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Abstraci—Offshore wind power through flexible dc trans-
mission system faces the challenge of comprehensively
improving the transient and steady-state performance.
However, existing control strategies often fail to address
both simultaneously. This article proposes a coordinated
control strategy based on the hybrid modular multilevel
converter that can enhance the transient and steady-state
resilience of the flexible dc transmission system. First, the
coupling relationship between the submodule capacitor
voltage and active power is analyzed, and submodule
virtual capacitance control (SVCC) is proposed to enhances
the dc inertia. Second, the rate of change of dc current is
introduced into the dc control loop. The virtual inductance
control (VIC) is proposed, which can actively limit the rate
of rise of dc current at the initial stage of dc fault. The
link of the hysteresis comparator is designed to avoid
frequent misoperation of VIC control caused by dc voltage
disturbance. At the same time, the positive adjustment
capability of the SVCC is used to reduce the fluctuation
of the capacitor voltage during the dc fault ride-through
process, avoid the switching of the working mode of the
ac loop controller, and realize the cooperative control of
the transient and steady-state performance. Finally, the
effectiveness of the proposed control strategy is verified
through simulations and experiment.

Index Terms—Hybrid modular multilevel converter
(HMMC), resilience, transient and steady-state perfor-
mance, virtual capacitance, virtual inductance.

[. INTRODUCTION

HE modular multilevel converter (MMC) is a crucial
T component of offshore wind power transmission through
flexible dc transmission systems. Due to its ability to transmit
large amounts of power over long distances with minimal energy
loss, it is the optimal solution for high-power transmission

Manuscript received 21 May 2023; revised 17 October 2023; accepted
6 December 2023. Date of publication 1 January 2024; date of current
version 5 June 2024. This work was supported by the National Natural
Science Foundation of China under Grant 52077037. (Corresponding
author: Jiawei Guo.)

Jun Mei, Jiawei Guo, Weiye Diao, Linyuan Wang, Ao Liu, and
Guanghua Wang are with the School of Electrical Engineering,
Southeast University, Nanjing 210096, China (e-mail: mei_jun@seu.
edu.cn; 220213114@seu.edu.cn; domiye@seu.edu.cn; 220222687@
seu.edu.cn; 220222805@seu.edu.cn; meihua@seu.edu.cn).

Renfei Wo is with the School of Software, Southeast University, Nan-
jing 210096, China (e-mail: 220215797@seu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TI1E.2023.3344814.

Digital Object Identifier 10.1109/TIE.2023.3344814

in deep and distant seas [1], [2]. Presently, there are several
demonstration projects in operation, including the +320 kV
flexible direct transmission project in the North Sea of Germany
and the +400 kV offshore wind farm in Rudong of China. How-
ever, as the use of power electronics becomes more prevalent,
the resilience of the flexible direct transmission system faces
significant challenges [3].

The resilience of a power system refers to its ability to prepare
for and quickly recover from disturbances, adapt to changes,
and resist disruptions [3], [4], [5]. In the case of offshore wind
power transmission systems, the power electronic-based flexible
transmission system based on the PI control of the inner and
outer loops exhibits “low inertia and weak damping”’[6], [7],
[8], [9], [10], which implies low resilience [3]. The fluctuation
of renewable energy output and load can cause system voltage
fluctuations or instability, posing significant challenges to grid
stable operate and hinder the potential support of new energy to
supplement the grid. In addition, the low resilience exacerbates
the evolution of current during dc faults, which can lead to a
series of challenges, such as serious fault overcurrent, difficulty
in fault isolation, network self-healing, and difficulty in ensuring
power supply reliability. The lack of resilience has become a
common problem that affects the steady-state and fault-transient
performance of flexible dc system [3], [10], [11]. However,
there are certain contradictions and differences between the
two in terms of demand objectives, which should be solved
collaboratively from several aspects, such as scheme design and
control strategy improvement.

