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Abstract: Given power fluctuations from near-land offshore wind farms, this article designs a coordi-
nated control strategy for cascaded hybrid DC transmission. To suppress the frequency disturbances
when wind power varies, supplementary active power control schemes are proposed, in which the
coordinated DC voltage control strategy is also considered in order to keep DC voltage stable when
the supplementary control prompts a voltage-sourced converter overload. Simultaneously, to further
improve wind farm-side AC voltage stability, a dynamic limiter is added in the coordinated control,
which can make a voltage-sourced converter release more reactive power when a fault happens.
Thereby, the stability of DC-side voltage and active power and AC-side frequency and voltage can all
be enhanced through the proposed coordinated scheme. Finally, the electromagnetic transient model
of the hybrid high-voltage direct current with renewable power is established using PSCAD X4.6.2
software, and the simulation example is carried out with the model to verify the scheme proposed in
this article.

Keywords: hybrid HVDC; coordinated control strategy; wind power; cascaded MMC

1. Introduction

Hybrid DC transmission technology based on a Line Commutated Converter (LCC)
and a Modular Multilevel Converter (MMC) has great advantages in cross-regional, long-
distance, large-capacity power transmission and the improvement of new energy consump-
tion capacity [1]. It is an ideal technical solution, which can be used to break the dilemma
of uneven energy distribution and achieve dual carbon targets [2,3].

Generally, the LCC converter is rectified at the sending-end side while the voltage
sourced converter (VSC) is inverted at the receiving-end side [4]. With such a structure,
the commutation failure of the LCC can be avoided because the VSC inverter has no such
problem [5]. Meanwhile, this also can help the high-voltage direct current (HVDC) system
by lowering the total cost. The classical hybrid HVDC system includes one LCC and one
VSC, as usual [6]. Although this structure does achieve a certain degree of hybridity, the
VSC inverter at the receiving-end side will limit the DC capacity of the system, because this
design still cannot solve the inherent low-capacity defect of the VSC [7].

Thus, to increase the capacity of hybrid HVDC and realize bulk power and long-
distance transmission, some researchers propose to parallel the above hybrid HVDC
system; then, the rated power transferred with this structure can be doubled. Nevertheless,
VSC inverters in this type of hybrid system will still limit the DC system’s efficiency, and
the voltage level can be increased.

Alternatively, to further enlarge the transfer capacity of the hybrid HVDC system, the
multi-terminal-style hybrid structure has been proposed. In such a structure, the sending-
end-side LCC rectifier is retained, but the receiving-end-side VSC inverters are expanded to
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two, among several terminals. With such receiving-end-side expansion, the whole capacity
of the hybrid HVDC system will no longer be limited by the VSC inverters, because their
numbers have been increased to cope with the capacity of sending-side LCC rectifiers. This
design can realize the initial targets, such as bulk capacity and long-distance transmission.
One typical application of such a hybrid HVDC system is the Wudongde project in China [8],
which China Southern Power Grid Company has now finished. However, the disadvantage
of such a system is that the cost of the system will be enlarged as more VSC inverters are
needed. Another important disadvantage of such a hybrid HVDC is that this type of system
is actually a multi-terminal system, and the protection of a multi-terminal DC system is
complex and hard to tackle. Take the Wudongde project, for example; to clear the fault at
the DC side, the VSC of this project is composed of the equivalent of about half the ratio of
the full-bridge IGBT, which further increases the cost of the whole system. Nevertheless,
when a DC-side fault happens, the whole system will face a sudden power break-off as the
full-bridge IGBTs have to cut off the faulty current loop [9].

In view of the flaws of the above hybrid HVDC system, the cascaded hybrid HVDC
system has also been proposed in recent years [10]. Cascaded hybrid HVDCs are basically
the same as a bipolar LCC-HVDC, except that the downside LCC inverter is replaced by
a VSC inverter. This type of hybrid DC system cannot avoid the commutation failure
completely [11]; the possibility of such fault can decrease sharply as the number of the
LCC inverters is increased, and the downside VSC inverter can also send reactive power to
support the AC-side voltage stability, as can the LCC inverters [12-16]. But such a design
also places a limit on the transferred power due to the single VSC inverter [17].

