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Abstract: The Modular Multilevel Converter High Voltage Direct Current Transmission (MMC-
HVDC) technology is considered to be the most feasible choice for high-voltage and high-power
transmission systems, and its flexibility and high controllability provide a new solution for renewable
energy grid integration. The MMC topology contains a large number of capacitors, which enables it
to provide a certain active inertia support for the connected AC system. Different from a synchronous
machine, the active inertia control of an MMC can flexibly adjust a system’s inertia-supporting
power by changing the control parameters. By introducing a variation of the Sigmoid function with
amplitude-limiting capability, this paper proposes an adaptive active inertia control strategy for the
MMC-HVDC system. The proposed scheme adjusts the inertia constant adaptively according to
the frequency change rate of the AC system, which can better respond to the frequency recovery
performance. Finally, the MMC-HVDC simulation model is established in PSCAD/EMTDC to verify
the effectiveness of the proposed control strategy.

Keywords: MMC-HVDC; adaptive control; active inertia support; sigmoid function; frequency
response

1. Introduction

Wind power and photovoltaic and other clean energy sources have the advantages of
environmental friendliness and sustainable capacity, making them effective ways to build a
new power system guided by the goal of achieving “double carbon” [1,2]. However, limited
by climate and terrain conditions, the output power of new energy has a high degree of
uncertainty and randomness, which brings potential risks to the operation of the power
system. The high voltage direct current based on the modular multilevel converter (MMC-
HVDC) has become the mainstream direction of HVDC technology development owing
to its advantages of high voltage level, large transmission capacity, high quality of power
waveform, superior fault controllability, etc. Additionally, it has significant advantages in
new energy grid connections [3-5].

In new power systems with a high proportion of power electronics, the effective inertia
of the system gradually decreases. When the AC system suffers frequency fluctuations,
the inertia support capacity of the system becomes insufficient, and the stable operation
is affected [6]. Due to the flexible control of power electronics converters, the virtual syn-
chronous generator (VSG) control, which simulates a synchronous generator, becomes an
effective means to improve the frequency support ability of a power grid. In Ref. [7], an
adaptive control strategy of the VSG moment of inertia and damping coefficient is proposed
that dynamically adjusts the inertia damping coefficient by tracking the angular velocity of
the VSG rotor to improve the operation capability of the system. In Ref. [8], a data-driven
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VSG control method based on reinforcement learning and adaptive dynamic programming
is proposed that considers unknown system dynamics and different power grid conditions.
After analyzing the power angle characteristics of VSG under stable operation and output
current saturation conditions, Ref. [9] calculates the fault critical clearance angle by using
the equal area criterion. On this basis, an adaptive control strategy of an inertia and damp-
ing coefficient is proposed to prolong the critical clearance time (CCT), thereby reducing the
frequency fluctuation and improving the transient stability of the system. For a microgrid,
Refs. [10,11] propose an adaptive virtual inertia control strategy and establish a small
signal model to analyze the stability of the range of virtual inertia constants. However,
the above research mainly focuses on the improved VSG control from the perspective of
system stability enhancement. Different from a synchronous machine, the VSG control
of a power converter can flexibly adjust system inertia by changing control parameters.
Refs. [12,13] propose frequency support technology for a photovoltaic high-penetration
power system based on adaptive virtual inertial control and design the virtual inertial
adaptive parameters of each photovoltaic power station. Ref. [13] proposes an effective
adaptive virtual inertial control paradigm to evaluate the impact of photovoltaic and wind
power on microgrids. In Ref. [14], an adaptive inertial control strategy is proposed based
on the fuzzy control, and a fuzzy controller with feedback mechanism is designed. Ref. [15]
proposes a coordinated adaptive control method of VSG inertia coefficient ] and damping
coefficient D. By analyzing the power angle curve, the control functions of ] and D are deter-
mined with the damping ratio of the system in consideration. According to the operating
characteristics of supercapacitors and batteries, an improved adaptive control strategy with
inertial damping is proposed in Ref. [16]. In Ref. [17], a controller with inertial support
capability was proposed to construct a cost function by comprehensively considering phase
angle deviation, frequency deviation, rate of frequency change (RoCoF) and a reduction
factor. Refs. [18,19] compare and introduce three adaptive control strategies of a virtual
synchronous generator from different perspectives. In order to avoid high-frequency noise
and consider the influence of energy storage on a power grid, a segmented adaptive virtual
inertia regulation method is proposed that improves the safety and reliability of the power
grid [20,21]. In Ref. [22], control parameters are obtained based on the dissipative Hamilton
method, and the adaptive control strategy of the moment of inertia and damping coefficient
is proposed to make full use of VSG flexible advantages to suppress power oscillations in
power grid.