To improve the steady-state performance, [12], [13], [14],
[15], [16] use the fast regulation speed of power electronics to
enhance the inertia level. The authors in [12] and [13] proposed
the virtual dc motor control that unifies the damping and inertia
of the system. The authors in [14] and [15] modified the damp
factor so that it adapts itself to the change in dc voltage to regulate
the power interaction of the converter. In [16], the inertia of the
dc voltage is enhanced by fitting an equivalent capacitance on
the dc side of the system by attaching a virtual inertia control.
However, although the above can improve the stability of dc
voltage, indiscriminate response to dc voltage changes, when
the dc voltage starts to drop due to short-circuit faults, the inertia
link will continuously inject energy into the dc system, which
in turn worsens the rise of dc fault current and is detrimental to
the safe operation of the grid.

In terms of improving transient performance, researchers have
proposed various techniques to enhance the dc fault handling
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Fig. 1.

capability of the flexible dc system. The authors in [17] and
[18] proposed hybrid MMC (HMMC) consisting of half-bridge
submodule (HBSM) and full-bridge submodule (FBSM), which
switches to constant current control to complete fault ride-
through. However, HMMC relies on the line protection device
to send mode-switching signals, and the switching delay can
cause the short-circuit current to evolve too quickly and cause the
converter station to block. In [19], the effect of mode switching
time on the initial dc fault current is analyzed, but the method of
suppressing the current at the beginning of the faultis not givenin
detail. For the initial stage of the fault, the most common method
is to utilize dc line upper current reactors [20], [21], but excessive
line reactance will not only increase the construction cost, but
also affect the stability of the dc system. In [22], the method
of using the converter valve to detect fault occurrence was
proposed, but the method has poor anti-interference capability,
which will seriously threaten the stable operation of the grid
if the control loop is misoperated due to sampling errors. The
authors in [18] and [23] added the dc voltage as a feedforward
quantity to the control at the initial stage of the fault to reduce
the current by rapidly reducing the number of submodule (SM)
inputs. However, due to the strong coupling between the output
quantity and the dc voltage, when the renewable energy power
disturbance causes the dc-bus voltage fluctuation, it will make
the number of input SMs decrease, which in turn worsens the dc
voltage fluctuation.

Topology and control structure of offshore wind power through flexible dc transmission system.

The above studies reveal that the flexible dc transmission
system faces challenges with poor antidisturbance capability
under steady-state conditions and weak dc fault handling capa-
bility. Although several means of voltage stability enhancement
and fault current transient handling techniques exist, they are
fragmented and not mutually supportive. The use of virtual
inertia control enhances the steady-state performance of the
dc system but affects the evolution process of fault currents
under transient conditions. Strengthening the coupling relation-
ship between dc voltage and current-limiting control tends to
exacerbate dc voltage fluctuations under steady-state conditions.
DC system steady-state and transient performances are affected
by the performance of the “loss of both” situation.

To overcome the limitations of existing control strategies, this
article proposes a control strategy to enhance the resilience of
the dc system. The major contributions are as follows.

1) Based on HMMC, the submodule virtual capacitance con-
trol (SVCC) is proposed. A larger virtual SM capacitance
can be fitted during the disturbance, thereby reducing the
fluctuation of the dc voltage.

2) The virtual inductance control (VIC) is proposed. It can fit
alarger current-limiting reactance on the dc circuit during
a fault, thereby reducing the rise of the fault current.

3) By cooperating the two control methods, the control
strategy can optimize the resilience of both steady-state
and transient conditions simultaneously.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on January 30,2025 at 22:26:32 UTC from IEEE Xplore. Restrictions apply.



10932

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 71, NO. 9, SEPTEMBER 2024

Fig. 2. Hybrid MMC topology.

The rest of this article is organized as follows. In Section II, the
hybrid MMC ac—dc decoupling control principle is analyzed.
Section III proposes the resilience enhancement strategies.
Section IV analyzes the advantages realized by the combination
of the two control methods. In Section V, the selection of key
parameters is carried out through stability analysis. Sections VI
and VII establish the simulation and experimental models to
verify the effectiveness of the proposed control strategy. Finally,
Section VIII concludes this article.

