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Flexible DC transmission systems based on modular multilevel converters
have the potential to support the inertia of AC power grids by using sub-
module capacitor energy storage. However, existing studies generally
believe that the inertia provided by flexible DC systems is limited by their
energy storage time constants, which is weaker than that of synchronous
motors, and lacks quantitative indicators to measure their support strength.
Introducing the flexible-DC equivalent inertia constant (FDEIC) as a precise
metric for assessing inertia support under different management schemes,
this research presents a new analytical framework based on frequency
responses. Results show that the inertial response is influenced by control
bandwidth, DC-voltage dynamics, and circulating-current behaviour. A more
generalized multi-terminal FDEIC is created to account for the impact of
raised total capacitor energy, and the theory is further expanded to cover DC
grids with more than one terminal. A three-terminal flexible DC grid

simulation model is built in the PSCAD environment, and the simulation
results verify the effectiveness of the proposed quantitative analysis method.
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1. INTRODUCTION

The modular multilevel converter based high voltage direct current (MMC-HVDC) technology has
the advantages of strong scalability, high controllability, direct access and transmission of wind and solar
power generation, and the ability to supply power to weak AC grids and even passive systems. It is currently
a relatively advanced transmission technology [1]-[7].

With the access of a high proportion of power electronic devices, the traditional power system with
synchronous generator (SG) as the main power source is gradually transforming into a low-inertia weak grid,
and the system frequency stability is constantly weakening [8], [9]. Under traditional flexible DC control,
modular multilevel converter (MMC) cannot respond to the frequency changes of the AC system, nor can it
simulate the synchronous motor to provide inertia for the system, so it is difficult to support the grid
frequency stability [10], [11]. How to give full play to the support capability of MMC in the flexible DC
system to actively support the frequency of the receiving AC system has become one of the key technical
problems that urgently need to be solved in the construction of new power systems [12], [13].

There are many studies on the frequency support strategy of MMC for AC power grid. The study in
[14] summarize the common grid-following and grid-building control strategies and analyze their support
performance and performance for AC power grid. Khan et al. [15] proposes a control scheme that can
provide inertia and damping for the two-end grids for the back-to-back MMC-HVDC system, and embeds a
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new support mode selection algorithm. Mei ef al. [16] proposes an adaptive virtual inertia frequency
regulation strategy, which increases the inertia coefficient of MMC when the DC deviation is small, and
decreases it when it is small, so that it has a better inertia support effect on the AC system in the early stage
of frequency fluctuation. Wang et al. [17] deeply analyzes the difference between the inertia support function
and the primary frequency regulation function of the virtual synchronous generator (VSG) in the power grid,
and analyzes the effect of VSG control on frequency changes when severe load disturbance occurs in the
large power grid.

In the above research, the supporting power of MMC for the AC system on the disturbance side
mainly comes from the AC grid connected to other converter stations in the flexible DC system. There are
many discrete sub-module capacitors inside the MMC. If the energy inside can be flexibly and effectively
utilized, the MMC's own energy storage alone can provide a certain support effect on the grid.

In order to further utilize the MMC capacitor energy, Zhu et al. [18], [19] use capacitor energy to
simulate the rotor kinetic energy of the synchronous motor to support the grid inertia, but they use the
traditional double closed-loop vector control strategy, and the capacitor voltage is coupled with the DC
voltage, which limits the utilization of capacitor energy. Liu ef al. [20] uses adaptive damping and inertia
coefficients to improve the support capacity of capacitor energy, but its capacitor voltage is still related to the
DC voltage. Yang et al. [21] uses a capacitor energy synchronization loop to replace the power
synchronization loop in the traditional grid control to improve stability, but the reference believes that the
capacitor energy support effect is extremely small, so it is only used for synchronization with the grid.
Singh et al. [22] proposes an MMC active energy control strategy, which mathematically decouples the DC
voltage and capacitor voltage, and improves the energy utilization margin and control flexibility compared to
traditional control. Zhang et al. [23], [24]. According to Singh et al. [22], it looks at adaptive and intelligent
control strategies for power-electronic converters that work in low-inertia grids. It shows how adaptive,
predictive, and Al-based solutions improve frequency stability, virtual inertia emulation, and strength when
the grid is unpredictable. Some of the biggest problems are making control more complicated, limiting real-
time implementation, and making sure stability throughout a wide range of operating situations.

However, the above MMC energy utilization strategies have not been able to quantitatively calculate
the actual support strength of MMC for the power grid, and it is difficult to quantify the support effect.
Although most existing studies believe that the inertia constant of MMC is only about 40 ms [21], which is
very small compared to the effect of synchronous motors, it is mainly obtained by analogy with the energy
storage time constant of MMC, and does not consider the impact of actual grid characteristics and MMC
control strategies on support capacity.

In order to quantitatively analyze the grid inertia after a high proportion of new energy and power
electronic equipment is connected, the Sun ef al. [9] defines the generalized inertia of the grid by using the
ratio of the generalized kinetic energy of the AC system to the total capacity, which covers all forms of
inertia in the system, but is not suitable for analyzing the inertia support capacity of the flexible DC MMC
alone. Yang et al. [25] proposes an MMC inertia constant considering the penetration rate of new energy and
analyzes the frequency response of the AC grid after the introduction of MMC inertia. However, the motor
speed is equivalent to the capacitor voltage during the calculation, which is inconsistent with the physical
definition of the inertia constant. In addition, the total capacity of the grid is used as the base value for power
calculation, which makes it difficult to reflect the actual effect of capacitor energy on grid inertia. Kim et al.
[26] derives the inertia constant of the converter station by analogy between capacitor energy and the kinetic
energy of the synchronous motor rotor. However, this literature only considers the impact of the third
harmonic injection on the number of submodules put into operation, and does not analyze the improvement
of the energy utilization range brought by the decoupling of DC voltage and capacitor voltage. It also does
not consider the different abilities of capacitors to absorb and release energy, and the obtained inertia
constant is too small.