To break through this limitation, the cascaded hybrid HVDC with multi-terminal
VSC inverters was then investigated [18,19]. In this model, the downside VSC inverter
is expanded to increase the whole capacity of the hybrid system. More reactive power
can be generated by more VSC inverters to support the upside LCC inverter. The typ-
ical application of this kind of hybrid HVDC is the Baihetan hybrid HVDC project in
China [20,21].

Although it has been applied in actual projects, the control strategy of such a hybrid
DC system is relatively complex and should be clarified. However, for such an important
type of DC system, a research determination of its control strategy is not enough. There are
only a few papers in the literature; these have accomplished some initial work. Moreover,
none of the previous research efforts have studied the coordinated control scheme while
considering the power fluctuations of renewable power [22,23].

To clarify a coordinated control scheme for wind power and other renewable energy
subject to power fluctuations, this paper studies the basic control characteristics of multi-
terminal VSC inverter-cascaded hybrid HVDC systems and designs a coordinated control
strategy to suppress wind farm power fluctuations.

This strategy includes coordinated control of the AC side and the DC side, as well
as active power and reactive power. On the AC side of the system, the deviation signal
determines the change in the output active power at one MMC side, which can suppress
the frequency fluctuation. On the DC side of the system, the power fluctuations of the three
MMCs determine whether the backup MMC inverter changes the control mode for coordi-
nated control, which can realize the stable control of the DC voltage. In addition, dynamic
limiters constrain and coordinate the output of active and reactive power, maintaining the
safe and stable operation of the system.

This paper’s structure is as follows. Section 2 introduces the topology and basic control
schemes of the cascaded hybrid HVDC system. Section 3 studies the coordinated control
strategy of frequency disturbance when suppressing wind power fluctuations, in addition
to the AC voltage stability enhancement strategy also being proposed to increase the active
power support ability for wind farms in this section; Section 4 verifies the analysis above
based on PSCAD X4.6.2 software. Finally, Section 5 concludes this article.
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2. The Cascaded Hybrid HVDC System
2.1. Cascaded Hybrid HVDC System’s Topology

Figure 1 presents a real cascaded hybrid HVDC project. The project’s beginning is
Sichuan Province of China, and the end is in the Jiangsu Province of China. And the
distance of HVDC is more than 2000 km. This HVDC system boasts a substantial capacity
in the DC transmission system, with a bipolar capacity reaching 8000 MW.

Figure 1. The geographic location thumbnail of the cascade hybrid HVDC system.

Based on this, the simulation topology of the cascaded hybrid HVDC system is
presented in Figure 1. From the figure, it can be observed that the hybrid system includes
an LCC converter at the transmitter and a hybrid converter at the receiver. Compared
with the typical cascaded hybrid HVDC system, the most distinctive design in this system
is the inverter. It consists of three series connection VSCs, and one LCC is upward. In
addition, consider a near-land wind farm and connect it to one of the VSCs. This wind
farm is located in the Huangshayang sea area in the eastern part of Rudong County, with
an offshore distance of approximately 61 km.

Figure 2 shows the mono-pole section of the actual project, which provides sufficient
data for studying control characteristics. The system has a total capacity of 4000 MW.
Specifically, the sending-end LCC converter has a capacity of 4000 MW, while the receiving-
end LCC inverter has a capacity of 2000 MW. The VSC inverter has a capacity of 677 MW,
and the combined capacity of the three VSC inverters is equivalent to that of one LCC
inverter. The hybrid DC system operates at a rated DC voltage of 800 kV, with both the VSC
inverters and LCC inverter sharing 400 kV each. For establishing the simulation model of
this hybrid DC system, Table 1 provides the basic parameters.