[I. PRINCIPLE OF HMMC AC-DC DECOUPLING CONTROL
A. Offshore Flexible DC Transmission System

The topology and control of the offshore flexible dc trans-
mission system are shown in Fig. 1. Offshore wind turbines
have low capacity and weak stabilizing force, so the wind farm
side MMC usually adopts V/f control to undertake the function
of constructing the offshore ac power grid. The grid side MMC
mainly controls the voltage of the direct grid [2]. Considering the
limited resources of the offshore platform, there are certain re-
quirements for the volume, weight, and redundant configuration
of the converter station. In consideration of economy and fault
ride-through requirements, the following research will mainly
focus on the grid-side converter, employing grid-following con-
trol, and the HMMC. The topology is shown in Fig. 2, where
Upj, Unj, ipj, and i (7 = a, b, ¢) denote the voltage and current
of the upper and lower bridge arms, respectively, u,; indicates
the j-phase ac voltage, L, implies the bridge arm inductance,
and L. represents the dc reactor.

B. Decoupling Principle of HUMC AC-DC System

In Fig. 2, ignoring the voltage drop across the bridge arm
reactance, obtained as follows:

1 o

tpj = 3Ude — Us;
1
Upj = §Udc + Usj

The bridge arm voltage is composed of the dc component
and the ac component. Define dc voltage modulation ratio M.
It indicates the number of SMs mapped to the dc side. Thus,
M < N, and N is the number of SMs of the half-bridge arm.
The function of the valve-side controller makes the capacitor

6]

voltage of each SM approximately equal to U,_s,. The above
formula simplifies to

Use = MUc_avg- ()

Based on (1) and (2), the control of the HMMC can be
decomposed into two parts: ac and dc control loop. Here, the ac
control loop controls the power interaction between the hybrid
MMC and the ac grid, and the capacitor voltage of all SM in
the converter station is maintained at the rated value. When
the converter station works in a steady state, P, = Py, and
Uc_avg = Uc_rer. The dc control loop controls the M of SM
mapped to the dc side. During normal operation, M = N. When
adc fault occurs, the reverse input of the full-bridge SM reduces
M rapidly, and Uy, also decreases to limit the fault current.

Ill. RESILIENCE ENHANCEMENT STRATEGY
A. SVCC Strategy

1) Control Principle: When the dc power of the MMC is
disturbed, the power relationship evolves as follows:

duc_avg

dt

where P, ., and C are the average power and capacitance of
the SM, respectively. It can be concluded from the above formula
that when the dc power is disturbed, the capacitor voltage of the
SM will fluctuate accordingly, causing the dc voltage to oscillate.
In (3), C.¢ is embedded in the topology structure and cannot be
changed arbitrarily, so the SM virtual capacitance C\;; can be
introduced from the control to reduce the change of the SM
capacitor voltage

Pdc+APdC:Pac—’—NPciavg:PaC—’—NCCU (3)

due_ay
Pdc+APdc:Pac+N(Cc0+Cvir) d;ag
duc \% 1 dug v
= Pac + NCCO d;a £ + §NCvir d;a £ (4)

In (4), the differential component is easily disturbed by high-
frequency signals. To eliminate the interference. The sampling
point o ave after the delay T is introduced to replace the
differential with the difference of the two sampling signals, and
the SM capacitor voltage rating u. rr is added to modify the
above formula to

AP — Lo Qi
vir — 5 vir dt
1
= TﬂNc\zir (ug_avg - uzo_ﬂVg)
1
- _fcvir [(uz,ref - ug,avg) o ('U'Zref - Uioﬁg)] '

&)

2) Control Strategy: Within the power outer loop, the active
power is strongly coupled with the active current ¢4. Therefore,
convert the power increment into the active current increment
7:clvir

Ldyir = 2A-Pvir/?)vsd~ (6)
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Based on (5) and (6), SVCC is designed, as shown in Fig. 1.
Fig. 3(a) displays the dc voltage after incorporating the SVCC.
During steady-state operation, the stator module voltage control
ensures that Ue_ave = Ue_rer and igyir = 0, resulting in the feed
out of the SVCC. When a power disturbance occurs, Ue._ayg 7#
U, rer, and the inclusion of 74, causes arapid change in the active
current reference value, thereby reducing dc voltage oscillations
during the power mutation process.