In view of the above problems, this paper first starts from the frequency response model of the
flexible DC transmission system, derives the quantitative analysis method of the inertia support capacity of a
single flexible DC converter station, and proposes the equivalent inertia constant HMMC of the flexible DC
MMC to the AC system as an analysis indicator. Then, the existing various inertia support controls are
compared, and the support power source, support performance, parameter design, and other aspects are
analyzed to obtain the equivalent inertia constant of the flexible DC system under different controls.
Furthermore, this method is extended to the multi-terminal flexible DC system to obtain the total equivalent
inertia that can be provided when using the energy of multiple MMC capacitors. Finally, the effectiveness of
the proposed quantitative analysis method and the support characteristics of different controls and different
numbers of terminals are verified through simulation.
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2. QUANTITATIVE ANALYSIS METHOD OF EQUIVALENT INERTIA CONSTANT OF
SINGLE MMC

In the existing research, when using capacitor energy to support the inertia of AC power grid, it is
generally believed that its support capacity can be compared to the definition of the inertia constant of
synchronous motor, and the MMC energy storage time constant TE, which is used to measure it [21].
However, in fact, the response mode and speed of MMC to system frequency are different from those of
synchronous motor. Under this definition, the inertia support capacity of MMC is overly limited. This section
will derive the quantitative expression of MMC inertia constant from the frequency response model of MMC
to AC system. Figure 1 shows the single MMC grid-connected system studied in this paper. In Figure 1: AP,
is the per-unit value of AC system load disturbance; APg; is the per-unit value of active output change of
synchronous motor in primary frequency modulation process; AP MMC is the per-unit value of support
power provided by MMC when system load is disturbed; the base values of the above power items are all the
rated capacity of synchronous motor in the power grid.

J V(j(

Figure 1. Schematic diagram of receiving-end AC power grid

For a receiving-end power grid, its frequency response model can be represented by Figure 2. In
Figure 2: Af,,, is the per-unit value of frequency change, and its base value is the power frequency 50 Hz;
HSG is the equivalent inertia constant of the synchronous motor; D is the load damping response coefficient;
RSG is the droop coefficient of the synchronous motor governor; TG is the governor time constant; FHP,
TCH, TRH are the main parameters in the reheat turbine, representing the high-pressure cylinder work
proportional coefficient, the prime mover time constant and the reheater time constant respectively.

APyvive

Reheat turbine
Governer

A-}:},ll

1/ 2sHg+D

1/ Ry

Figure 2. Frequency response model of AC system

Under normal control, the MMC sends constant power to the AC system, and APy = 0 in the

figure. According to the relationship in the figure, the frequency response of the system is:
daf,

2Hsg—* + DAfyy = APsg — AP, )
when the load disturbance AP, just occurs, since the frequency deviation is very small and there is a dead
zone in the primary frequency modulation of the synchronous motor, APs¢ in (1) is approximately zero. At
this time, the system frequency change in Figure 1 is only affected by AP, let the transfer function of the
reheat turbine be G(s), and the system frequency change rate at time zero can be calculated as (2).

dAfiy
dt

i SRsg(1+sTg) AP
o+ 500 2HsGRsGS(1+STG)+G(s) 2HsG

2

That is, in conventional control, the calculation for the system equivalent inertia constant is given by (3).

APy, APy,
Hgg = -k =250 3
SG 2ddAf| 2C ( )
t lg°
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Where C, is the maximum value of the frequency per unit value change rate, which can also be considered as
the frequency change rate when the load disturbance just occurs.

If MMC can support the inertia of the AC system during load disturbance, the frequency response
model after considering MMC support can be represented by Figure 3 [25]. In Figure 3: HMMC is the
equivalent inertia constant of MMC to the AC system. Referring to the inertia constant expression of the
generator (3), HMMC is defined as half of the supporting power provided by MMC to the AC system under
the unit frequency change rate.
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Figure 3. Frequency response model of AC system with MMC inertia response

In this model, AP MMC is not zero, and its size is determined by Hwmwmc. According to Figure 3, the
frequency response model of the flexible DC transmission system can be expressed as (4).

dAfyy
de

ZHSG + DAfpu = APSG + APMMC - APL (4)
APy 1s the inertia support power provided by the converter station. Its response should be similar to that of
the synchronous motor and can be expressed as (5).

dAfyu

APymc = —2Humc dt

&)
Under the same load disturbance, the system frequency change rate at time zero can be calculated as (6).

dAfpu g Sng(1+ST(;) APy,

= AP, =
dt lo* 2% 2(HsG+HMMCORSGS(1+STG)+G(s) ' 2(Hsg+HMMC) ©)
Analogously to (3), the total inertia constant of the system can be calculated as (7).
AP
Hygra = z_c; = Hsg + Humc (7

Where H,, is the total inertia constant of the AC system. From (7), we can see that after the load
disturbance occurs, the inertia constant: H,, that the system can provide consists of two parts: one is the
inertia constant of the synchronous motor itself; the other is the equivalent inertia constant provided by the
MMC.
When the inertial support power APyyc borne by the MMC is completely provided by the
submodule capacitor energy storage, the energy relationship can be expressed as (8).
Wo dAWMM(:.pu

BPy = — 3o Mep ()

Where S is the rated capacity of the synchronous motor in the power grid; AWyyc py is the per unit value
of the MMC capacitor energy change; W, is the capacitor energy under rated conditions, which is also the
calculation base value of AWy py-

Combine (5) and (8), integrate both sides of the equation, and assume that the initial value of each
physical quantity at time zero is equal to its rated value, and we can get (9).