2000kM
—> Power Transmission Direction
g +800kV g §
4000MW
_ @@ % @ AC 500kV
E} bC Filter 400kV LCC(2000MW) Line
Impedance
l =
K ] @ |
N -IG { @ ! Offshore
L L Immc1(677MwW) /l>£\wind farm
aookv | | | 4@ O @ ’ '
—— MMC2(677MW) \F ﬁ ;
L Lo %,
- —IMmmc3(677MwW)

Figure 2. The overall topology diagram of the cascaded hybrid DC system.
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Table 1. Basic parameters of the cascaded hybrid DC system’s simulation model.

Part Parameter Value
direct-current power/ MW 4000
DC system direct voltage/kV 800
direct current/kA 5
RMS voltage at rectifier side/kV 500
AC svstem RMS voltage at inverter side/kV 500
y short-circuit ratio at the rectifier side 5
short-circuit ratio at the inverter side 5
direct voltage/kV 800
LCC on the rectifier side direct current/kA 5
converter ratio 500/175
direct voltage/kV 380
LCC on the inverter side direct current/kA 5
converter ratio 500/162
direct voltage/kV 400
MMC on the inverter side direct current/kA 5
converter ratio 500/198
length/km 2000
DC transmission line resistance /() 6.4
inductance/mH 1620

2.2. Hybrid HVDC Control Scheme of the LCC Converter

The control scheme contains the strategy of rectifier control and inverter control,
respectively. In comparison to traditional HVDC systems, the primary distinction in hybrid
HVDC lies in the VSC inverter. Therefore, the control schemes for LCC converters remain
the same as those employed in a classical two-terminal LCC-HVDC system, as depicted in

Figure 3 [24].
Uge
A

e Operating Point
Rectifier

CV
Inverter
cc CEA

QY
MAL QOC

MCL . _
0 ) lac

Figure 3. The hybrid HVDC control scheme of the LCC converter.

The direct voltage and direct current curves are drawn in Figure 3, where the LCC
converters’ control characteristics are described [25]. Specifically, the blue line segment
represents the LCC rectifier, and the yellow line segment represents the LCC inverter, so
different line segments indicate that the converters operate based on various DC voltages
and current values under different control modes. The corresponding explanations for each

line segment can be found in Table 2.
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Table 2. The corresponding control mode of each line segment.
Symbol Control Mode
CIA The Ignition Angle is in Constant Mode
CcC The Current Control is in Constant Mode
VDCOL Voltage-Dependent Current Order Limit Control
MCL Minimum Current Limit Control
Ccv The Voltage Control is in Constant Mode
CEA The Extinction Angle Control is in Constant Mode
MAL Minimum Alpha Angle Control

2.3. Hybrid HVDC Control Schemes of the MMC Converter

MMC converter schemes consist of two components. The first component is the
control mode of each converter, which comprises the active control mode and reactive
power control mode. The second component is the control strategy at the system level for
the three VSC inverters, as they form a multi-terminal DC grid. In such a DC grid, the
control scheme at the system level can choose droop control or primary-secondary control,
with each control scheme depending on the control mode of the three converters.

If the VSC operates under droop control, its DC voltage will experience fluctua-
tions [26]. However, maintaining a constant total DC voltage is crucial for practical projects.
Therefore, this article focuses on investigating the primary—secondary control strategy.
Table 3 lists the control modes of each converter under the primary—secondary control.
Additionally, the table specifies the reactive power control mode for each VSC, with the CV
indicating constant DC voltage control, the CP representing constant active power control,
and the CAC denoting constant AC voltage control.

Table 3. Control Modes of MMC Inverters.

Control Strategy VvscCi VSC2 VSC3
Active power cv CP CP
Reactive power CAC CAC CAC

As for the detailed constant active power control, the control diagram is shown in
Figure 4. In the diagram, Ps and P,.s denote the controlled active power and its reference,
Kp and K; are the PI parameters, and iqj;r, is the hard limiter.