3) Strategy Optimization: Observing Fig. 3(a), itis evident
that SVCC remains active throughout the entire power distur-
bance process. However, Uy, suffers from prolonged adjust-
ment time due to the increased inertia. To address this issue,
an adaptive limiting control is incorporated into the control
scheme. When the capacitor voltage of the SM deviates from
the set value U, s, the SVCC is put into operation to reduce its
oscillation amplitude. Subsequently, as the SM capacitor voltage
approaches the reference value, the SM virtual inertia is forced to
feed out to prevent it from hindering the recovery of the capacitor
voltage.

The upper and lower bounds of the limiting controller are
modified based on the average value of the SM capacitor voltage
relative to its rated value, as shown in Fig. 3(b). Here, 7 4ymax and
1dumin denote the upper and lower limits. U,,4 and U,, represent
startup thresholds.

During normal operation, U,_,, may exhibit some ripples
instead of being strictly fixed at the rated value. Therefore, while
determining U,,4 and Uy, it is essential to incorporate a specific
“dead zone” to ensure proper functionality. During this dead
zone, when U,_,y lies within the ripple range, both ¢gymax and
t4uomin are maintained at 0, and the SVCC remains inactive.
This approach effectively prevents the interference of ripple
with the control loop, allowing the control loop to circumvent
the influence of the capacitor voltage ripple. The peak value
of the capacitor voltage ripple defines the start-up thresholds,
Uyg and Uj4. A comprehensive derivation of the capacitor ripple
expression is presented in [24], and thus, this article refrains from
delving into further details.

B. Virtual Inductance Control Strategy

1) Control Principle: The equivalent circuit of the dc side
is shown in Fig. 4. This article focuses on bipolar short-circuit

GSMMC

{3

Fig. 4.

DC side equivalent circuit.

faults. When it occurred

dige
dt
where 74, denotes the dc current and R4. indicates the line
equivalent resistance. Due to the small resistance of the dc line,
the suppression effect on the current is restricted. Hence, we curb
the current by increasing the equivalent line inductance Ly;;

dt

Udc = 7:dc]%dc + de (7)

Udc = Z.chdc + (de + Lvir)

) dige 1, di? ,
= igcRac + Lac— 7Lvir7C c- 8
Zde+ddt+(2 a /i (@)
In (8), the differential term is susceptible to high-frequency
signals. Therefore, a similar approach as that of the virtual
inertia of the previous SM is adopted. The above formula can
be simplified to
1 dii) 1
AU = 7Lvirﬁ
(30 ) 5

1 . . 1
= TTSLVir (ch - 7/300) E
e L (B = ) — (B 20)] = ©)
2Ts vir deref dc deref dcO idc .

Here, T is the delay coefficient, i4.0 is the sampling value after
delay, and %4t is the current steady-state rated value.

2) Control Strategy: The design of the dc control loop
based on (9) is shown in Fig. 1. In steady state, Zgcref = %dc,
AU = 0. In the initial stage of the fault, igeer < ige, AU > 0,
the VIC is put into operation, and the number of SM put into
operation is reduced. As a consequence, the rise of the fault
current is suppressed. When the line protection device transmits
the fault ride-through signal, 24.er switches to 0, leading to the
direct current being reduced actively.

For grid-side HMMC, the converter station receives the active
power transmitted by the offshore wind farm. Therefore, when a
short-circuit fault occurs on the dc line, the transmission power
of the wind farm is interrupted, and the current is first reduced to
zero. After that, the SM capacitor and the ac line feed energy to
the fault point, and the short-circuit current rises. The schematic
diagram of the whole process is shown in Fig. 5(a).