The VSG control can also be applied in MMC-HVDC systems to improve the frequency
response for the connected AC system. The arm submodule of MMC-HVDC contains a
large number of capacitors that can provide certain inertia support for the connected AC
system. For this reason, scholars have conducted much research [23-26]. In order to
reduce the influence of parameters on MMC-HVDC virtual inertia control and improve its
transient and steady-state performance, Ref. [23] introduces additional frequency control
based on extended state observer (ESO) and terminal sliding mode control (TSMC) into a
virtual synchronous generator (VSG) frequency controller, as well as proves the stability of
the controller. Further, Ref. [24] compares traditional synchronous motors with existing
voltage source converters, discusses the role of MMC-HVDC virtual inertia control in the
transient process, and gives the factors that may affect the frequency deviation. On the
basis of considering the dynamic safety constraints of the inertial support source and the
MMC-HVDC, an inertial response frequency control method with an energy buffer source
is proposed in Ref. [27]. In this method, the rotor motion equation of synchro is embedded
into the MMC control loop, and the DC energy buffer control loop is designed. Aiming at
the problem of system frequency deterioration caused by the MMC-HVDC grid connection
of offshore wind power, Ref. [28] proposes a coordinated control method that considers
different wind speeds, releases rotor kinetic energy through fan variable speed control and
utilizes MMC-HVDC sub-module electrical energy to participate in frequency regulation.
However, its control strategy needs to be designed according to DC voltage deviation,
and it is restricted by an information transmission delay. Considering the cascade control
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loop of MMC, the Receiving End Converter (REC) grid-connected control strategy with
real-time inertial support and fast DC voltage control is proposed in Ref. [29], which realizes
fast dynamic control of DC voltage. Although virtual inertia control of MMC-HVDC can
improve the stable operation of the whole system, it also faces the challenge of fault crossing
capability. Therefore, the current limit, voltage drop and phase jump of MMC-HVDC under
virtual inertia control are studied in Ref. [30]. However, the above MMC-HVDC active
inertia control is mainly based on the fixed inertia constant control parameters, which
cannot provide flexible inertia support according to the frequency requirements of the
power grid.

In this paper, an adaptive active inertia control strategy for the MMC-HVDC system
is proposed by introducing a variation of the Sigmoid function with amplitude limiting
capability. The proposed scheme adjusts the inertia constant adaptively according to the
frequency change rate of the AC system 2, which can provide more flexible inertia support
for AC system 2. Finally, the effectiveness of the proposed control strategy is verified by
the simulation of the MMC-HVDC model established in PSCAD.

2. Active Inertia Support Control Strategy for MMC-HVDC System
2.1. Typical Architecture of the MMC-HVDC System

The topology of a typical MMC-HVDC system is shown in Figure 1, where the MMC-
HVDC converter station at the sending end adopts a fixed active power control strategy
to control the rated power transmitted by the system, and the converter station at the
receiving end adopts a fixed DC voltage control strategy to control the DC voltage of
the system. The structure of the three-phase MMC converter is shown in Figure 2. The
MMC converter consists of three phase units and six arms, where Cy, Ly and Ry represent
submodule capacitance, arm reactance and equivalent resistance, respectively. In general,
the MMC converter adopts the nearest level approximation modulation method and voltage
equalization strategy to realize the normal operation of each submodule.

| @ DC Line | @

Three-phase MMC DCLine Three-phase MMC

AC system 1 (]

Figure 1. Typical MMC-HVDC system architecture model.