W
éAWMMC.pu = 2HMMCAfpu (9)
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Therefore, the equivalent inertia constant of MMC is expressed as (10).

Wo AWwMMC.pu
H, =L ———5

Y (10)
The capacitor energy W, at the rated state of MMC is expressed by the energy storage time constant T gmmc
[17] and substituted into (10) to obtain:

TgMMC S AWmmMc,
Hyme = . - (11)
2 SsG Afpu

Where Syc is the rated capacity of the flexible DC converter station.

It can be seen from (11) that the equivalent inertia constant of MMC for AC system is not only
related to Tewmmc, but also affected by the capacity proportion of MMC in AC system and the ratio of
capacitor energy to frequency change (energy-frequency ratio). The capacity proportion reflects the actual
effect of the charging and discharging process of the capacitor on the AC system, and the energy-frequency
ratio is related to the control strategy of the MMC converter station, which will be discussed in detail later.
The MMC equivalent inertia constant Hypyc obtained by considering various factors such as capacity
proportion and control strategy can better reflect the actual inertia support capacity of the converter station
for the AC system than Tg mmc.

2.1. Analysis of inertia support capacity of MMC system under different control
2.1.1. Sudden increase in AC system load

As mentioned in section 2, the equivalent inertia constant HMMC of MMC is affected by the energy-
frequency ratio, which is determined by the control strategy of MMC. This paper will discuss the energy-
frequency ratio under different control strategies in detail and analyze the equivalent inertia constant HMMC
of different controls. Figure 4 shows the schematic diagram of VSG control [14], which is one of the most
common inertia support controls. Its control principle can be expressed as (12).

dfpu

Py — Prer = 2H dat

+ DAfpy (12)
Where: P, is the rated power of the AC side; P..r is the actual output per unit value of the AC side, and its
base value is the rated capacity of the MMC; H, is the inertia constant in the control.

From (12), it can be seen that the control principle is very similar to the synchronous motor rotor
motion equation. Due to the addition of the damping link D, the control can not only support the system
inertia, but also raise the lowest frequency point and the steady-state value after fluctuation, and has a strong
supporting capacity. However, VSG control fails to indicate the source of the supporting power. Taking the
receiving-end support as an example, the literatures Cardozo et al. and Ma et al. [27], [28]. point out that
under this control, the supporting power provided by the MMC mostly comes from the sending-end AC
system, rather than the MMC's own capacitor energy storage, so the inertial supporting capacity of the MMC
cannot be quantitatively determined. At the same time, VSG control will cause the sending-end AC system to
fluctuate in frequency due to changes in the synchronous motor output, thereby affecting the operating
stability of the sending-end power grid.

To overcome the above problems, Figures 5 and 6 show two control strategies that can use MMC
capacitor energy to support the power grid. Under these strategies, the load disturbance of the receiving-end
power grid will not affect the frequency stability of the sending-end power grid, and the support potential of
MMC itself can be brought into play.

-fp.u
v/p.u 0

Figure 4. Schematic diagram of VSG control
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Figure 6. Four-dimensional control of MMC

Figure 5 shows an MMC inertia emulation control (INEC) proposed in the Zhu ef al. [18]. Its
principle is to add additional control of DC voltage on the basis of double closed-loop vector control, and use
the coupling characteristics of DC voltage and capacitor voltage to release/absorb capacitor energy by
changing DC voltage, thereby simulating the inertia link of the synchronous motor. According to Figure 5,
we can get (13).

VdC,PU =, ’dec,puv + kaAfpu (13)

Where Vyc py is the per unit value of the DC voltage of the converter station; under rated conditions, and its
value is 1; kg, is the droop control gain.

Considering that in the per-unit system, the MMC energy AWy py is the square of the DC voltage
Vdc,pu» the relationship between energy and frequency change when the INEC strategy is adopted is:

AI/VMMC,pu = dec,pu - dec,puo = kaAfpu (14)

from (14), we can see that the energy frequency ratio under the INEC strategy is the droop coefficient kg,.
Substituting (14) into (11), we can get the inertia constant under the INEC strategy as given by (15).

