
to DMR topology [1].

The offshore AC system consists of converter stations and
aggregated average-value model wind farms. In the applied net-
works, offshore converters are labelled MMC1 and MMC2.
The offshore converter is connected to the offshore AC sys-
tem via D-Y transformers. The rating of this transformer is
275 kV/220 kV, 2 GVA. Besides, this converter transformer

TABLE 1 Converter station parameters [25].

Parameters

Onshore converter

station per MMC

Offshore converter

station per MMC

Rated power 2000 MVA 2000 MVA

Fundamental frequency 50 Hz 50 Hz

AC grid voltage 400 kV 220 kV

AC converter bus voltage 275 kV 275 kV

Bus voltage

DC link voltage 525 kV 525 kV

Number of submodules
per valve

240 200

Rated voltage and
Current of each
Submodule (SM)

2.5 kV/2 kA 2.5 kV/2 kA

is connected to a wind turbine transformer. This transformer
has a voltage ratio of 220 kV/66 kV and acts as a VA
scaled-up transformer.

Table 1 lists the converter station parameters with associated
values used in this work. The wind turbine model used for this
study is a Type 4 model [4]. It has a rating of 2 MW at a wind
speed of 15 m/s.

The wind speed data is uploaded to RSCAD/RTDS via
co-simulation as depicted in Figure 1. The TCP/IP protocol
connects RSCAD/RTDS to the Python script. In this script,
live wind data is collected every second from two locations (i.e.
Orkney and Shetland regions) in the north sea via a website and
then communicated to the wind speed slider in RSCAD/RTDS
via TCP/IP protocol.

3 SYSTEM STABILITY MECHANISM IN
MMC-BASED MTDC NETWORK

The stability of an MMC-based MTDC network is fundamen-
tally dependent on several key mechanisms, which work in
tandem to ensure the reliable operation of the system. One
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of the primary stability considerations is the regulation of DC
voltage across the network. Voltage imbalances between the
grid-side and converter DC-side can lead to disruptions in
power flow, oscillations, and potentially destabilize the system.
To address this, the control systems aim to maintain a stable
DC voltage, particularly during transient conditions like faults
or converter deblocking. In the MMC converters, which employ
a half-bridge topology, the stability is also heavily influenced by
the behavior of sub-modules. By dynamically adjusting the num-
ber of active sub-modules within each converter, the system can
fine-tune the DC voltage, effectively preventing instability and
ensuring smooth transitions during critical events.

Another important factor contributing to system stability is
the interaction between the onshore and offshore subsystems.
These two systems are interconnected and must balance differ-
ing AC grid voltages and subsea cable characteristics. In this
context, the dedicated metallic return (DMR) topology plays
a crucial role by providing a reliable return path, which helps
mitigate potential oscillations and ensures stable power transfer
between onshore and offshore converter stations. Furthermore,
the subsea cables in this network are modeled as frequency-
dependent to capture their real-world behavior accurately under
varying operational conditions. This detailed cable modeling
allows the system to better handle the variations in cable capac-
itance and inductance, which can influence stability, particularly
during high-frequency oscillations.

With these mechanisms in place to ensure a stable baseline
operation, the system can effectively manage disturbances and
transitions, creating a strong foundation for evaluating the per-
formance of advanced control strategies like the active damping
controller and the enhanced CCSC, particularly in improving
post-fault recovery.

4 PERFORMANCE OF ACTIVE
DAMPING CONTROLLER AND
ENHANCED CCSC

The necessity for an active damping approach is critical for
enhancing post-fault recovery in MMC-MTDC networks. This
study highlights the importance of DC voltage regulation
techniques, particularly when combined with the enhanced D-
Q type CCSC controller. This combination shows promise
in using modulated signals with CCSC to improve oscilla-
tion damping, thereby enhancing stability and performance in
HVDC networks, as discussed in Section 1. The study employs
parametric sensitivity analysis as a crucial means for system
assessment.