2.2. Active Inertia Support Control Strategy of MMC-HVDC System

The MMC-HVDC system contains hundreds of cascades of capacitor submodules,
which can make full use of their stored energy to provide active inertia support for the
connected AC system 2. The active inertia support scheme simulates the rotor motion and
electromagnetic transient equation of a synchronous generator, and the inertia energy is
provided to the system by the MMC submodule capacitor since each phase unit of MMC
is composed of 2N submodules in a series, and N sub-module capacitors are put into
operation every time. Therefore, it can be considered that the 2N submodules in each phase
unit have the same capacitance voltage and are equal to the average capacitance voltage U
of the submodules. Then, the 2N submodules can be equivalent by one capacitor based on
the principle that the total energy storage capacity of the capacitor is unchanged, which is

shown in (1).
1

1
5 Cpnllac® = 2N+ 5 CoUle® M)

where Cp, is the capacitance value of the single-phase arm 2N submodule equivalent
to a capacitor, Cy is the capacitance value of each submodule SM in the bridge arm and
Ug. is the DC voltage of the system. According to the relationship Ug. = NU, it can be
obtained that
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Figure 2. Basic structure topology of modular multilevel converter.
Then the total capacitor energy Wi, stored in MMC can be obtained as:
3 2
Wiotal = Ecph Udc ®3)

When the input and output power of the MMC-HVDC converter station is unbalanced,
the energy storage of the converter station changes and satisfies

%Cph(uglcN - u?lc) = /APdt 4)
where Uy is the rated DC voltage and Uy, is the actual value of DC voltage of MMC-
HVDC.

Since there are a large number of synchronous generators in the traditional AC power
grid, when the AC power grid is unbalanced due to faults or load changes, the balance
between the mechanical power Py acting on the generator rotor and the electromagnetic
power P output is broken. In the case of ignoring the loss of the generator, the unbalanced
power is

AP = Pg — Py ®)

When the unbalanced power acts on the generator rotor, the drive rotor speed changes
and meets the following conditions:

% J(wn? - w?) = / APdt ©)

where | represents the rotor moment of inertia, wy is the rated speed of the generator
rotor and w is the actual speed of the generator rotor. The rotor moment of inertia | can be
expressed as

_ 2HSg
= o

J

@)
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where H is the inertia time constant of the generator and Sg is the reference capacity of the
generator. As can be seen from (6), the inertia of the generator and the unbalanced power
of the grid will determine the degree of rotor deviation from the rated speed. Under the
same external unbalanced power, if the inertia of the generator rotor is larger, the speed
deviation from the rated value is smaller, and the anti-disturbance ability is stronger. By
comparing (4) and (6), it is found that they are not only similar in form but also in physical
meaning. When the synchronous machine in the traditional AC power grid is faced with
the external unbalanced power, it uses the rotating rotor to resist the external disturbance
through the change of rotor speed and the change of rotor kinetic energy. In the virtual
inertia control strategy, MMC-HVDC uses the electrostatic energy stored in the submodule
and absorbs or emits energy in the form of capacitor voltage change of the submodule to
resist external disturbance through the charge and discharge of the submodule capacitor.
Therefore, when there is unbalanced power in the system, the MMC-HVDC converter
station can play the role of synchronous machine in the transient process through virtual
inertia control and provide a certain inertia support for the system. By equalizing (4) and
(6), it can be obtained that

%](WNZ - wZ) = %CphalczlcN - uczlc) (8)

As can be seen from (8), the MMC-HVDC simulates the speed response of synchronous
rotor speed under unbalanced power by changing the capacitor voltage of submodules.
When the system power is unbalanced, the rotor speed of the synchronous machine changes
from wy to w, and the MMC-HVDC dynamically adjusts the DC voltage from Uy to Uge
when the power grid is unbalanced. From the perspective of the external power grid, the
MMC-HVDC can be regarded as a synchronous machine, with H as the moment of inertia
and with the reference capacity Sg. Substituting (7) into (8), it has

HSp 3
N2 (“JNZ - “’2) = ECPh(uczlcN — U3.) ©)

By further derivation, it yields

2HS
Uge = \/UiCN - B (“‘)Nz - an) (10
p

In the per unit value form, it has

2
Uger = 1.4 ZH150(8foc +20focfucn) an
3CpnUenfacN

where Afac = fac — faeNs fac is the real-time frequency of the power grid and f,y is the
rated frequency of the power grid. Then, (11) establishes the coupling relationship between
the power grid frequency and the DC voltage of MMC-HVDC, and can actively control the
MMC-HVDC according to the dynamic change of the power grid frequency.