Hdtim

K. .
K +—X ldref

P, ~Ldlim
Figure 4. The constant active power control block diagram.

3. Schemes of Coordination Control

Considering the close distance between the wind farm and the MMC inverter, coordina-
tion control schemes are proposed to prevent system frequency instability. These coordinated
schemes are designed to address both active and reactive power aspects. Since the MMC
inverter of the hybrid HVDC system controls the active and reactive power independently,
it enables improvements in voltage stability and frequency stability simultaneously.
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3.1. Control Schemes of Coordinated Active Power
3.1.1. MMC3 Supplementary Control Given Wind Power Fluctuations

Based on the previous sections of this article, it is evident that offshore wind farms
will be integrated into the regional power grid near the MMC3 inverter. Considering that
the local power system may not be robust enough, fluctuations in wind power can lead to
frequency deviations. To address this, a supplementary active power control strategy is
designed for the MMC3 side.

Figure 5 is a block diagram of supplementary control. An additional signal, P,q4q,
generated by the power deviation AP or the frequency deviation Af is added to the active
power outer loop. And T is the time constant of the first-order component; Kj,; and Kj;
are the PI parameters. The DBIk indicates the deblock signal, which plays a role in the
supplementary function.

Rate Limiter

AP/Af—> 1 —»Kﬁl-l—ﬁ—» DBIk /7

1+sT s J

P .
. i dtim
P sref K.
T K » + TI Liref
P, ~djim

Figure 5. The supplementary control diagram of the condition of wind power fluctuations.

The objective of the supplementary control is to control the active power of the MMC3
inverter using the input signals of power deviation AP or frequency deviation Af. In this
way, the frequency fluctuation on the AC side of the system is suppressed. It is important
to note that these signals are obtained through measurements.

3.1.2. DC Voltage Coordination Scheme Given the Supplementary Control

The purpose of this supplementary control is to compensate for the power fluctuations
from the wind farms by adjusting the active power reference of the controlled MMC3
inverter. Essentially, the power disturbance is transferred to another MMC1 inverter
operating in the CV mode, in which the relatively strong system is on the MMC1 side.

However, in certain cases, the inverter may become overloaded when operating in the
CV mode. Consequently, the control mode switches to the CP mode, in this way, resulting
in the loss of MMC1’s ability to control the DC voltage. Therefore, this article proposes
a coordination scheme for DC voltage control. Figure 6 shows the control process of this
scheme. When the system finds that the original CV inverter is unable to maintain control,
the responsibility of DC voltage regulation is transferred to MMC2. This scheme operates
without relying on remote signals and instead utilizes local DC voltage fluctuation.

The aforementioned control focuses on the coordinated control of the AC side, while
the following discussion pertains to the coordinated control of the DC side. As shown
in Figure 6, the stable surge of DC voltage control is mainly realized through the power
fluctuations of the three MMC inverters on the DC side. When the power fluctuations are
too large, the control function of the fixed DC voltage station is transferred to the backup
fixed DC voltage station. This ensures the stability of the DC system and is also based on
in-station measurements.
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Figure 6. The coordinated control of MMC inverters.

This scheme determines the change in active power of the MMC3 inverter according
to the frequency deviation Af caused by wind power fluctuations. If the value of Af is
small, the active power of the MMC3 inverter remains low. Conversely, if the value of Af is
large, the active power of the MMCS3 inverter increases. However, when the active power
of the cascaded hybrid DC system is high, it can impact the active power of the MMC1
inverter controlled by the CV mode. To solve this problem, the MMC?2 inverter serves as
a backup force for CV mode control, ensuring the suitability of this strategy for varying
degrees of wind power fluctuations. While improving the frequency stability of the AC
system, it can also make the DC system work stably.