4.1 DC-voltage regulation method

The primary focus of this study revolves around the con-
trol loop of the DC voltage regulation method, as illustrated
in Figure 2. Instances where the post-fault DC-side voltage
consistently drops below the designated minimum threshold
(V min

DC ) often lead to a disparity between the grid-side and con-

FIGURE 2 Control loop for standard DC-voltage regulation in
MMC-HVDC network.

verter DC-side voltage, attributable to the constraints of existing
controls and voltage evaluation criteria. To rectify this discrep-
ancy during the deblocking process, it becomes imperative to
align the converter DC-side output voltage precisely with the
grid-side voltage. This alignment is achieved by reducing the
number of actively engaged sub-modules during the de-blocking
moment, thereby effectively decreasing the converter DC-side
voltage to closely match the grid-side voltage.

This section explores a novel control loop for DC voltage
regulation during the converter deblocking process, as illus-
trated in Figure 2, aimed at damping the oscillations that occur
during converter deblocking. Following a fault event, the DC-
side voltage might consistently fall below a predefined minimum
threshold (V min

DC ). This discrepancy between the grid-side and
converter DC-side voltage can arise due to limitations in existing
controls and voltage evaluation criteria.

To address this issue during deblocking, the proposed
method aims to precisely match the converter’s DC-side voltage
output with the grid-side voltage. This alignment is achieved by
dynamically adjusting the number of active sub-modules within
the converter. By strategically reducing the number of active
sub-modules during deblocking, the converter’s DC-side volt-
age effectively decreases, minimizing the voltage difference with
the grid.

The control loop operates by subtracting the control loop
output from the internal voltage reference. This subtraction
effectively reduces the number of active sub-modules. The con-
troller activation is specifically triggered only during deblocking
events through a dedicated signal SDBLK.

A rate limiter is implemented to manage the speed at which
sub-modules are adjusted. This limiter ensures a smooth tran-
sition by accelerating sub-module reduction until the nominal
DC-side voltage is reached. It prevents sudden voltage fluc-
tuations while regulating the rate of sub-module re-insertion
back into operation. The difference between the nominal
DC voltage and the grid voltage, referred to as the voltage
error, is integrated into the controller (G (s)) to optimize the
system response during deblocking. The integrator helps fine-
tune the system’s response by accounting for any persistent
voltage differences.

A proportional controller is usually sufficient for regulat-
ing the DC-side voltage, often supplemented with a low-pass
filter to remove unwanted high-frequency components. Dur-
ing normal operations, the controller output remains at zero
because the DC-side voltage is near the nominal value due to
the dead-band block. However, if the DC-side voltage drops
below V min

DC at the moment of deblocking, causing the error to
exceed the dead-band threshold, the controller output activates

 17518695, 2025, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.13321 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [23/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SHARMA and TORRES 5 of 12

FIGURE 3 Modified D-Q CCSC [7].

to reduce the number of inserted sub-modules, thereby aligning
the system with the grid voltage [7].

4.2 Role of enhanced D-Q CCSC

As highlighted in Section 1, the utilization of the D-Q type
CCSC configuration with damping controller improves damp-
ing properties while maintaining the steady-state DC current.
This study involves a parametric sensitivity analysis of the
enhanced D-Q type CCSC, illustrated in Figure 3. The CCSC
configuration is designed to minimize the impact of zero-
sequence non-DC elements in the circulating current, ensuring
minimal disruption to the steady-state DC component [7].

Non-DC components infiltrate the zero-sequence compo-
nent (ic0 ) during post-fault recovery, which ideally should only
contain a DC component during steady-state operation, as
depicted in Figure 3. To handle these non-DC components
within the zero-sequence current, a band-pass filter is used to
effectively isolate them from the DC component. Additionally,
a PI controller is employed to drive these non-DC components
toward zero. The band-pass filter’s bandwidth is carefully cho-
sen to cover a wide range of resonant frequencies, identified
through a comprehensive analysis of DC-side resonance.

This study emphasizes the importance of carefully selecting
appropriate parameters for DC voltage regulation methods and
enhanced CCSC to enhance the damping of post-fault oscilla-
tions during the deblocking of the converter. The subsequent
section will delve into the approach for parametric sensitiv-
ity and key parameters that need to be considered to improve
post-fault recovery on the DC side of networks.