V. TRANSIENT STEADY-STATE COOPERATIVE CONTROL

Based on the previous analysis, the ac and dc loops should
optimize the transient stability characteristics under their spe-
cific working conditions, while avoiding adverse effects in other
working conditions. Therefore, the collaborative analysis and
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optimization of the ac and dc control loops under transient
steady-state conditions are conducted. In the ac control loop, if
no fault ride-through measures are taken during the fault phase,
the energy stored in the SM virtual capacitor will continue to feed
into the fault point, resulting in system instability. However, by
adopting the fault ride-through strategy proposed in this article,
the power evolution process of the converter station will change,
as illustrated in Fig. 6.

In Fig. 6, a dc short-circuit fault occurs at time ty. After
detecting the fault, the converter station quickly reduces the
number of SM, resulting in a rapid decrease of the dc power. The
ac power is regulated by the PI controller with certain hysteresis
and slow evolution speed. The energy difference will need to
be supplemented by the SM capacitor, so that the voltage of the
SM capacitor will drop. At time t;, the ac power drops to 0,
resulting in the largest power difference, and the deepest drop
in SM capacitor voltage. In order to maintain the stability of the
capacitor voltage of the SM, the converter will continue to adjust
the active power until time ¢, when the SM capacitor voltage
rises back to the rated value. It is not difficult to see from the
whole process that under transient conditions, the power change
process will make the evolution process of the SM capacitor
voltage similar to the evolution process of the SM capacitor
voltage under the steady-state disturbance in Fig. 3(a).

Therefore, adopting SVCC to respond to the change of the
capacitor voltage of the SM can accelerate the decline of active
power in the transient link. The P,.o and U, 4o are evolved
to Py1 and U, .1, respectively, while enhancing the inertia of
the SM capacitor voltage. Therefore, SVCC can play a positive
role in increasing the system inertia in the face of transient and
steady-state conditions.

In the dc loop, the virtual inductance strengthens the coupling
relationship between iq. and Ug.. As long as the i4. does not
change continuously, the control loop will not cause malfunction
due to sampling errors. At the same time, in order to prevent the
false triggering of the control loop when the current changes are
caused by the fluctuation of the source and load, a hysteresis
loop comparison control is added on the outlet side of the VIC
as the start criterion, which is shown in Fig. 5(b). When the dc
voltage falls below k., the VIC initiates its operation, and when
the dc voltage rises above k,, the VIC is deactivated. In [25], it is
demonstrated that the steady-state voltage reduction operation
for the transmission line does not exceed 0.7 per unit (p.u.) To
account for the sampling errors, k. is configured as 0.69 p.u,
providing a suitable threshold for VIC activation, while k, is set
at 0.71 p.u, ensuring VIC deactivation within the desired range.
The structure makes it have certain anti-interference.

V. STABILITY ANALYSIS

As the preceding analysis, Cy;; and Ly, are the key parameters
in the virtual inertial control loop. To investigate the impact
of parameter variations on system stability, we establish small-
signal models of both the ac and dc control loops.

A. Small Signal Modeling of AC Control Loop

To facilitate the analysis, the following two simplifications
are made.
1) AU. is replaced by AU?Z.
2) The adaptive dynamic limiting control is ignored
The closed-loop transfer function between AU, and AU? is
established as follows:

As3 +Bs®2+Cs+ D
(AH+T)s3+ (BH+1)s?+CHs+ DH

A = kypTokip + Ts Mk,
B = kuiTskip + kupkip + kust km + TeMkzz
C = kuiTskii + kyikis + kuikip
D = kyikii

H — 2l
S

T 3Tsugo”

Gi(s) = (10)

an

Fig. 7 shows the locus of dominant eigenvalues when the
virtual inertia parameter C; increases. System control and
topology parameters are given in Table .