3.1.3. The Completed Active Coordination Scheme

According to the DC voltage control analysis above, the voltage control by the MMC
and the LCC can be expressed as

L[d rated
Hde MMC = — 1)

ud rated
Ude_LCC = 7‘2 @

;o CEA
Uuge_Lcc = k'ceaiae + Uge Tec ®)
/ . VDCOL

ugc_Lcc = kK'vpeoLide + Uge Tec )

r MAL
Uuge_rcc = k'maLidge + Uge Lee ®)

The k'cga, K'vpcoL, and k'yar are the slopes of different line segments, where the

subscript of the slopes denotes the specific line segment. And the Ugf%cc, UXPE(C%, and

UMAL . are different DC voltages in different operation modes.

" By adding (1) to (2) to (5) successively, the active coordination scheme can be expressed
by the following equations. And Figure 7 shows them in UI curves.

Therefore, in the active coordination scheme, the constant DC voltage control is
handled by the MMC1 inverter, which acts as the dedicated constant DC voltage station.
This is because the entire multi-terminal DC system, comprising the MMC1 inverter, MMC2
inverter, and MMC3 inverter, only necessitates a single MMC station to achieve effective
DC voltage balancing control.
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Figure 7. The completed active coordination scheme is expressed in the Ul curve.

Furthermore, the control strategy discussed in this paper does not involve the under-
lying control details, and hence, it is not specifically displayed. If you are interested in
gaining a deeper understanding, you can refer to the citations mentioned in reference [27].

Ude = Ude 1cC T Ude MMC = Ud rated (6)

_ _ k/ : UCEA ud_rated 7

Ude = Ude LCC + Ude MMC = K'cralde + UdcTec + =5 @)
/ , vDCOL , Ud_rated

Ude = Ude_1CC +Ude mmc = K'vpcoriae +Ugcrec +—— ®)

_ _ k/ . uMAL ucl_rated 9

Ude = Ude 1cC +Ude Mmc = Kmaviae + Uddtee +— ©)

3.2. Coordinated Reactive Power Control

While the preceding section focuses on designing the active coordination scheme, it is
equally important to ensure the stability of the AC voltage at the wind farm side.

3.2.1. The Dynamic Limiter

The reactive power of the VSC is determined by the reactive limiters. Typically,
the limit value of the reactive control loop is fixed at 0.4 p.u. However, to enhance the
VSC’s ability to generate reactive power, the implementation of dynamic limiters can be
considered [28].

The dynamic limiter operates on the principle that the outer loop control current
is influenced by both the active power and reactive power current, as demonstrated in

Equation (10).
fim = /TG + 12im (10)

According to the priority type, the current limiter can be divided into three types as
Figure 8 shows, namely the active current prior type, the reactive power prior type, and
the equal priority type.
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I: The Equal Priority Type
II: The Active Current Prior Type
I1I: The Reactive Power Prior Type

[l

Reactive current i,

Liim|
iqur

1274

i 11
all Active

current

la

0 idlll idl idll i/im

Figure 8. Three types of current limiters.

The dynamic reactive current limiter allows for adjustable reactive limit values in
situations where the AC system requires additional reactive power. This feature is defined
by Equations (11) and (12).

: ilimr ilim < iq
Iolim = . . . (11)
lim {_llim/ 1!] < —im

-2 :2 42 o2 .
) 2 —i2, 2 —i2 <
iglim = { \/ lim q \/ lim q d (12)

I Dlim, ig < iDlm

In the above equations, the ipy;y, is a fixed value to make sure a minimum active power
can be transferred. The specific mechanism of the dynamic limiter can be found in Figure 9
and [29].

’-\ MMC Operating Point
Changes Direction

MMC voltage drop
degree is large

,,,,,,,,, N

MMC voltage
M~ drop degree is
small

| | i

0 Ipiim ido Liim

|
|
|
|
1
|
|
|
4
|
|
|
a
|
|
|
|
|

Figure 9. The operation point changing situation with a dynamic limiter.