According to (11), the control block diagram of active inertia can be obtained, as shown
in the Figure 3. The proposed adaptive active virtual inertia control is implemented in
the receiving-end station with DC voltage control. In the figure, the DC voltage reference
Ugcret of MMC-HVDC is controlled by the proposed adaptive active virtual inertia control.
Then, the PWM modulation voltage signal is obtained by the double-loop PI control, and
the required modulation voltage wave can be available.
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Figure 3. MMC-HVDC active inertia control block diagram.

3. Adaptive Active Inertia Control Strategy of MMC-HVDC Systems
3.1. Analysis of the Frequency Recovery Requirement

When the power grid generates unbalanced power due to load fluctuations, the
dynamic response of the system frequency becomes more satisfied if the active inertia
provided by the MMC-HVDC can be adjusted autonomously in real time according to the
actual frequency changes. But, in the traditional actual active inertia control of MMC, the
inertia H of the synchro is constant and cannot be adjusted independently. Actually, the
VSG control of MMC-HVDC can flexibly adjust system inertia by changing the control
parameter H. Therefore, the response characteristics of the AC system 2 can be improved
by adjusting the active inertia H in real time according to the dynamic frequency change.
In order to obtain the linearized expression, the Taylor expansion of (11) is first carried out,
and the higher order phase above the quadratic term is ignored.

4HSg

Uge" =14 -=————(fac = farN) (12)
C 3CphfaCN uglCN fac fac
Taking the derivation of (12), it has

duy. 4HSp dfac (13)

dt 3CthaCNuc21cN dt

It can be seen from (13) that in traditional MMC-HVDC active inertia control, the inertia
constant H is usually a fixed value. Assuming that the AC power grid load fluctuation
causes sudden power loss in a certain period of time, it can be obtained that the system
frequency change rate df,./dt is proportional to the MMC-HVDC DC voltage change
rate dUj./dt. Assuming that the system frequency drops due to load power fluctuation,
the frequency response and frequency change rate response on the AC side are shown in
Figures 4 and 5.

From Figures 4 and 5, the AC system 2 has load fluctuation at time a, resulting in a
power difference. Under the influence of unbalanced power, the frequency of the AC system
2 initially enters a decreasing period. When it drops to the lowest point, the frequency
change reaches its maximum. During this period, dfac/dt < 0 and the energy stored in
MMC releases for system inertia response. Subsequently, the system enters a recovery
period where the frequency starts to increase, representing the absorption of energy and
dfac/dt >0. As shown in Figure 5, the absolute value of the rate of change d f,./dt of the
AC frequency decreases sharply at time a, and it first increases and then decreases. When
the rate of change df,./dt reaches zero, it becomes positive. In stage a—b, the slope of
dfac/dt is k,_, < 0, and the frequency f,c is decreasing. Further, from (13), this stage
requires a large active inertia time constant H to reduce the impact of the unbalanced
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power on the AC system 2. However, the active inertia time constant H cannot be too large
since too much H can lead to a rapid rate of change in DC voltage, as indicated by (13).
In stage b-c, the slope of d fac/dt is k. > 0, which indicates that the frequency of the AC
system 2 starts to recover under the influence of active inertia. At this stage, a small active
inertia time constant H is required to accelerate the recovery of the system frequency and
reduce the impact on DC voltage. If the active inertia constant H is too large, it can lead to
an increased frequency change rate at time ¢, which results in excessive DC voltage and
negatively impacts system frequency stability.

60.4
60.2 df,. /dt>0 df, /dt<0
. I —
N \///
— fu
59.6 5 - -
28 32 36 40 44

t/s

Figure 4. Response diagram of the frequency response during the load fluctuation.

8

—— RoCoF -

/IC\
|
|
|
I

28 32 36 40 44
t/s

Figure 5. Diagram of frequency rate of change during the load fluctuation.