5 APPROACH FOR PARAMETRIC
SENSITIVITY

Figure 4 illustrates the proposed approach for sensitivity anal-
ysis. The process commences with the preparation of the
overall dynamic model. Initially, control parameters are config-
ured using an RTDS script. Subsequently, an EMT simulation
is conducted with the initial settings to pinpoint areas for

FIGURE 4 Procedure for sensitivity analysis.

improvement. This study specifically addresses a FRT scenario
pertaining to the blocking of converters when a severe fault
(such as a DC short circuit) occurs near the converter terminal.
The effectiveness of the post-fault recovery process hinges on
whether any converters in the HVDC network are in a blocked
state due to the fault. Converter blocking implies that they are
no longer capable of controlling their active powers in post-
fault conditions. To mitigate the impact of these disturbances,
the blocked converter must be promptly deblocked and actively
controlled. The potential occurrence of poorly damped oscilla-
tions during post-fault recovery can be observed in current and
voltage waveforms. The focus of the flowchart is on analysing
the active damping controller (ADC) to improve post-fault
recovery during deblocking, involving key parameter adjust-
ments and evaluations until a satisfactory outcome is achieved to
enhance the post-fault recovery of the HVDC network. Parame-
ters are fine-tuned to ascertain the optimal set point from a wide
range of values. A similar analysis is conducted for the enhanced
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6 of 12 SHARMA and TORRES

FIGURE 5 Initial currents and voltages at DC side of MTDC network.

FIGURE 6 Voltages at DC side of converters during deblocking event.

FIGURE 7 Current at PCC during deblocking of MMC3 converter.

CCSC loop once optimal set points for the ADC are deter-
mined. Finally, the optimal values obtained after key parameter
adjustments of the ADC and enhanced CCSC are verified to
ensure that all key parameters are configured optimally, thereby
concluding the process.

6 FINE TUNING OF KEY
PARAMETERS

This study investigates a four-terminal MTDC network
(Figure 1) without DC circuit breakers. Figure 5 represents the
initial voltages, currents at DC side of converter for a four termi-
nal MTDC network. During a severe DC fault (for instance, DC
short circuit) near MMC3, the switch on the DC side is instanta-
neously opened to isolate the fault, effectively blocking MMC3.
Upon fault resolution, MMC3 is deblocked.

Figure 6 provides an overview of the effects of deblocking
Converter MMC3 at all DC terminals (MMC1-MMC4) when
no active damping controller is employed. At the moment of
deblocking, noticeable voltage dips are observed near the DC
side of the converters. Likewise, Figure 7 illustrates the current
at the PCC during the deblocking of the converter, near MMC3.
During this process, a peak overshoot of 1.1431 kA is observed,
with a settling time of 0.15842 s.

TABLE 2 Parametric sensitivity analysis DC-voltage regulation method (a)
low pass filter (b) PI control coefficients.

Gain (G)

Time constant

(TC)

Peak overshoot

value (kA)

Settling

time (s)

0.1 1 0.508874 0.10448

0.4 0.7 0.462252 0.1164

0.5 0.6 0.627815 0.1277

0.9 0.2 0.429801 0.11522

1 0.1 0.561325 0.17504

1.1 0.09 0.613680 0.14924

1.4 0.06 0.605960 0.12354

2 0.02 0.591391 0.14258

2.5 0.01 0.752649 0.16358

3 0.001 0.649669 0.17627

(a)

Proportional

gain (KP)

Integral time

constant (ITC)

Peak overshoot

value (kA)

Settling

time (s)

0.2 0.9 0.613245 0.11798

0.4 0.7 0.435463 0.10706

0.6 0.5 0.685091 0.12928

1 0.1 0.610438 0.1181

1.5 0.05 0.550054 0.1469

2 0.02 0.538552 0.17306

2.5 0.01 0.674545 0.1166

3 0.005 0.585054 0.126272

5 0.003 0.572539 0.11966

8 0.001 0.60384 0.12452

(b)