The converter is required to operate in a stable manner, which necessitates the im-
plementation of a dynamic limit to constrain the power, denoted as ipjin, in (12). The role
of ipym is to specify the value of reactive power in the dynamic limiter. If the ipy;,, is set
to the commonly used value, the dynamic limiting function is not activated. However,
by reducing the setting value of ipyy,, the effectiveness of dynamic limiting increases. In
practical engineering, ipyn, is typically set to 0.4, allowing for the release of more reactive
power while ensuring the minimum output of active power. This setting serves as an
additional protective measure for the safe operation of the system.

3.2.2. The Coordination Scheme with the Dynamic Limiter

The coordination scheme featuring a dynamic limiter is designed as Figure 10 shows.
This strategy enables a substantial increase in the reactive power output from the MMC3
with the dynamic limiter, where the Q'};;,, is the additional reactive power the dynamic
limiter generated out. Moreover, the original active power can be shifted to the other MMC
when the MMC3’s active power is suppressed, and the DC voltage can be guaranteed stably.



Electronics 2024, 13, 2847 10 of 17

14 1cc
< > |:| MMC Output
>« > Active Power Area
Iy mvic3 Iy vmc2 Lo vivica
Udc Ugc Ugc
A A A
éc Jdc Jdc
» » »
Iy mvcs Id’_MMCZ 14 pvict
MM(C3 in Constaint MMC2 in Constant MMC1 in Constant

Active Power Control Active Pow:er Control DC VoItdge Control

Aq\ B\ MMC Operating Point Ajltilc |
p  Changes Direction Reactive Power of MM(3

'ilim '
l’qli’ﬂ 77777777 n U T T __-“ _____
| Dynamic
Lglim F-yr- =57l - -F
“ limiter of
e MMes T Y RN
| Reactive Power O, U
- . - - O W VL W W W W W W L o aC
0 Iipim! 4o\ Liim =
Ugc i i Ugc Ugdc
A ‘ A A
l—>] . . ” .
Jlde wlde o lde
P » » PR
I a vvics Ta mvics Iy mvic2 Iq mvict 17 a mvct
MMC3 in Constant MMC2 in Constant MMC1 in Constant

Active Power Control Active Power Control DC Voltage Control
Figure 10. The coordination scheme with a dynamic limiter.

4. Case Study

This section takes the case study as an example to set the parameters and topology of
the hybrid DC system, as shown in Figure 2.

4.1. Simulations of Static Ul Characteristics

To prove the correctness of the fundamental Ul curves presented in Figure 7, an initial
investigation is conducted into the static control characteristic of the cascaded hybrid
DC system.

Specifically, the LCC rectifier and inverter are set in the CI control mode and CEA
control mode, respectively. Additionally, the MMC1 operates in the CV control mode,
while MMC2 and MMC3 are set to the CP control mode. The resulting simulations provide
insights into various parameters, including -, direct current, DC power, and DC voltage,
which are presented in Figure 11.
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Figure 11. The situations in static operation. (a) The extinction angle (y) of the LCC inverters in static
operation. (b) The direct current is in static operation. (c¢) The DC power of each inverter in static
operation. (d) The voltage of the LCC and the MMC in static operation.

It is evident that each converter functions in its designated mode, with the DC voltage
of the hybrid HVDC system comprising both the LCC and MMC part, each contributing
400 kV. The simulation results verify the UI curve analysis part and prove that the hybrid
HVDC can operate stably.

4.2. Simulation Control of Coordinated Active Power
4.2.1. The Supplementary Control Verification When Wind Power Fluctuates

After the basic operation characteristic verification, simulations of supplementary
control are implemented when the power of the offshore wind farm fluctuates, where there
is supplementary control of the MMCS3 inverter.

As shown in Figure 12a, the active power fluctuations from the offshore wind farms
are clearly depicted. Meanwhile, Figure 12b illustrates the DC power of each inverter, high-
lighting that the MMC3 inverter with supplementary control effectively adjusts its output
active power to compensate for the wind power fluctuations. Notably, the active power
of the MMC1, which operates in the constant DC voltage control mode, also experiences
fluctuations due to its role as a slack node.