3.2. The Adaptive Active Inertia Control of MMC-HVDC

In order to enhance the dynamic response feature of MMC-HVDC with active inertia
support, this paper considers the relationship of active inertia control constant H with
power fluctuation and the frequency rate of the system and proposes an adaptive active
inertia control strategy for MMC-HVDC system. By introducing a variation of the Sigmoid
function with amplitude limiting capability, the active inertia control constant H can be
dynamically adjusted according to the frequency change rate of the AC system 2. When
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the AC system 2 is disturbed by power fluctuation, the active inertia time constant H of for
the MMC-HVDC can be given as follows:

dfac
HO _)\min < % < /\min
H= dfac dfac (14)
B %dfac +7 —Amax < % < —Amin OF Amin <% < Amax
Ten(ie dt)

where Amax and A, are the starting threshold for adjusting the active inertia time constant
H. The H is the active inertia time constant of MMC-HVDC within the threshold limit.
The «, B, u and -y are the adaptive control adjustment coefficients. In the four coefficients,
the y affects the rate of change of the inertia constant according to dfa./dt. The B adjusts
the maximum value of the controller output inertia constant. The « is the given coefficient
that regulates the response speed of the controller. The < is the minimum threshold of
the inertia constant. Figure 6 shows the variation of inertia constant H with the change
of frequency ddic. In stage a-b, the rate of AC system 2 frequency is large, and a larger
inertia constant H is needed to slow down the frequency changes in a faster manner. In
stage b-c, the rate of AC system 2 frequency decreases, and small H is enough to support
the frequency recovery, which can also prevent large fluctuations in the DC voltage of
MMC-HVDC. Finally, the overall adaptive active inertia control diagram for MMC-HVDC
systems is given in Figure 7. In Figure 7, v, and iy, are the voltage and current of AC
system 2, respectively. In reality, the proposed control strategy only needs to detect the
frequency change of AC system 2 and then feed it back to MMC-HVDC control for the
implementation of the proposed scheme.

oA |
lH |
| max

| /ab |
| H, I |
| foc b-c |
|I—Imin / |
| a-b df,, /dt |
L A 0 A A ol

|
|L? f +

U a Af, Adaptive inertia| —

| i >

1O PLL Equation(11) constant(14) [u

Inertia action link

|
|

|

|

|

' ;
e > Q

L, Calculate Q il

|

|

Y

Figure 7. MMC-HVDC active inertia adaptive control diagram.
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4. Simulation Analysis
A. Casel

In order to verify the effectiveness of the proposed adaptive active inertia control
strategy, the dual terminal MMC-HVDC model is established in the PSCAD/EMTDC

simulation platform, and the system key control parameters of the simulation model are
shown in Table 1.

Table 1. The simulation parameters for MMC-HVDC.

Parameter Numerical Value
DC voltage/kV 640
Rated capacity /MW 1200
Arm submodules number 76
Submodule capacity/uF 2800
AC frequency/Hz 60
Normal active inertia threshold 15
Active inertia adaptive d f,./dt threshold Ay and Amax 0.2,0.8
Adaptive control adjustment coefficients y, «, 8, v -0.02, -1,20,15

In this case, as shown in Figure 8, the load in AC system 2 increases by 400 MW at
30 s, and the AC frequency is supported by the proposed adaptive active inertia control
strategy. In order to analyze the effectiveness of the proposed control strategy, the dynamic
frequency response of the MMC-HVDC system under different inertia control strategies is
compared. The simulation comparison results under different control strategies are shown
in Figure 9. Here, MMC-HVDC runs properly, which indicates the normal operation of
MMC-HVDC without providing any inertia support for the AC system.

DC line

MMC et e

Figure 8. Typical MMC-HVDC system simulation model.