To facilitate improved postfault recovery, a DC voltage reg-
ulation method is adopted as an active damping controller.
Parametric sensitivity analysis is conducted on the crucial
parameters of the DC voltage regulation method, specifically
the low pass filter (LPF), where stability relies on the rela-
tionship between the gain (G ) and the time constant (TC).
Experimentation is employed to fine-tune the values of G and
TC. Table 2a and Figure 8a demonstrate the outcomes for var-
ious G and TC values at the moment the MMC3 converter is
deblocked, as shown in Figure 7, subsequent to recovery from a
severe DC fault. The results indicate the optimal values of a gain
at 0.9 and time constant at 0.2. Furthermore, variations in G and
TC lead to an increase in peak overshoot value and settling time.

Following the LP filter is the dead-band controller, where
values are chosen to prevent oscillations of the dead band
controller output around the setpoint, ensuring the controller
remains responsive to changes in the error signal. In this case
study, the DC reference and measured DC voltage are consid-
ered in per unit. Consequently, the error becomes zero when the
measured DC voltage equals the DC reference. For the study,
high level and low level thresholds are maintained at 1.05 and
0.95, respectively, while the slope is set at 1. Optimizing the
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FIGURE 8 Parametric sensitivity analysis DC-voltage regulation method
(a) low pass filter (b) PI control coefficients.

PI controller KP (proportional gain) and integral time constant
(ITC) is critical to determine the controller’s sensitivity to the
error signal and eliminate steady state error. Different values of
KP and ITC are examined to achieve the desired response for
the DC voltage to closely track the DC reference. Table 2b and
Figure 8b present various combinations of KP and ITC, with the
optimal values determined as 0.4 and 0.7, resulting in a notable
reduction in overshoot time and settling time at the PCC point
when the MMC3 converter is deblocked. Additionally, a rate
limiter is incorporated to prevent the PI controller from mak-
ing rapid and significant output changes, which could potentially
lead to instability. The rate limiter’s limits are set to control the
rate of change of the PI controller’s output. The optimal values
derived from the parametric sensitivity analysis for the DC volt-
age regulation method are utilized and introduced as input to
the inner control loop. As detailed in above section, the mod-
ified D-Q CCSC involves the tuning of the band-pass filter
and PI controller to minimize the influence of zero-sequence
non-DC elements. The frequency of the bandpass filter should
be carefully selected to permit the desired frequency compo-
nents to pass through while suppressing frequencies beyond this
designated range.

Table 3 presents the results of the frequency domain analysis,
aiding in the selection of the band-pass filter’s cutoff frequency
based on the gain margin (GM) and phase margin (PM). For
a cutoff frequency of 300 Hz, a GM of 0.42 and a PM of
47.36 degrees suggest that the system remains stable, offer-
ing some flexibility for adjustments in gain. However, the PM
is a crucial indicator for stability. A PM within the range of
45 to 90 degrees is generally considered favourable for stabil-
ity. For a 300 Hz cutoff frequency, it indicates a better filter
response. With a cutoff frequency of 350 Hz, a GM of 8.23
signifies a comfortable gain margin, indicating favourable stabil-

TABLE 3 Frequency domain analysis to select cut-off frequency of BPF

Cut-off frequency Gain margin Phase margin

300 Hz 0.42 47.36

350 Hz 8.23 5.85

400 Hz 2.80 −11.43

500 Hz 3.21 −161.06

600 Hz 0.90 −116.79

TABLE 4 Tunning of PI control coefficients of D-Q CCSC

Proportional

gain (KCCSC
P

)

Integral time

constant (ITCCCSC)

Peak overshoot

value (kA)

Settling

time (s)

0.1 1 0.640762 0.1277

0.5 0.6 0.599984 0.147001

0.7 0.4 0.53367 0.11762

1 0.1 0.499549 0.14096

1.1 0.09 0.411469 0.11174

1.5 0.05 0.523293 0.1457

2 0.02 0.606246 0.1481

2.5 0.01 0.468817 0.16982

3 0.005 0.484841 0.15914

FIGURE 9 Parametric sensitivity analysis for PI control coefficients of
enhanced D-Q CCSC.