Additionally, the frequency-changing situations on the MMCS3 side are presented in
Figure 12c, when the wind power fluctuates. It is obvious that the frequency stability on
the MMC3 side can be improved through the proposed control.

Figure 12d presents the frequency on the MMC1 side, indicating that the control strat-
egy does not deteriorate the frequency stability, even when the MMC1’s output undergoes
fluctuations due to the system’s inherent robustness.



Electronics 2024, 13, 2847 12 of 17
500 T T T T T T T 1200 T T T T T T T T
Wind Farm Power Fluctuation ["|=———DC Power of LCC Inverter
| z
% 400 S 1000 [ |——DC Power of MMC1 Inverter 1
= 3 = DC Power of MMC2 Inverter
5] £ 8001 DC Power of MMC3 Inverter ]
g 300 8
DE- 2 600 i
£ 200 E
L<|Y s‘;) 400 1
o
£ 100 g 200f 1
g
0 L L L 1 L L O [ J
4 6 o1z 1416 1820 4 6 8 10 12 14 16 18 20
Time /s Time /s
(a) (b)
50.006 T T T T 50.006 T T T
E Frequency without control N = Frequency without control
= 50.004 Frequency with control | - T 50.004 | Frequency with control
2 3
o 50.002 2 50002t
[&] 6]
= =
= 50 = 50
® ©
> >
©'49.998 2 49.998 |
[ S
A o
19 49.996 [ b E 49.996
w
49.994 — ‘ ‘ s L L . 49.994 L ‘ ‘ ‘ ‘ ‘ . ‘
4 6 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
Time /s Time /s
(0) (d)

Figure 12. The MMC1 side with constant DC voltage control. (a) Offshore wind farm active power
fluctuations. (b) Add the supplementary control of the DC power. (c¢) The MMCS3 side’s AC fre-
quency with the supplementary control strategy. (d) The MMC1 side’s AC frequency in constant DC
voltage control.

4.2.2. Coordinated DC Voltage Control Verification Considering Supplementary Control

It is also necessary to verify the DC voltage coordinated control strategy to prevent
the large fluctuation of wind power from losing the DC voltage control ability of the
MMC1 inverter.

Figure 13a presents the substantial active power fluctuations originating from offshore
wind farms. Figure 13b shows the DC power variations of each inverter, specifically under the
combined application of supplementary power control and DC voltage coordinated control.

Observing Figure 13b, it becomes apparent that wind power fluctuates greatly after
12 s, which causes the MMCT1 controlled by CV overload and becomes a constant active
power inverter. At 12.5s, MMC2's control strategy is swiftly adapted to become the inverter
responsible for DC voltage control, thereby maintaining system stability and redirecting
excess power fluctuations to the MMC2 side.

Figure 13c shows MMC3's frequency side, which also proves that when wind power
fluctuates violently, the disturbance can also be suppressed.

4.2.3. Stability Verification of Long-Term Supplementary Control

This simulation case spans 50 s, affording the opportunity to thoroughly validate the
long-term adaptability of the control strategy. It incorporates the continuous fluctuations
of wind power and carries out supplementary control verification specifically on the
MMC3 side.

The long-term fluctuations of active power from offshore wind farms are shown in
Figure 14a, and the DC power of each inverter is shown in Figure 14b. And the frequency-
changing situations on the MMC3 side and the MMCT side are presented in Figure 14c,d.
Notably, the supplementary control on the MMC3 side proves to be effective in compensat-
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ing for wind power fluctuations over extended periods, maintaining the stable frequency
on both the MMC3 side and MMCT side. This confirms the ability of this control strategy
to ensure stability even during prolonged operational durations.