_ TgMMC SMMC
Hyyc = "EAMEMMC (15)

The selection of droop control gain kg, is determined by the system DC voltage limit per unit value
Vacpulim and the AC system frequency deviation limit per unit value Af,,lim, which can be expressed
as (16).
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2 2
Vde,pu, lim ~Vdc,puo
kfv — c,pu, lim c,pu (16)
Afpu,lim

According to Zhang et al. [24], the frequency deviation limit is generally considered to be +0.5 Hz,
that is, 0.01 p.u. According to Jovcic [29], the DC voltage of the converter station can be operated to Mac
Vien at the lowest, where Mac is the AC modulation ratio, and its value is generally 0.85~0.95, and Vjy,, is
the rated DC voltage, that is, the DC voltage can be as low as 0.85 p.u. The upper limit of the DC voltage
operation generally does not exceed 1.10 p.u. [30]. Therefore, the DC voltage deviation limit Ve py1im=
[0.85, 1.10] p.u. From (15) and (16), it can be seen that the DC/capacitor voltage deviation limit of the dual
closed-loop vector control determines the gain coefficient kg, of the INEC strategy, and its value directly
affects the equivalent inertia constant of the flexible DC MMC. Assuming the energy storage time constant
Temmvc is 40 ms, taking an AC system consisting of a 1000 MW/£500 kV MMC and a 2000 MW
synchronous motor as an example, substituting the parameters into (15) and (16), it can be calculated that the
inertia constant HMMC that the INEC strategy can provide is 0.28 s and 0.21 s respectively when the load
suddenly increases/decreases.

Figure 6 shows the MMC four-dimensional control scheme proposed in Zhang et al. [24]. The DC
modulation ratio M. enables the control to control the DC voltage and AC voltage separately, while the
improved nearest level modulation strategy uses the variable capacitor voltage V¢ 4y,4 to replace the capacitor
voltage rating under the traditional scheme, so that the DC line voltage and the submodule capacitor voltage
are mathematically decoupled.

At the same time, by using the frequency-capacitance energy (f-W) droop control in the red dashed
box of Figure 6, the submodule capacitance energy can be changed proportionally with the frequency
fluctuation, so that it has an inertia support capacity similar to that of a synchronous motor. Therefore, when
the f~-W droop control strategy is adopted, the inertia constant that the MMC energy can provide can be
expressed as (17).

Hye = ~HHE M (17)
SG

Where ks, is the droop coefficient in control, that is, the energy-frequency ratio. The selection of kg, is

determined by the MMC capacitor energy utilization limit per unit value Wy, im and the AC system

frequency deviation limit per unit value Af;,, 1im Which can be expressed as (18).

Wpulim—Wq
kfw — Zpulim puo (18)
Afpu,lim

Where: W), is the per unit value of the capacitance energy of the MMC under rated conditions, and its value
is 1. According to the Zhang et al. [24], the variation range of the capacitor voltage per unit value under four-
dimensional control is ch,g,pu,zim =[0.768, 1.500] p.u., that is, the variation range of the capacitor energy is
Wputim = [0.59, 2.25] p.u. From (17) and (18), it can be seen that the capacitor voltage/energy deviation limit
of the MMC four-dimensional control determines the droop coefficient kg, of the f-W droop control, and its
value directly affects the equivalent inertia constant of the flexible DC MMC. Using the same test system as
the INEC strategy, it can be calculated that the inertia constant Huwc provided by the MMC energy when the
f-W droop control is adopted is 0.41 s and 1.25 s respectively when the load increases/decreases suddenly.

Based on the above discussion, the equivalent inertia constant of the flexible DC transmission
system is compared between the f-W droop control using four-dimensional control and the INEC strategy
using double closed-loop vector control when the load increases/decreases suddenly, as shown in Table 1. It
can be seen from Table 1 that for the same system working condition, compared with the INEC strategy,
under the f-W droop control based on four-dimensional control, the equivalent inertia constant H of MMC is
larger and the inertia support capacity is stronger.

Table 1. Comparison of MMC equivalent inertia constants under different control strategies

Control strategy Hmm/s
Load increasing  Load reduction
INEC 0.28 0.21
f-W droop control 0.41 1.25
Control strategy Hmm/s
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2.2. Comparative analysis of equivalent inertia constant and existing indicators

In order to quantitatively analyze the MMC's ability to support grid inertia, existing studies have
proposed a variety of inertia quantification indicators. This section compares the proposed MMC equivalent
inertia constant with existing studies to verify the advantages and completeness of the indicators proposed in
this paper. Yang et al. [25] defines an MMC inertia constant that takes into account the proportion of new
energy penetration. Assume that the rotor kinetic energy of the synchronous motor is 0.5 jw?, and the
capacitor energy storage in the MMC is 0.5 CVZ, where j is the moment of inertia, w is the speed of the
synchronous motor, and C is the size of the MMC capacitor. Yang et al. [25] equates the two and makes the
capacitor voltage V. change proportionally with the speed of the synchronous motor (grid frequency) to
simulate the inertia response of the synchronous motor. Assume that the system allows a maximum
frequency deviation limit Afy;,, = Af,, and the maximum capacitor voltage deviation AV, satisfies
AV¢ imWwith the rated capacitor voltage AVcjim = BVco, where A and f are corresponding proportional
coefficients. Then the MMC capacitor voltage change command value AV¢ and the frequency deviation Af
should satisfy.

ave =Lvgonf (19)

Define the total grid capacity Sgrig = Smmc + Ssg, then the MMC inertia constant Hvmci defined in the Zhu
et al. [18] is given by (20).

Wo B
Hymer = 561? (20)

From Section 2.1.1, we know that the frequency deviation limit is 0.01 p.u., that is, A = 0.01. When
MMC adopts four-dimensional control, the per-unit value variation range of capacitor voltage V¢ py, 1im =
[0.768, 1.500] p.u., that is, § is 0.232 and 0.500, respectively, when the load increases/decreases suddenly.
Taking the flexible DC transmission system parameters described in Section 2.1.1 as an example, the MMC
inertia constant Hymic: under this definition can be calculated to be 0.31 s and 0.67 s, respectively, when the
load increases/decreases suddenly.