The simulation results are shown in Figure 9. The load power of the AC system 2
is increased by 400 MW in 30 s. The dynamic responses of the AC system 2 frequency,
DC voltage, active power and submodule capacitance voltage of the MMC-HVDC system
under different control strategies are analyzed. The simulation results indicate that the
transient response of the AC system 2 frequency and DC voltage varies with different
control strategies. In Figure 9b,c, it is evident that the proposed adaptive inertia control
strategy provides flexible inertia support to the AC grid during system disturbance. It
can be seen from Figure 9b—d that the adaptive inertia control proposed in this paper can
provide certain inertia support for the AC system 2 under disturbance. Compared with
the traditional active inertia control strategy, when the frequency change rate is large, the
adaptive inertia control can better respond to the frequency change by adaptively adjusting
the virtual inertia constant H of the MMC-HVDC, so that the frequency response can be
further improved. At the beginning of the disturbance, the MMC-HVDC has a rapidly
increased inertia constant H due to the fast frequency change, which means more power
support for the AC system 2 can be provided. After the frequency change decreases,
the inertia constant H of the MMC-HVDC is gradually reduced in order to ensure the
safe operation of the system. In the traditional active inertia control strategy, the AC
system 2 frequency drops to 59.38 Hz, and the maximum A f;. is 0.62 Hz. However, after
adopting adaptive inertia control of MMC-HVDC, the virtual inertia constant is flexibly
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increased when the frequency change rate is large, so as to provide more inertia support
for AC system 2. The frequency of AC system 2 drops to 59.51 Hz, and the maximum A f,¢
increases to 0.49 Hz, which further improves the AC frequency response compared with the
traditional active inertia control. Compared with traditional inertia control, the proposed
control strategy reduces the frequency variation of AC system 2 by 21%. Figure 9e shows
the MMC-HVDC active power variation diagram under different control strategies, as can
be seen in that the proposed adaptive inertia control strategy provides more power support
for AC system 2. Figure 9f-h shows the capacitance voltage response of the MMC-HVDC
submodule under different control strategies. From Figure 9f, the DC voltage remains
unchanged, and the capacitor voltage of the sub-module is stable at 8.8 kV. As shown in
Figure 9g, when adopting the virtual inertia control strategy, the MMC-HVDC submodule
capacitors provide active inertia support for AC system 2. Under the traditional inertia
control strategy, the submodule capacitance reduces to 7.5 kV. Although the traditional
inertia can also provide some inertia support for AC system 2, it cannot adjust the inertia
constant according to the frequency change; thus, the supporting capacity is weak. As
shown in Figure 9h, the MMC-HVDC submodule with the proposed adaptive inertia
control provides more inertia for AC system 2, and the submodule capacitance voltage
fluctuates to 6.8 kV. It should be noted that in Figure 9¢c, the DC voltage during 30-33 s is
given. Since the frequency is still in a recovery process at 33 s, the DC voltage presents
errors compared with the rated value. When the frequency returns to the steady state, the
errors of DC voltage will be eliminated.

600

— Add 400MW load at 30s
400

P/ MW

200

25.0 27.5 30.0 325 35.0

(a) Load change diagram at 30 s.
60.5 T T .

60. \

\

59' \/

N—

5901 MMC-HVDC runs properly

— Traditional inertia control
— Adaptive inertia control

f/HZ

58.5 y . . .
28 32 36 40 44

t/s
(b) Comparison diagram of frequency change under different control strategies.

Figure 9. Cont.
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(e) Comparison diagram of active power under different control strategies.

(f) Diagram of submodule capacitor voltage during normal operation.
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(h) Diagram of submodule capacitor voltage under proposed adaptive inertia control.

Figure 9. Simulation results under different control strategies.

B. Case2

To further verify the effectiveness of the proposed strategy, the MMC-HVDC simula-
tion model with a three-machine, nine-node network is established in PSCAD, as shown in
Figure 10. The structural parameters of the model are shown in Table 2. The MMC-HVDC
model in Case 2 is the same as that in Case 1; thus, the main parameters of the MMC-HVDC
system do not change. As for the control parameters setting issue, the most important
control parameters of the proposed scheme are the adaptive threshold Apin and Amax, as
well as the exponential coefficient a. Ay and Amax determine the starting threshold for
adjusting the active inertia time constant H, while the exponential coefficient « is the most
important indicator that determines the response speed of the inertia time constant H.
Therefore, in this case, these key control parameters are set, varying to conduct validation
of the proposed control strategy. In the initial state, MMC-HVDC transmits 1000 MW to
the receiving-end power grid. The output voltage of synchronous generators G1, G2 and
G3 are 16.5 kV. The load of the entire network is 1500 MW, and the MMC-HVDC transmits
1000 MW of active power to the AC network. The surplus 500 MW of the load power is
supplied by the three synchronous generators. In this case, the load power reduction of 350
MW is set at the AC bus BUSS at 10 s. The proposed active inertia adaptive control strategy
of MMC-HVDC provides certain support for AC frequency, and the simulation comparison
results under different controls are shown in Figure 11.
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Figure 10. Simulation model of MMC-HVDC systems in case 2.

