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ABSTRACT This article presents a control strategy for a modular multilevel converter (MMC) to prevent
commutation failure of a line-commutated converter (LCC), forming a three-terminal hybrid HVDC trans-
mission system, where one LCC sending end is connected to the large generation and two receiving ends
(LCC inverter and MMC) are located near the load center. This configuration, one of the potential options,
has been proposed to strengthen Korea electric power transmission system through the optimized use of
existing assets and rights-of-way, extremely challenging to secure. The MMC power control strategy has been
developed to regulate the AC voltage and the extinction angle of the LCC inverter. This indirect yet effective
active and reactive power control of the LCC inverter terminal helps prevent the commutation failure (CF) of
the LCC in emergency and maximize the benefits of the costly planning option. By establishing a theoretical
foundation for this power control problem and relationship among the control parameters, we quantify the
active power reference for MMC to secure the desired LCC extinction angle. A coordinated strategy has
been developed for the AC filter, the on-load tap changer of a transformer, along with the MMC control to
lower the risk of CF and its catastrophic impact on the whole power system. The validity and performance
of the proposed control methods are demonstrated for the real Korea electric power planning cases using a
real-time power system simulator.

INDEX TERMS Commutation failure, extinction angle, gamma-kick, hybrid multi-terminal HVDC system,

weak AC system.

I. INTRODUCTION

In modern power systems, the line-commuted con-
verter (LCC) high voltage DC (HVDC) system has been
widely employed around the world for long-distance and bulk
power transmission. Special attention has been paid to the
LCC HVDC interface with weak AC systems, as LCC HVDC
consumes massive reactive power when operating with high
active power. The reactive power consumption of LCC
HVDC may adversely affect AC voltage security [1]-[8].
In this case, where the LCC HVDC operates with large
reactive power consumption and the grid is not strong enough
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to tightly regulate the AC voltage, the risk of commutation
failure (CF) increases and threatens the whole system secu-
rity [2]. In terms of CF, the increase of DC current and
the decreased extinction angle may lead to CF due to the
thyristor turn-off characteristics [2], and this CF can result in
a shutdown of the LCC HVDC system and voltage instability
on the AC-side [1]. Several indices for risk evaluation have
been developed and reported to assess the stability of AC
grids in the planning stage of LCC HVDC systems [9]-[16].
Besides, cascaded CF concerns were investigated for the
large-scale multi-infeed HVDC systems [13].

To handle the CF, various solutions have been developed
for the safe operation of LCC HVDC systems [17]-[30].
The voltage-dependent current-order limit strategies are
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introduced to mitigate the CF by reducing the magnitude DC
current [22]-[29]. In addition, the capacitor-commutated con-
verter topology can be applied to prevent the CF [19]-[21].
In general, the method to increase the extinction angle is
widely adapted for CF prevention [30]. This method com-
monly includes setting the minimum limit of the extinction
angle for securing a margin and adjusting the on-load tap
changer (OLTC) in a transformer for a high extinction angle.

These solutions are focused on increasing the extinction
angle to mitigate the risk of CF; however, these solutions
may inevitably face adverse impacts such as slow response
time (slow switching behavior of AC filters and OLTC) or
AC voltage drop which is caused by the consumption of
reactive power from the LCC HVDC system [2]. Further-
more, the limitation of these solutions is that they may need
to reduce the amount of power transmission considering
the stability of AC grids. In this article, we thus present a
method of controlling the extinction angle to mitigate the
risk of CF without reducing power transmission to the load
center.

A coordinated operation is developed among multiple
HVDC lines called multi-infeed systems to improve the trans-
mission capacity and system stability [9]-[12], [15], [16],
[31], [32]. Recently, several utilities have carried out pre-
liminary technical investigations to upgrade cos-effectively
upgrade and exploit existing LCC HVDC systems, by tapping
a new MMC station onto the LCC HVDC system, which is
called a hybrid MTDC system [33]-[39]. The major advan-
tage of this hybrid MTDC system is that it takes advantage of
both LCC and MMC [40], resulting in a completely different
set of characteristics than the LCC HVDC system itself due to
the MMC terminal [33], i.e., the rapid and flexible operation
and redirection [41]. This hybrid MTDC system can also be
a cost-saving solution to large power transmission from a
wind farm in a remote area compared to adding LCC HVDC
lines for a multi-infeed HVDC system [33], [34]. The hybrid
MTDC topology is considered to be feasible but practical
issues including the DC fault remain to be further investigated
for implementation. As adopted in this study, Full-bridge
MMC with DC fault-blocking capability would be preferred
[42], [43]. Studies for example, on the DC fault ride-through
strategy and a proper fault clearing and recovery process for
the hybrid MTDC system in [35] and the performance of
the same hybrid MTDC topology for DC faults as presented
in [44] should be beneficial and useful. These research efforts
regarding the hybrid MTDC also have investigated the oper-
ation strategies, which however, do not directly address the
critical CF problems.