From the above analysis, it can be seen that the Humcr defined in the Zhang at al. [23] under the
same control is smaller than the flexible DC equivalent inertia constant defined in this paper. The main
reasons are as follows:

i) The power base value selected in the calculation of Yang ef al. [25] is Sgriq- Singh et al. [8] points out
that when the access of new energy sources increases, if the number of synchronous motors in the grid
remains unchanged and the kinetic energy remains unchanged, the rate of change of system frequency
under the same disturbance power remains unchanged. There is no equivalent relationship between the
inertia constant calculated by the above method and the system frequency. This paper uses the capacity of
the synchronous motor of the grid Sg¢ as the base value for power calculation, which can better reflect the
actual impact of capacitor energy on the AC system.

ii) In Zhu et al. [18], the capacitor voltage V is proportional to the system frequency, which is inconsistent
with the physical meaning of the inertia constant. The MMC inertia constant is defined as half of the
power supported by the MMC for the AC system under the unit frequency change rate, that is, the system
frequency should be proportional to the capacitor energy.

Kim et al. [26] compared the MMC capacitor energy storage to the kinetic energy of the
synchronous motor rotor and proposed the flexible DC inertia constant HMMC2. Assuming the rated speed
of the synchronous motor is w,,, its rotor kinetic energy w; can be expressed as (21).

wy, = 0.5jw? (21)

Assuming the maximum allowable speed (frequency) deviation is wy;,, when load disturbance
occurs, the energy limit AW, ;;,,, injected by the synchronous motor to support the AC power grid can be
expressed as (22).

J(@§-ofin J
AWiiim = % = (1 - Afpzu_zim);wg = W K¢ (22)

Where ky is the ratio between the kinetic energy change limit and the rated kinetic energy. Kim et al. [26]
combined the DC voltage deviation limit and the third harmonic injection effect to obtain that the bridge arm
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can be put into use up to 1.265 N submodules, where N is the number of submodules put into use under the
rated state of the MMC. Then the capacitance energy change limit AW ;,,, can be calculated as (23).

1
1.2652

AW i = (1 YW, ~ 0375 W, 23)

Combining (22) and (23), let the MMC capacitor energy change limit AW ;,,, be equal to the analog
synchronous motor rotor kinetic energy change limit AW, ;;,,,, and the flexible DC inertia constant Hymicz
defined in Zhu et al. [19] is obtained as (24).

_ 0375 W,
Hymcz =

24

SsG kf

Taking the above-mentioned flexible DC transmission system parameters as an example, the
HMMC?2 defined in the literature can be calculated to be 0.375 s when the load suddenly increases. Similarly,
HMMC?2 under the load suddenly decrease condition is also 0.375 s, both of which are smaller than the
equivalent inertia constant of the flexible DC under the four-dimensional control proposed in this paper. The
main reason is that Kim er al. [26] did not fully analyze the energy utilization limit of the MMC submodule
capacitor after the DC voltage and capacitor voltage were decoupled, and did not consider the changes in the
inertia support capacity caused by the different energy absorption and release ranges of the capacitor.

The inertia constants defined in Zhu ef al. [18], [19] and the MMC equivalent inertia constants
proposed in this paper are compared, as shown in Table 2. From the above discussion, it can be seen that the
flexible DC equivalent inertia constant HMMC proposed in this paper not only considers the actual effect of
capacitor energy storage on the AC system, but also covers the differences in energy utilization range under
different control and different load disturbance conditions, and can accurately quantify the inertia support
capacity of MMC.

Table 2. Comparison of HMMC, HMMCI1 [18], and HMMC2 [19]
Working conditions HMMC/s proposed  HMMCI1/s  HMMC2/s
Load surge 0.41 0.31 0.375
Load reduction 1.25 0.67 0.375

3. ANALYSIS OF THE INERTIA SUPPORT CAPABILITY OF MULTI-TERMINAL MMC FOR
RECEIVING END

As can be seen from section 2, MMC four-dimensional control can maximize the use of sub-module
capacitor energy to provide inertia support for the AC system without affecting the power stability of other
AC systems. This chapter will take four-dimensional control as an example to discuss the inertia support law
of the multi-terminal modular multi-level direct current (MMC-MTDC) system.

In section 1 and 2, the inertia support capacity of a single MMC converter station for the AC system
was calculated. For a two-terminal system, if the capacitor energy in two MMCs can be used to support the
receiving-end grid at the same time, it can be seen from (11) that its support capacity is obviously twice that
of a single converter station.

The research object is extended to the three-terminal MMC-MTDC system. Take the system with
one transmission and two receptions shown in Figure 7 as an example for discussion. In the figure: the
transmission end MMC1 is 2000 MW, the reception end MMC2 and MMC3 are 1000 MW respectively, and
all MMCs have the same energy storage time constant, which is TE, MMC=40 ms. In the AC system
connected to MMC?2, the synchronous motor capacity Ssg, is 2000 MW. The inertia support law of the multi-
terminal system for the AC system connected to the reception end MMC2 is discussed.