ity. A PM of 5.83 degrees further indicates the system is much
closer to instability compared to 300 Hz. A small phase margin
translates to a higher risk of oscillations and potential signal dis-
tortion within the filter’s passband. However, at frequencies of
400, 500, and 600 Hz, GM are still very low, indicating that the
system is susceptible to gain-related issues like unwanted ampli-
fication of noise. Nevertheless, the negative phase margins of
−11.43, −161.06, and −116.79 degrees raise concerns. A nega-
tive phase margin of such magnitude implies that the system is
likely to be unstable or highly underdamped, potentially leading
to oscillations or poor transient response.

Moreover, the PI controller is meticulously adjusted while
examining the response with varying values, as illustrated in
Table 4 and Figure 9. An increase in K CCSC

P from 0.1 to 1.1 cor-
relates with decrease in the peak overshoot value. This reduction
aligns with expectations, as higher K CCSC

P values correspond to
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8 of 12 SHARMA and TORRES

FIGURE 10 Enhanced DC voltage regulation method.

less overshoot, given the amplified control action of the pro-
portional gain. Significantly, the settling time diminishes when
ITCCCSC is reduced from 1 to 0.09. This shift occurs due
to the smaller ITCCCSC value, enabling the integral action to
promptly accumulate and rectify errors. However, further esca-
lation of K CCSC

P and ITCCCSC values would lead to increased
peak overshoot and settling time. Consequently, the controller
with K CCSC

P = 1.1 and ITCCCSCC = 0.09 strikes a balance, yield-
ing relatively low overshoot (0.411469 kA) and a rapid settling
time (0.11174 s). With the finely tuned parameters of the damp-
ing controller and CCSC, the reduction in overshoot and settling
time amounts to 64.00% and 29.47%, respectively, compared
to the MTDC network without the use of an active damping
controller, as depicted in Figure 9 compared to Figure 7.

7 PROPOSED CONTROLLER FOR
DAMPING OSCILLATIONS

This study proposes a novel control approach for HVDC net-
works: a coordinated FLC and PI controller for improved
damping performance. The FLC leverages its ability to handle
non-linearities, such as changing power flow patterns, which can
significantly impact oscillation behaviour. This allows the FLC
to adapt the control strategy in real-time. The PI controller pro-
vides a well-established framework for achieving good overall
system performance. By combining these strengths, the coor-
dinated FLC-PI approach has the potential to lead to faster
settling times and reduced overshoot compared to traditional
methods. The active damping controller (ADC) circuit exam-
ined here is a DC voltage regulation method consisting of a
PI controller and a fuzzy controller, as depicted in Figure 10.
The fuzzy controller acts as a pre-processing stage for the PI
controller, enabling it to handle non-linearities (such as satura-
tion in converter outputs) and effectively transforming the input
for the PI controller. Thus, a coordinated approach, integrat-
ing fuzzy control alongside traditional PI controllers, offers a
practical way to leverage the advantages of fuzzy logic without
complete replacement [22].

Further, designing a steps of a fuzzy controller is a crucial
step in this approach. A fuzzy logic controller requires appropri-
ate ranges for input and output values, membership functions, a
fuzzification method, a set of if-then rules, and a defuzzification
method. The fuzzy logic controller is shown in Figure 11. The
inputs to the fuzzy controller are derived from error signal (e)
and the rate of change of error (de). A fuzzy logic controller is
composed of three fundamental stages [21, 23].

FIGURE 11 Fuzzy logic controller with structure of a fuzzy system with
numerical inputs ‘e’, ‘de’ and numerical outputs ‘ca’.

∙ Fuzzification: This initial stage converts crisp numerical
input values (e.g. error signal (e) and rate of change of
error (de)) into fuzzy membership values. Each crisp input is
assigned a degree of membership to the fuzzy sets based on
the chosen membership function.