This article thus proposes a strategy to mitigate the CF
risk on the LCC inverter side using MMC power control in
a hybrid MTDC structure, in cases where the MMC station
is in the same area as the LCC inverter. Since the MMC is
jointly connected with the LCC inverter on the AC and DC
side, the MMC can flexibly control both the AC voltage drop
and the DC current of the LCC inverter, implying control of
the firing and extinction angle. The technical advantages and
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contributions of the proposed control scheme are summarized
as follows.

« Regulating reactive power consumption by indirectly
adjusting the active power of LCC inverter through the
fast control of MMC

« Establishing a theoretical and practical framework for
power flow control in the hybrid MTDC; a link between
the extinction angle and DC power to the MMC, and an
effective control scheme in emergency

o Lowering the risk of commutation failure and stabilizing
the grid voltage and MTDC by coordinating the OLTC
and the AC filters along with the MMC

The paper is organized as follows. Section II describes the
background and operation of the topology. Section III intro-
duces how to regulate the extinction angle and AC voltage
through DC power control of MMC. In Section IV, the simu-
lation results verify the efficacy of the proposed method.

Il. HYBRID MULTI-TERMINAL HVDC

A. CONFIGURATION OF HYBRID MULTI-TERMINAL

HVDC SYSTEM

Tapping a new MMC station onto the existing LCC HVDC
system, the multi-terminal DC system is formed as shown
in Fig. 1. In South Korea, the existing transmission network,
including high voltage AC (HVAC) lines and LCC HVDC
lines, delivers tremendous power from the East Coast area to
massive load areas. HVAC lines and LCC HVDC lines are
prepared to perform a ramp up/down operation in the con-
tingency conditions of the network [45]. For instance, LCC
HVDC lines immediately extend the transmission power
amount when one of the HVAC lines is tripped. In addition,
a Special Protection Scheme (SPS) has an important role to
play in these conditions. Since the generators on the East
Coast are critical to supplying the overall power demand of
South Korea, the SPS is essential to prevent damage from
the acceleration of these generators in case of a transmission
network failure.

According to the announced Korean government’s opera-
tion plan, a new nuclear power plant and thermal power plant
will be added to the East Coast. As such, there is a growing
need to enhance the transmission network for reliable power
delivery. South Korea’s transmission system operator (TSO)
has pursued the construction of a new HVAC line. However,
this project is suspended due to social responsibility issues.
Instead, the installation of a new DC transmission system is
currently ongoing.

As an encouraging solution, the MTDC topology is being
prepared to improve the connectivity with existing HVDC
lines and the flexibility of the network. Instead of building a
new DC line, including two MMC stations, tapping an MMC
onto the DC side is investigated to upgrade and exploit the
existing LCC HVDC system cost-effectively. This topology
features two receiving ends consisting of an LCC inverter and
an MMC located in the load center. As such, the transmitted
power from the LCC rectifier can be bypassed to the HVAC
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FIGURE 1. Transmission network structure of South Korea.

side through the bi-directional power flow capability of the
MMC.

B. DC POWER FLOW OF HYBRID MULTI-TERMINAL HVDC
SYSTEM
DC power flow in the hybrid MTDC is represented as follows:

Piemand = Pinv + Pmme (1)

where Pgemand 18 the transmitted power from the LCC recti-
fier, Pjyy is the absorbed power in the LCC inverter, and Pymc
is the absorbed power through the tapped MMC station.

As shown in Fig. 2, the LCC inverter and the MMC divide
the power transmitted from the LCC rectifier as (1). The
receiving power of the LCC inverter is defined as

Py = Vdildi. )

where vg;(¢) is the DC voltage, and igi(¢) is the DC current of
the LCC inverter.

Area 2

:Generators-located

Areal

‘Massive loaii

LCC Inverter Py t Piermand LCC Rectifer

HVDC||Transmission

FIGURE 2. Simplified schematic of hybrid MTDC system.