The stability of the ac control loop is affected by Cy;.. As Cy;;
increases, the closed-loop poles of the system move closer to
the imaginary axis, reducing the stability margin. The increase
in the inertia coefficient slows down the dynamic evolution
process of the SM capacitor voltage. However, as C;; continues
to increase, the stability of the system weakens. Therefore, it is
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recommended to choose a value of C;, within the interval with
a large stability margin. Based on the actual parameters in this
study, a value of C\;; = 3 mF is suggested.

B. Small Signal Modeling of DC Control Loops

According to Fig. 1, the closed-loop transfer function whose
input is A3, and output is AM is constructed as follows,where
K1 = Lvir/2Tid007 K2 = 2ucoidC0/del

Lvirde5
(2Lvirucoiaco + 2T Laciaco) s + 2Laciaco

Ga(s) = (12)

The transfer function of the virtual inductor-based dc control
loop is a first-order system with all positive parameters, which
means that the closed-loop zero and pole points are located on
the left side of the imaginary axis, ensuring the stability of the

was built in PSCAD/EMTDC. The simulation results are com-
pared with the virtual capacitor control adopted in [16] and the dc
voltage feedforward control adopted in [23]. The key parameters
of the whole system are given in Table I.

A. DC Power Fluctuation

The wind farm power disturbance is designed, including dc
load increase and dc load decrease.

Fig. 8(a) shows the simulation results of the dc power de-
crease. At 4 s, the active power output of the wind farm is
reduced to 250 MW. With a small dc power grid inertia, the
dc voltage changes drastically, resulting in poor power quality,
and the voltage drop depth exceeds 20 kV. With the adoption
of SVCC, the converter quickly releases the auxiliary power in
response to external signals, providing virtual inertia support.
This suppresses the fluctuation of the dc and SM capacitor
voltages, and reduces the depth of the voltage drop to half of

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on January 30,2025 at 22:26:32 UTC from IEEE Xplore. Restrictions apply.



10936

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 71, NO. 9, SEPTEMBER 2024

410F 4 400

)

s
S
==

380,

© 390F

AC power(MW)
AC power(MW

o
2

380F

340

45 50 55 60 65 35 60 65

4.5 Ti 5.0
Time(s) ime(s)

Convention
svee
[17] strategy

_2.047kV

2.021kV

o
=

Convention
svce
[17] strategy

1.96+

Submodule capacitance voltage(kV)

1,94k P — 740 50 .60 7.0 80
45 55 6.5 75 8.5 Time(s)
Time(s)
T — 415
405+ Convention
JRCIN svee
_ 54]0 [17] strategy
- =
z 400 5 | _4o6ky
S 2405
S ~
E ]
© 395+ Convention =]
A SvVee 400
391KV [17] strategy
390+
I 55 o5 s P40 50 .60 70 80
Time(s) Time(s)
(a) (b)

Fig. 9. Simulation results of ac power disturbance. (a) AC power
decrease. (b) AC power increase.

the original value. In addition, due to the implementation of the
adaptive limiting control, compared with the virtual capacitance
control, SVCC does not increase the adjustment time of the
whole process.

Fig. 8(b) shows the simulation results of the dc power increase.
At4 s, the active power output of the wind farm rises to 550 MW.
This power difference directly impacts the SM, leading to an
increase of 0.12 kV in the SM capacitor voltage and 25 kV in
the dc voltage. With the presence of SVCC, the inertia of both
the SM capacitor voltage and dc voltage is strengthened. Con-
sequently, under the same power disturbance, the SM capacitor
voltage exhibits a smaller increase of 0.06 kV, whereas the dc
voltage only rises by 12 kV. In addition, the adaptive dynamic
limiting component, incorporated within SVCC, ensures that
the adjustment time of the system remains unaffected compared
with the control strategy proposed in [16].

B. AC Power Fluctuation

The ac gird power disturbances are designed, including ac
load increase and ac load decrease.