∙ Interface mechanism: This stage acts as the decision-
making core of the FLC. Fuzzy inputs are mapped into
fuzzy decisions using a set of linguistic if-then rules stored
in the fuzzy rule base. These rules typically employ logical
operators like AND (min function) and OR (max func-
tion) to combine fuzzy inputs (antecedents) and generate
a fuzzy output (consequent). The antecedent is a weighted
fuzzy input with a single number, while the consequent is
a fuzzy set shaped by a membership function. Aggregation
methods (e.g. maximum, probabilistic OR) are then used
to combine the outputs (consequents) of each rule into a
single fuzzy set. Common inference mechanisms used to
draw conclusions from fuzzy knowledge include the “Mam-
dani” and “Sugeno” models. The key difference lies in
the output stage: the Mamdani model uses fuzzy output
membership functions, while the Sugeno model employs a
weighted average of the consequents, which are no longer
fuzzy sets but often linear formulas for calculating the crisp
output.

∙ Defuzzification: The final stage transforms the aggregated
fuzzy set from the rule base into a single crisp output value
(ca) that can be used as a control signal for the system. Var-
ious defuzzification methods exist, such as centroid method
(centre of gravity (CoG)), bisector, and largest of maximum
[24]. The specific method chosen can influence the con-
trol behaviour of the FLC. The fuzzy interface process is
illustrated in Figure 11.

A crucial aspect of this FLC design is balancing complex-
ity and control effectiveness for damping DC-side oscillations
in HVDC networks. This study uses five linguistic values for
both the error (e) and the rate of change of error (de): “neg-
ative high (nh),” “negative (n),” “zero (z),” “positive (p),” and
“positive high (ph).” This choice offers several advantages:
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SHARMA and TORRES 9 of 12

FIGURE 12 Membership functions of (a) input variable (error ‘e’), (b)
input variable (difference in error ‘de’), (c) output variable (control action ‘ca’).

∙ Reduced rule complexity: Using five values minimizes the
number of fuzzy sets and rules needed for effective con-
trol, balancing granularity and computational efficiency. This
prevents overfitting and keeps the rule base manageable.

∙ Effective control for oscillation damping:
1. Magnitude of error: The five values represent different

error magnitudes in DC voltage, allowing the FLC to tailor
its response based on the severity of oscillations.

2. Adapting to error dynamics: Including the rate of change
of error (de) helps the FLC dynamically adjust its response.
For example, a large negative error with a rapidly decreas-
ing rate may need less aggressive correction, whereas a
sustained error with an increasing rate requires stronger
corrective action. By capturing both the magnitude and
rate of change of the error signal, these five linguistic val-
ues enable the FLC to make precise adjustments to the
DC voltage.

The design employs triangular (trimf) and trapezoidal (trapmf)
membership functions (MFs) to represent linguistic values
within the range of [−1, 1]. These MFs are simple, computa-
tionally efficient, and offer smooth transitions, ensuring a stable
control system. The width and slopes of these MFs influence
the overlap and smoothness of the transition between fuzzified
sets, as illustrated in Figure 12.

Once fuzzification is done, it translates precise data into fuzzy
sets, enabling the system to reason with linguistic rules based
on these sets. The fuzzy controller utilizes a set of if-then rules
to determine the appropriate control action for regulating DC
voltage. These rules consider both the error (e) and the rate of

TABLE 5 Fuzzy rules.

e nh n z p ph

de nh nh nh nh n z

n nh nh n z p

z nh n z p ph

p n z p ph ph

ph z p ph ph ph

change of error (de) as illustrated by Table 5 which represent
FLC decision making strategy.

Five linguistic values for the output (control action) are
considered: “negative high (nh),” “negative (n),” “zero (z),”
“positive (p),” and “positive high (ph).” This choice offers a
range of control actions that translate into adjustments to
the reference for active power injection. These adjustments,
provided to the PI controller, ultimately influence the con-
verter control system to regulate the DC voltage and effectively
dampen oscillations. Each rule maps a combination of error and
rate of change values (e.g. “large negative error, nh” and “rapidly
decreasing, nh”) to a specific control action (“decrease output
significantly, nh”). These values allow the FLC to make dynamic
adjustments to the desired active power injection based on the
system’s behaviour.