When only the directly connected MMC?2 supports the system frequency, its supporting capacity is
the same as that of the single 1000 MW MMC in section 2. As shown in Table 1, the equivalent inertia
constant H of the single MMC converter station is 0.41 s and 1.25 s respectively when the load
increases/decreases. Considering that MMC3 also participates in the support, and assuming that MMC3 and
MMC2 have the same energy-frequency ratio kg, the total energy of the capacitors participating in the
frequency support in the system becomes twice that of the single MMC support, and the equivalent inertia
constant of the system also becomes twice that of the single MMC support. Therefore, when the load
increases/decreases suddenly, the equivalent inertia constant HMMC of the flexible DC transmission system
is 0.82 s and 2.50 s, respectively.
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Figure 7. Schematic diagram of a three-terminal MMC system

If the capacitive energy of the 2000 MW MMCI1 at the sending end can also respond to the inertia of
the AC system connected to the receiving end MMC2, the support capacity of the system will be further
improved. Assuming that MMC1 has the same energy frequency ratio kg, as other MMC:s, since the capacity
of MMC1 is twice that of MMC?2, the equivalent inertia constant provided by MMCI is twice that of MMC2,
that is, the inertia constant provided when the load increases/decreases suddenly is 0.82 s and 2.50 s
respectively. Considering the capacitive energy of all MMCs in the flexible DC system, the overall HMMC
of the system is 1.64 s and 5.00 s respectively. In summary, for an MMC-MTDC system, if the capacitor
energy of all converter stations can be used for the inertia support of the receiving system at the same time,
under the same energy storage time constant Tgwmmc and energy frequency ratio kg, the inertia support
capacity of the MMC-MTDC system is determined by the total capacity of the system. The equivalent inertia
constant HMMC, tot of the MMC-MTDC system can be expressed as (25).

Humc ot = Temmc or —iitot ZXMMCp (25)
GD,d fpu

Where Symctot 1S the rated capacity of the MMC-MTDC system and Sggq is the rated capacity of the

synchronous motor of the AC system with load disturbance.

When the three-terminal MMC-MTDC system adopts the INEC strategy, due to the coupling
relationship between the DC voltage and the capacitor voltage, the change of the DC voltage will affect the
three converter station capacitors to release/absorb energy to support the AC grid on the disturbance side.
According to the discussion in section 2, compared with the four-dimensional control, the INEC strategy only
changes the energy-frequency ratio. Substituting the energy-frequency ratio under this strategy into (25), the
theoretical equivalent inertia constant of the three-terminal system under the INEC strategy can be calculated
to be 1.1 s and 0.84 s when the load increases/decreases. The comparison with the Hymc of f-W droop
control is shown in Table 3. It can be seen from Table 3 that when adopting f-W droop control, the equivalent
inertia constant of the three-terminal MMC-MTDC system under different working conditions is large, and
the frequency support capability of the power grid is strong.

Table 3. Comparison of HMMC of three-terminal MMC-MTDC system under different control strategies

Control strategy Hmm/s
Load increasing  Load reduction
INEC 1.10 0.84
f-W droop control 1.64 5.00

When the AC grid connected to MMC,; is disturbed, in order to ensure that the capacitor energy of
MMC,; and MMC; can flow to MMC,;, MMC;, and MMC;3; can be controlled by constant AC power.
According to the power balance, the power generated by absorbing/releasing energy through the converter
station capacitor can only flow to the AC system connected to MMC2 through the DC line. For two typical
three-terminal MMC-MTDC system topologies, the flow of the supporting power provided by the capacitor
energy in the flexible DC transmission system is shown in Figure 8.

Since MMC1 and MMC3, except MMC2, cannot directly obtain the frequency change when the
load disturbance occurs, in order to enable each converter station to accurately release energy to support the
receiving end system, the scheme proposed in Singh et al. [8] can be used to make the DC voltage reflect the
frequency change through frequency-DC voltage droop control. The DC voltage can also be changed by
simulating inertia, as proposed in [30], and then the receiving end equivalent frequency feq is obtained
through frequency reduction control, and feq is added to the outer loop of f-W droop control to make the
capacitor release energy. The specific control details are not the main object of this paper and will not be
introduced in detail here.
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Figure 8. Support power flow of a three-terminal MMC system

4. SIMULATION VERIFICATION

In order to verify the effectiveness of the quantitative analysis method of MMC inertia support
capacity proposed in this paper, and to compare the effects of different numbers of support terminals and
different control strategies, a three-terminal MMC-MTDC system as shown in Figure 8 was built based on
PSCAD/EMTDC, and a load disturbance was applied to the AC power grid connected to MMC2 for
verification. The MMC-MTDC system adopts a master-slave control strategy, in which MMC2 adopts
constant DC voltage control, and a frequency droop link is added to the DC voltage outer loop to reflect the
frequency change of the receiving end system. Taking the f-W droop control under four-dimensional control
as an example, its specific control scheme is shown in Figure 9. MMCI1 and MMC3 adopt constant power
control and additional frequency restoration control to enable them to obtain the frequency information of the
AC system on the MMC2 side [8]. The specific control method and frequency restoration strategy (taking
MMCI1 as an example) are shown in Figures 10 and 11. The synchronous motor capacity of the AC system
where the three converter stations are located is 2000 MW, and the inertia constant HSG = 4.5 s. The
receiving end system connected to MMC?2 initially carries 2000 MW, and a 5% load mutation (=100 MW)
occurs at 13 s. The specific parameters of the three-terminal MTDC system are shown in Table 4.