Fig. 9(a) shows the simulation results of ac power increase.
At 4.5 s, the ac power undergoes a sudden 20 MW increase,
followed by a return to the rated value. With the inclusion of
SVCC, the depth of the SM capacitor voltage drop is reduced
from 0.05 kV to 0.03 kV, and the depth of dc voltage drop is
reduced from 9 kV to 4.5 kV. Importantly, these improvements

9 1k
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~_ 4, vic 4 400 400
25 y o
g [25] strategy E "
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9 i
A 2
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_2 1 1 L 1 1 1 ” 1 1 L L 1 1
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Fig. 10.  Simulation results for dc faults. (a) DC current. (b) DC voltage.
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Fig. 11.  Simulation results for dc faults. (a) SM capacitance voltage.
(b) Power.

in voltage stability are achieved without any extension of the
adjustment time.

Fig. 9(b) illustrates the simulation results of the ac power
decrease. At 4.5 s, the ac power experiences a sudden drop of
40 MW, followed by a recovery to the rated value. With the
integration of SVCC, the rise height of the SM capacitor voltage
is reduced from 0.047 kV to 0.021 kV, and the rise height of the
dc voltage is reduced from 10 kV to 5 kV. Notably, these voltage
stabilization enhancements are achieved without any extension
of the adjustment time.

C. DC Fault

To verify the effect of VIC, a short-circuit fault on the dc side
is designed. At 4 s, a bipolar short-circuit fault occurs on the dc
side. With a control delay of 600 us, VIC was put to work. After
3 ms, the line protection device detects the fault and sends a
fault ride-through signal. Iy SWitches to 0, and the dc current
is actively reduced.

Fig. 10 shows the simulation results. When the fault occurs,
the quick input of VIC makes the dc voltage decrease rapidly,
suppressing the rise of ¢4, from 5.1 kA to 2.6 kKA. The dc voltage
is quickly reduced to 100 kV. It can be seen that the dc voltage
feed-forward control will also cause the dc current to rise slowly,
but its problem will be stated in the next section.

D. Transient Steady State Cooperative Strategy

To verify the superiority of the control strategy in the transient
and steady state, Fig. 11 shows the response results of SVCC
under dc fault.

After a short-circuit fault occurs on the dc side, the input
of VIC makes the dc power drops rapidly, and the ac power
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Fig. 12. Control effect comparison with [16] and [23]. (a) DC current.
(b) Modulation ratio.
drops slowly under the regulation of the PI control loop. The
power difference causes the SM capacitor voltage to oscillate.
The SVCC accelerates the decline of active power, providing .
. . . . Fig. 13.  Laboratory setups.
inertial power support for the SM capacitor and reducing the
depth of SM capacitor voltage drop from 1.86 to 1.93 kV. The
yvhole process proves that the SVCC also has certain advantages TABLE Il
in the transient state. EXPERIMENTAL PARAMETERS
Fig. 12(a) shows the response result of the virtual capacitor
control strategy under dc faults. It can be observed that when Component Parameter Value
the dc voltage drops, the virtual capacitor will continue to inject e ond DC resistance R — 100w
. . . oa
active power into the fault pplnt in response to the change of dc DC reactor Lo — 2.5 mH
voltage and accelerate the rise of dc current. C ot U — 50V
Fig. 12(b) shows the dc modulation ratio of dc voltage feedfor- AC source : votage i
ward control and VIC during power disturbance. It can be seen AC inductance Lac = 2.5 mH
that the virtual capacitor does not malfunction under steady-state SM rated voltage Uc avg =25V
conditions, but the dc voltage feedforward control will actively MMC SM Capacitance Ce = 2.7mF
reduce the dc modulation ratio, which have an adverse effect on FBSM count 4
the stable operation of the power grid. Arm inductance Lam = 5 mH
In summary, a comprehensive analysis of F@gs. 8,9, ?md 12 svee Time constant T. — 0.05s
.revea.ll the significant role p.layf:d .by the SVCC in enhancing the virtual capacitance Cun = 3mF
inertia of dc voltage, resulting in improved transient and steady- -
.. . Time constant Ts =0.05s
state performance. In addition, Figs. 10 and 12 demonstrate that VIC —
the VIC effectively suppresses the initial rising speed of the Virtual inductance Lyir = 0.01H
sho%'t-circuit curr.ent. Notably, VIC d?monstrates robustness and Voltage outer loop Proportional Coeff“lment kup = 2
avoids malfunction even when subjected to steady-state load Integral coefficient kui = 0.3
power fluctuations. . Proportional coefficient kip =4
Current inner loop
Integral coefficient ki; = 0.1
VIl. EXPERIMENTAL RESULT
To verify the performance of the proposed control strategy, the Tk N esw  Mmssoms Tk n esw N—
experimental setups shown in Fig. 13 are built. Including Rtunit- o g
. . Load input oad input
HMMC-024 converter, ac grid simulator [ITECH-350, controller 4o . %
Rtbox, and control computer. In the whole system, MMC works mm\I -
in the rectifier mode. The key parameters of the system are given ;
in Table [1. i
o T " ol
A. DC Power Fluctuation 4 ]
. . . . ) B M 500ms M 500ms
Fig. 14 shows the results when the load resistance is switched e CriEsOv 2= 0c =23 21T
from 100 ©2 to 50 €2. It can be seen that the SM capacitor voltage (2) (b)