For example in Table 5, If the error is significantly nega-
tive(e = nh) (large voltage drop), the FLC increases active power
injection (decrease control action (output)) to counter the volt-
age drop. Further, a rapidly decreasing rate of change (de = nh)
alongside a significant negative error (e = nh) indicates a quickly
worsening voltage drop. This is reflected in rule: “If e is ‘nh’ and
de is ‘nh,’ then control action is ‘nh”’). Further, if the error is
significantly negative (e = nh) but the rate of change is posi-
tive (de = p), it suggests the voltage is decreasing but starting
to recover. A fuzzy rule like: If e is ‘nh’ and de is ‘p’, then con-
trol action is ‘n’) reflects such case. For smaller errors (e = n, p),
the FLC might adjust active power more moderately based on
the error severity and rate of change (e.g. If e is ‘z’ and de is ‘p’,
then control action is ‘p’). When the error is zero (e = z) (desired
voltage is achieved), the FLC aims to maintain the voltage by
keeping the control action around zero (e.g. If e is ‘z’ and de is
‘z’, then control action is ‘z’).

The max–min inference operator, a popular method in fuzzy
control systems, is employed to evaluate the if-then rules in this
study. The inference engine incorporated the Mamdani fuzzy
model. The well-known COG method is a popular defuzzifi-
cation choice due to its computational efficiency and intuitive
output generation [19, 24]. This allows for the conversion of
fuzzy outputs into crisp values for control decisions.

The PI controller takes the crisp control signal from the
defuzzifier as its input. It combines the signal (b) with its propor-
tional gain (Kp) and time constant (Ti ) to adjust the final control
output (BPI). The Kp and Ti values are considered 0.4 and 0.7,
which were obtained after fine-tuning the PI controller using a
trial and error approach as discussed in Section 6.
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10 of 12 SHARMA and TORRES

TABLE 6 Outcomes of different controllers used in the study.

Controller Peak-overshoot value (kA) Settling time (s)

PI 0.411468 0.11174

Fuzzy 0.429850 0.12421

Fuzzy +PI 0.330971 0.10016

FIGURE 13 Performance of ADC using fuzzy controller, PI controller,
enhanced controller and without ADC.

A user defined module for the FLC has been created using
component builder (c-builder) facility available in RSCAD sim-
ulation tool and PI controller is added to it. The controller
works as a coordinated fuzzy & PI controller. The proposed
ADC controller is tested using four-terminal terminal MMC-
based MTDC network as shown in Figure 1, where proposed
ADC shown in Figure 10 is used in outer loop for damping the
oscillations at DC side of converter during post fault recovery.
The current at the PCC during the deblocking of the converter
is observed during deblocking of the converter (MMC3) after
subsequent recovery from DC fault.

Table 6 and Figure 13 illustrate the outcomes of the advanced
controller used in the ADC, comparing the performance of
ADC with fuzzy controller, PI controller, coordinated fuzzy
PI controller, and without ADC (baseline scenario when no
ADC is used) during the deblocking of the MMC3 converter
following recovery from a severe DC fault. As discussed in the
Section 6, when no ADC is used, the current at PCC during
the deblocking of the converter is depicted by the black dot-
ted line in Figure 13. During this process, a peak overshoot of
1.1431 kA is observed, with a settling time of 0.15842 s. With
a fine-tuned PI controller used in ADC, a reduction in over-
shoot and settling time by 64.00% and 29.47%, respectively, is
observed. When only a fuzzy controller is used in ADC, a reduc-
tion in overshoot by 62.40% and decrease in settling time by
21.57% are noted. For better post fault recovery after severe
DC fault, the coordinated fuzzy PI controller achieves the best
performance leading to reduction in overshoot by 71.05% and
settling time by 36.78% compared to when no ADC is used.
Further, the enhanced controller achieved a significant 19.56%
reduction in overshoot and a 10.36% reduction in settling time
compared to the fine-tuned PI controller used in the DC -side
voltage regulator approach [7].