When the three MMC converter stations adopt the INEC strategy and f-W droop control, the droop
coefficient gains kg, and kg, in the two controls are designed using (16) and (18) respectively. When the
INEC strategy is adopted, since it is based on two-dimensional control, the capacitance energy of the three-
terminal MMC will be used simultaneously when participating in inertia support. When VSG control is
adopted, the parameters of MMC2 and MMC3 are shown in Table 5. Under four-dimensional control, the
effects of using the capacitance energy of MMC2 single-terminal, MMC3+MMC2 two-terminal, and
MMC1+MMC2+MMC3 three-terminal converter stations to participate in inertia support are simulated to
verify the support characteristics of different controls and different numbers of terminals mentioned above.
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Figure 9. Schematic diagram of MMC constant DC voltage control (MMC2)
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Figure 10. Schematic diagram of MMC constant power control (MMC1 and MMC3)
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Figure 11. Schematic diagram of frequency reduction control (MMC1)

Table 4. Main parameter setting of MMC-MTDC system

MMC Rated power Rated DC Rated AC arm Submodule Submodule Submodule
MW voltage KV voltage KV inductance number capacitance rated voltage
MMCl1 2000 +500 330 0.267H 400 10.67 mf 2.5kV
MMC2 1000 +500 330 0.134 H 400 533 mf 2.5kV
MMC3 1000 +500 330 0.134H 400 5.33 mf 2.5kV

Table 5. Design of VSG control parameters for three-terminal MMC-MTDC system
Converter Station  Damping coefficient D Inertia coefficient Hey
MMC1 5 0.82s
MMC3 10 1.64 s

4.1. Case 1: Sudden increase in AC system load

When t = 13 s, the load of the AC system connected to the converter station MMC2 suddenly
increases by 100 MW. The simulation results under different numbers of support terminals and different
strategies are shown in Figure 12. As shown in Figure 12(a), under VSG control, the load disturbance on the
MMC?2 side of the flexible DC system will affect the frequency of the AC system connected to the converter
station MMC3, and its change trend is similar to the sudden increase in system load. However, when the
INEC strategy and four-dimensional control that fully utilizes capacitor energy for support are adopted, the
AC system at MMC3 will not be affected. At this time, the supporting power comes entirely from the
capacitor energy storage inside the flexible DC transmission system. As shown in Figure 12(a), under VSG
control, the load disturbance on the MMC?2 side of the flexible DC system will affect the frequency of the AC
system connected to the converter station MMC3, and its change trend is similar to the sudden increase in
system load. However, when the INEC strategy and four-dimensional control that fully utilizes capacitor
energy for support are adopted, the AC system at MMC3 will not be affected. At this time, the supporting
power comes entirely from the capacitor energy storage inside the flexible DC transmission system. When
the load suddenly increases by 100 MW (5%), according to (17), the equivalent inertia constant H of a single
MMC under f-W droop control is 0.41 s. As shown in Figure 12(b), when only MMC2 participates in the
support, the frequency change rate C, of the system increases from -0.275 Hz/s without MMC support to -
0.253 Hz/s. According to (3) and (7), the inertia constant HSG of the synchronous motor at the initial
moment is 4.54 s and the total inertia constant Htotal of the system after single MMC capacitor energy
support is 4.94 s. It can be seen that when MMC?2 participates in the inertia support, the inertia constant of
the system increases by about the difference between Htotal and HSG, that is, 0.4 s, which is close to the
theoretical calculation results in Table 3, verifying the correctness of the proposed inertia support calculation.
As shown in Figure 12(c), when the capacitor energies of MMC2 and MMC3 are supported at the same time,
C, can be increased to -0.233 Hz/s. It can be calculated that the Htotal of the system is 5.36 s, that is, the total
inertia constant of the AC system is increased by about 0.82 s, which is twice that of the single MMC2
support. When the 2000 MW MMCI1 capacitor energy at the sending end also supports, it can be seen from
Figure 12(d) that the C, of the AC system under four-dimensional control is further raised to 0.201 Hz/s. At
this time, the calculated Htotal is 6.22 s, and the equivalent inertia constant HMMC, tot of the MMC-MTDC
system is 1.68 s, which is very close to the theoretical calculation result of 1.64 s in section 3, verifying the
effectiveness of the inertia constant calculation method of the multi-terminal MMC-MTDC system
mentioned above. Under the INEC strategy, the system's Cy, is raised to 0.229 Hz/s. The equivalent inertia
constant HMMC, tot of the flexible DC transmission system under this control strategy is calculated to be
0.92 s, which is less than the theoretical calculation result of 1.1 s shown in Table 3. Compared with the
inertia constant of 1.64 s under four-dimensional control, the inertia support capacity is weaker because the
energy utilization range of the capacitor under the INEC strategy is smaller and the energy frequency is
lower.
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As shown in Figure 12(e), when the number of MMC terminals supported in the multi-terminal
system increases, the system frequency changes significantly more smoothly, and the lowest point also
increases, which verifies that the frequency support strength of the power grid can be improved while
utilizing the capacitor energy of the multi-terminal MMC-MTDC system. As shown in Figure 12(f), when
the disturbance occurs, the system frequency changes most smoothly under the f-W droop control, and the
inertia support effect is the best. As shown in Figure 12(g), under the f-W droop control, the MMC capacitor
energy can be adjusted separately, and the system DC voltage change is mainly used to reflect the frequency
fluctuation of the receiving end, and its change amplitude and rate are both smaller than the INEC strategy.
As shown in Figure 12(h), under the same load disturbance, compared with the INEC strategy, the f-W droop
control has less impact on the DC voltage and more full utilization of the capacitor energy. During the above
support process, the AC power output of MMC2 will deviate from the rated value as the capacitor energy
changes, and the rate of change determines the degree of deviation. After the support is completed, the
energy recovery strategy in the literature [24] can be used to restore the MMC capacitor energy and DC
voltage to the rated value. After steady state, the output power of MMC2 will also be restored to 1 p.u.
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Figure 12. Simulation waveforms under a 100 MW load increase: (a) AC grid frequency, (b) frequency
change rate with MMC: support, (¢) frequency change rate with MMCz and MMC:s support, (d) three-
terminal MMC frequency change rate, (e) frequency response with different numbers of MMC:s, (f)
frequency under different control strategies, (g) DC voltage, and (h) MMC capacitor energy