and dc voltage exhibit a 50% reduction in the depth of the
voltage drop. Furthermore, due to the adaptive limiting control,
the adjustment time of the system does not increase significantly.

Fig. 14.

tional control. (b) With SVCC.

Experimental waveforms of dc load increases. (a) With tradi-
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Fig. 15 shows the results when the load resistance is switched
from 50 €2 to 100 €. The SM capacitor voltage and dc voltage
increase by 900 mV and 4.9 V, respectively. However, with
SVCC, the elevation in SM capacitor voltage and dc voltage
is reduced to 400 mV and 2.5 V, respectively.

B. DC Fault

Fig. 16 shows the dc current when a dc fault occurs. We
demonstrate the effectiveness of the control strategy by com-
paring the time to reach the threshold. When the dc current is
less than 5 A, it is regarded as the initial stage of the fault. After
reaching the peak, the controller switches to constant current
fault ride-through, and g is set to O.

As depicted in Fig. 16, there exists a control delay of 700 us,
during which the rise of the short-circuit current occurs without
any influence from the controller. Then, the virtual inductance
is activated. This results in a significant reduction in the current
rise speed, and the time required to reach the threshold is reduced
from 1.2 to 14.4 ms. These findings highlight the effectiveness
of the control strategy in reducing the current rise.

Fig. 17 illustrates the waveform of the SM capacitor voltage
during a dc fault event. As a result of the implemented ride-
through strategy, the SM capacitor voltage begins to ascend.
With the intervention of the SVCC, the active power of the
ac power grid experiences an accelerated decline, leading to
areduction in the peak voltage rise of the capacitor from 1.32 V
to 690 mV.

control. (b) With SVCC.

VIII. CONCLUSION

This article proposed a resilience enhancement strategy based
on HMMC for the offshore wind power transmission system,
including the dc voltage inertia enhancement strategy based on
SM virtual inertia control and the ride-through control strategy
based on virtual inductance. The effectiveness of the proposed
control strategy was verified on the simulation and experimental
platform, and the specific conclusions were as follows.

1) The SVCC adjusted the virtual power by responding to
changes in the SM capacitor voltage, thereby providing
support for the dc voltage during load fluctuations.

2) The VIC strategy adjusted the dc modulation ratio by
responding to changes in dc current. In the event of a
short-circuit fault on the line, the VIC strategy promptly
activated without waiting for the protection device’s
action signal, effectively limiting the rise in fault current.

3) The cooperation of the two control methods enabled the
SVCC to play a positive role in dc faults. The inclusion of
a hysteresis comparator ensured that the virtual inductor
was not falsely triggered during normal operation.
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