600 - ‘ Wind Farm Power Fluctuation ‘ 7 = 1200 |- |=— DC Power of LCC Inverter 4
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= 500 3 1000 | ——DC Power of MMC2 Inverter 1
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Figure 13. In the case of the severe fluctuation of wind power, the supplementary control strategy
is adopted. (a) The active power of offshore wind farms fluctuates greatly. (b) Coordinated control
of DC power. (c) In the violent fluctuation of wind power, the AC frequency of the MMC3 side is
controlled by a supplementary strategy.

It is evident that this proposed strategy has good effects across various scenarios and
time scales, particularly when compared to traditional frequency control methods. This
strategy can effectively handle system frequency fluctuations and facilitates the optimal
utilization of renewable energy sources. When the fixed DC voltage station MMC2 inverter
is invalid, the backup fixed DC voltage station MMC1 inverter can automatically control
the DC voltage, which can improve the stability of both the DC and AC sides of the system.

4.3. Simulations of Dynamic Limiters

The previous sections focused on verifying the active power control component, but
it is equally important to validate the coordinate reactive control strategy integrated with
dynamic limiters. By adding the dynamic limiter on the MMC3 inverter, simulation results
are presented from Figure 15 to Figure 16, respectively, where an external AC grounding
fault happens at 5 s.
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Figure 14. The situation with long-term control. (a) Offshore wind farm active power fluctua-
tions. (b) Add supplementary control of the DC power. (¢) The MMC3 side’s AC frequency with a
supplementary control strategy. (d) The MMC1 side’s AC frequency in constant DC voltage control.
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Figure 15. The d/q axis currents of MMCS3. (a) The d/q axis currents of MMC3 without the control.
(b) The d/q axis currents of MMC3 with the control.

The result indicates that the proposed strategy significantly enhances reactive power
generation, which, in turn, vastly improves the stability of the AC side. This enhancement
contributes to the safe and reliable operation of the near-land wind farms.

Regarding the dynamic limiter, its input is based on the frequency deviation Af. In
typical operational scenarios, the system runs stably for a long time, resulting in minimal
or even zero Af values. Additionally, a dead zone is set for Af, ensuring that when | Af | is
less than 0.5 HZ, the controller remains inactive. Consequently, in the practical long-term
applications, the introduction of the dynamic limiter does not compromise the original
system performance. However, it is worth noting that prolonged operation may have
some impact on equipment aging, which is inherent to the equipment itself rather than a

limitation of the control strategy.
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Figure 16. Situations with and without the control. (a) The reactive power of MMC3. (b) AC voltage
with and without the control.

5. Conclusions

This article delves into a cascade hybrid DC coordinated control scheme in the context
of wind power fluctuations. The conclusions are as follows.

1. The basic control characteristics of the hybrid HVDC system are clarified. Specifi-
cally, the design of the supplementary active power control can effectively suppress
frequency deviations generated within the near-land regional power grid during
wind power disturbances. This mechanism redirects wind power disturbances away
from the cascaded multi-infeed MMC inverters, redirecting them instead to other
regional power grids. Through this process, other MMCs assume the responsibility of
managing these fluctuations, ultimately enhancing the overall system stability.

2. InCV control, this coordination scheme ensures the stability of the DC voltage even
under the overload condition of the original VSC. This ensures that the hybrid HVDC
system remains stable, while simultaneously enhancing its ability to suppress fluctua-
tions, thus improving overall system performance.

3. The dynamic limiter is remarkably effective in improving voltage stability. With the
aid of this proposed limiter, a significant amount of additional reactive power can
be generated, further facilitating the smooth integration of renewable energy sources
into the grid.

It is worth noting that a cascaded hybrid HVDC system may encounter oscillation is-
sues. Future research must address the broadband oscillations that these systems inherently
generate, and this is a current area of our ongoing investigations.
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Abbreviations

Abbreviation Full Name

AC Alternating Current

DC Direct Current

LCC Line Commutated Converter
VSsC Voltage Sourced Converter
HVDC High-Voltage Direct Current
MMC Modular Multilevel Converter

LCC-HVDC Line Commutated Converter-based High-Voltage Direct Current
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