Table 2. The Simulation parameters of MMC-HVDC in case 2.

Parameter Numerical Value
DC voltage/kV 640
Rated capacity /MW 1200
Arm submodules number 76
Submodule capacity/uF 2800
AC frequency/Hz 60
Normal active inertia threshold 15
Active inertia adaptive dfa./dt threshold threshold Apin and Amax 0.35,0.95
Adaptive control adjustment coefficients y, «, B, v —0.02,—-1.5,20,15

The simulation results are shown in Figure 11. In Figure 11a, the AC frequency varia-
tion diagram of MMC-HVDC under different control strategies is given, while Figure 11b,c
shows the variation of DC voltage and transmission power, respectively. Figure 11d shows
the dynamic change of the inertia constant of the proposed adaptive active inertia support
control strategy. The proposed control strategy adaptively adjusts the inertia constant of
MMC-HVDC according to the frequency change of the power grid. As shown in Figure 11a,
after a 350 MW load disturbance on the connected AC power grid, the maximum frequency
variation is 0.59 Hz, when the MMC-HVDC provides no active inertia support. With the
traditional active inertia support control strategy, the maximum variation of frequency is
0.48 Hz. When the adaptive inertia control strategy is adopted, the active support capability
of MMC-HVDC can be increased, and the maximum frequency variation is improved to
0.37 Hz. Compared with traditional inertia control, the proposed control strategy reduces
the frequency variation of AC system 2 by 23%. Figure 11e—g gives the submodule capaci-
tance voltage response diagram of MMC-HVDC under different control strategies. When
the MMC-HVDC provides no active inertia support for AC system 2, the sub-module
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capacitor voltage can be stable at 8.8 kV. As shown in Figure 11f, when the MMC-HVDC
submodule capacitor is used to provide active inertia support for AC system 2 through
traditional virtual inertia, the submodule capacitance is increased to 9 kV. As can be seen
from Figure 11g, the proposed adaptive inertia control provides more inertia support for
AC system 2, while the submodule capacitance voltage fluctuates to 9.4 kV. In order to
verify the supporting effect of the proposed adaptive active inertia supporting control
strategy, the strategy in Ref. [12] is also adopted here for comparison with the proposed
scheme, and the frequency change of AC system 2 with the scheme in Ref. [12] shown
in Figure 11h. It can be concluded that the control strategy proposed in this paper can
provide the adaptive active adjustment ability of MMC-HVDC, and the frequency response
of the system can be improved with superior performance. In a word, the two considered
different simulation cases performed in this paper are sufficient to highlight the feasibility

of the proposed method.
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(c) Change diagram of adaptive inertia constant H when active inertia is supported.
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Figure 11. Simulation results under different control strategies in case 2.

5. Conclusions

In order to effectively inhibit the change of AC frequency when the connected AC
system is subjected to power disturbance and improve the active inertia support capability
of the MMC-HVDC system, this paper presents an adaptive control strategy for active
inertia support of MMC-HVDC systems. Through theoretical derivation and simulation
analysis, the main conclusions of this paper are as follows:

(1) By analogy with the synchronous generator, the MMC-HVDC adaptive virtual
inertia control strategy is proposed, which can effectively enhance the active inertia sup-
port capability of the MMC-HVDC system and improve the frequency response of the
AC system.

(2) This paper constructs the adaptive control parameters by introducing a variation
of the Sigmoid function with amplitude limiting capability. With the proposed adaptive
scheme, the inertia constant H of the system is adjusted according to the frequency change
rate of the AC system. The two simulation cases show that with the proposed control
strategy, the maximum change of the AC system frequency is reduced by 21% and 23%,
respectively. Therefore, the proposed control strategy has excellent frequency response
characteristics, and the safe and stable operation ability of low inertia MMC-HVDC system
is improved.

(3) The proposed MMC-HVDC adaptive active inertia control strategy can provide
flexible inertia support for low inertia systems. The next research step can be focused on
the active support capability of the MMC-HVDC systems with integration renewal energy.
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