The investigation is extended to the MMC4 converter using
the enhanced ADC, assuming the same fault conditions as

FIGURE 14 Current at PCC during deblocking using ADC fuzzy control
for MMC4 converter.

TABLE 7 Performance evaluation of enhanced controller.

Method Reference

Reduction in

overshoot (%)

Reduction in

settling time (%)

Enhanced fuzzy +
PI controller

— 19.56 10.36

D-Q CCSC with [10] 2.59 3.57

Modulated signal
CCSC-MPC

[11] — 13.6

Modified D-Q
CCSC

[26] 7 12

previously discussed for the MMC3 converter terminal. The
impact of a fault near the MMC4 converter terminal is analyzed
as shown in Figure 14. With fuzzy-ADC, the peak overshoot
is 0.31953 kA, and the settling time is 0.1628 s. In contrast,
without ADC, the overshoot current is 0.42823 kA, and the set-
tling time is 0.23588 s. The percentage improvement in peak
overshoot is 25.38%, and the improvement in settling time is
30.98% when using fuzzy-ADC compared to no ADC for the
MMC4 converter.

The enhanced ADC is compared to some key existing
approaches from the literature review, as enhanced fuzzy-PI
controller achieves a significant 19.56% reduction in overshoot,
demonstrating exceptional transient response improvement and
provides better damping of oscillations. This translates to faster
settling time (10.36%), indicating a quicker reduction in steady-
state error. The comparison with other key approaches is
shown in Table 7 which shows the effectiveness of enhanced
approach when compared with key performance indices such
as overshoot time and settling time.

So, the coordinated fuzzy-PI controller emerges as the most
effective strategy for mitigating current fluctuations during
the deblocking process of the converter (MMC3). This suc-
cess hinges on its ability to leverage the strengths of both
approaches: fuzzy logic component provides adaptability by
handling the non-linearities and uncertainties inherent in the
HVDC networks. This allows the controller to react swiftly
to the initial change in operating point, minimizing overshoot
and PI control for precision as the controller component
ensures precise adjustments and effective damping of system
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SHARMA and TORRES 11 of 12

oscillations. This collaboration leads to a faster settling time and
overall better performance.

However, it’s crucial to remember that the effectiveness of
the coordinated fuzzy-PI controller is highly dependent on the
design of the fuzzy logic component. The choice of linguis-
tic values, membership functions, and rule base all significantly
influence the controller’s ability to interpret system states and
generate appropriate control actions. Careful design and opti-
mization of these fuzzy logic elements are essential to unlock
the full potential of this powerful control strategy.

8 CONCLUSION

This study overviews a thorough examination and a new
control functionality for oscillation damping of an MTDC inter-
connected offshore-onshore system. The research is done by
utilizing EMT-based simulations. It addresses research gaps
concerning sub-synchronous oscillation damping on the DC
side of HVDC networks. Specifically, it delves into a DC-
voltage regulation method paired with a modified CCSC to
enhance post-fault recovery of the converter. The study con-
ducts meticulous parametric sensitivity analysis to evaluate
system performance, resulting in a notable 34.46% reduction
in overshoot and a 12.50% improvement in settling time com-
pared to the initial controller parameterization. These findings
contribute to the refinement of post-fault recovery mecha-
nisms, bolstering the resilience of complex offshore-onshore
HVDC networks.

Furthermore, the study extends its scope by introducing
a coordinated fuzzy-PI controller to enhance controller per-
formance. This approach offers an enhanced and adaptable
strategy compared to traditional PI controllers in DC voltage
regulation. The coordinated fuzzy-PI controller demonstrates
significant improvements in post-fault recovery, evidenced by
a 19.56% reduction in current overshoot. This enhancement
translates to exceptional transient response improvement and
better oscillation damping. Further, resulting in a 10.36% faster
settling time indicating a quicker reduction in steady-state error.
Overall, this research underscores the potential of coordi-
nated fuzzy-PI control in enhancing the dynamic performance
and fault tolerance of MMC-based MTDC networks, thus
contributing to the resilience of AC/DC networks.
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