4.2. Case 2: Sudden reduction of AC system load

At t =13 s, the load of the AC system connected to the converter station MMC2 suddenly drops by
100 MW. The simulation results under different MMC support terminals and different control strategies are
shown in Figure 13. When the load suddenly decreases by 100 MW, it can be seen from (17) that the
theoretical inertia constant HMMC of a single MMC under this condition is 1.25 s. As shown in Figure 13(a),
when only MMC2 participates in the support, the system's C, decreases from 2.75 Hz/s when there is no
MMC support to 0.221 Hz/s. It can be calculated that after the single MMC capacitor energy support,
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the system's total inertia constant Htotal is 5.66 s, which is 1.12 s higher than that of HSG, and is close to the
theoretical derivation result of 1.25 s. As shown in Figure 13(b), when MMC2 and MMC3 capacitor energy
support at the same time, the system C, decreases to 0.182 Hz/s, and Htotal is 6.87 s. Therefore, after MMC2
and MMC3 participate in the support, the inertia constant of the AC system increases by about 2.33 s, and the
support effect is about twice that of single MMC support. As shown in Figure 13(c), when the capacitor
energy of the converter station MMCI1 is put into support, the system's C, is further reduced to 0.136 Hz/s. It
can be calculated that Htotal at this time is 9.19 s, that is, the equivalent inertia constant HMMC, tot of the
entire three-terminal system is 4.65 s. According to (25), the theoretical calculation result of HMMC, tot is
5 s, with a small error, which verifies the effectiveness of the quantitative analysis strategy.

When the INEC strategy is adopted, C, is reduced to 0.232 Hz/s, and the HMMC, tot under this
control strategy is calculated to be 0.85 s, which is very small compared with the theoretical calculation result
of 0.84 s shown in Table 3. Compared with the inertia constant of 5 s under f-W droop control, the INEC
strategy has a small range of capacitor energy utilization when the load suddenly decreases, and its support
effect is weak. Figure 13(d) shows the frequency change of the system under the support of MMC with
different terminal numbers. With the increase of the number of supported terminals, the system frequency
changes more slowly and the highest point gradually decreases. At the same time, since the absorption
margin of capacitor energy is greater than its release margin, its support effect on the grid frequency is more
significant. Figure 13(e) shows the frequency change of the system under different controls. The system
frequency changes most smoothly under f-W droop control, and the system inertia constant is the largest at
this time, while the inertia of the system under INEC strategy is smaller than that under f-W droop control.
According to Figures 13(f) and 13(g), under f-W droop control, the DC voltage change can reflect the
frequency fluctuation of the AC system connected to MMC?2, and its change amplitude and rate are smaller
than those of INEC strategy. However, since the four-dimensional control decouples the DC voltage and
capacitor voltage, f-W droop control makes more full use of capacitor energy.
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Figure 13. Simulation waveforms under a 100 MW load decrease: (a) frequency change rate with MMC:
capacitor energy support, (b) frequency change rate with MMC: and MMC:s capacitor energy support,
(c) frequency change rate of a three-terminal MMC under different control strategies, (d) system frequency
under different numbers of MMCs, (e) system frequency under different control strategies, (f) DC voltage
under different control strategies, and (g) MMC capacitor energy under different control strategies
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Consequently, it is evident that elevated droop gains diminish damping and may constrict stability
margins, leading to oscillatory or underdamped frequency dynamics. Augmenting the virtual inertia
coefficient decelerates system responsiveness and amplifies phase lag, thereby destabilising the converter-
grid interaction in weak-grid scenarios. Consequently, the synchronised adjustment of droop and inertia is
crucial, as high levels of either might displace dominant poles into the right-half plane, instigating
oscillations in low-inertia grids.

5. CONCLUSION

This paper presents a quantitative methodology for assessing the inertia response of MMC converter
stations through the equivalent inertia constant HMMC. The analysis indicated that inertia support is
contingent upon the MMC energy-storage time constant, the converter—motor capacity ratio, and the energy—
frequency relationship. Among the evaluated strategies, f~W droop control offers the most substantial inertia
support owing to its broader energy-utilization range, whereas INEC ensures stable frequency maintenance.
Conversely, VSG control conveys disturbances to undisturbed AC systems. Applying the method to MMC-
MTDC systems revealed that total inertia support escalates with the cumulative converter capacity. PSCAD
simulations validated these results, demonstrating that the three-terminal system attained inertia values akin
to those of synchronous machines. The suggested approach provides a concise and dependable instrument for
formulating inertia-support strategies in flexible DC and MTDC grids.
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