Most importantly, if the power from the LCC rectifier
Pgemand 18 constant in (1), the higher power received through
the MMC, the less power delivered to the LCC inverter.
Accordingly, the DC power flow of MMC is then determined
as follows:

APmmc = APinv (3)

It should be noted that the amount of the receiving power of
the LCC inverter affects the AC voltage drop and reactive
power consumption on the LCC inverter side. Also, since
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the reactive power consumption in the LCC inverter varies
depending on the extinction angle, the investigation is carried
out considering the operating point of the LCC HVDC [46].

C. OPERATING POINT OF HYBRID MULTI-TERMINAL
HVDC SYSTEM

Regarding the operation of the LCC HVDC system, the most
common control mode of the LCC rectifier is a constant DC
current (CC) mode and the DC voltage of the LCC rectifier
is then determined as follows:

var(t) = Vac,r COS a(t) — laRer @

where v, is the rectifier-side line-to-line AC voltage, a(z) is
the ignition angle of LCC rectifier, R, is equivalent commu-
tating resistance, and Iy, is the DC current reference for CC
mode. The CC mode is illustrated as the gray line parallel to
the y-axis as shown in Fig. 3.
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FIGURE 3. Operating point of LCC rectifier and inverter depending on
control modes.

The second mode for LCC rectifier is to maintain the
constant ignition angle (CIA):

var(t) = Vac,r COS g — iar(t)Rer 4)
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where «, is the reference ignition angle for LCC rectifier, and
igr 1s DC current of LCC rectifier. The CIA mode is illustrated
as the gray line with a slope in Fig. 3.

The most common control mode for LCC inverter is a
constant DC voltage (CV) control and the DC voltage of the
LCC inverter is obtained as follows [2], [6]:

Vdi(t) = Vac cos Y (t) — ia(H)Rci = Vac (6)

where vy is the inverter-side line-to-line AC voltage, y (¢) is
extinction angle, R is equivalent commutating resistance,
and V. is the DC voltage reference for CV mode.

Under CV mode, the extinction angle decreases as the DC
current increases to regulate the DC voltage constantly. This
mode is illustrated as the blue line parallel to the x-axis as
shown in Fig. 3.

The second mode aims to maintain the constant extinction
angle (CEA). Under the CEA mode, the DC voltage decreases
as the DC current increases to regulate the extinction angle
constantly as follows:

Vdi(t) = Vac €08 Yg — 1gi(t)R¢i @)

This mode is illustrated as the blue line with a slope
in Fig. 3. As the extinction angle increases(or decreases),
the CEA line moves downward(or upward). Consequently,
the DC current flowing into the LCC inverter is defined as

(1) = Ve y() — Vdi(f). ®
Rci

The CV mode is widely adopted among LCC HVDC
operators. Note that the extinction angle increases as the DC
current decreases under CV mode as manifested in (8). The
DC current of LCC inverter thus decreases when the MMC
delivers more power; the MMC can indirectly control the
extinction angle.

Based on (2) and (3), the operating point of MMC is deter-
mined according to the DC current of LCC inverter in (8). The
detailed MMC operating characteristics for implementing the
proposed control are described in Section III.

Ill. PROPOSED EXTINCTION ANGLE AND AC VOLTAGE
CONTROL METHOD

A. EXTINCTION ANGLE CONTROL

Regarding the risk of CF, a higher extinction angle can be a
stable condition. The extinction angle can be extended as the
DC current of the LCC decreases in (8). Based on (1) and (2),
the DC power flow power control of the MMC can reduce
the active power of the LCC inverter. In other words, with
increased power through the MMC, the LCC inverter receives
less DC current. Thus, the reduced DC current of the LCC
inverter extends the extinction angle as (8). Consequently,
we can obtain the margin of the extinction angle through the
DC power flow control of the MMC. The reference for the
extinction angle is as follows:

Vref = Ymin T Vmargin 9
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FIGURE 4. Diagrams for the operation of hybrid MTDC, (a) description of
the proposed method through DC power control of MMC, and
(b) determination of the operating point of hybrid MTDC system.

where yrer is the reference value for the extinction angle
management, Ymin is the minimum extinction angle including
the preset margin in consideration of AC disturbances, and
Ymargin 18 the margin angle obtained by the proposed DC
power control of MMC as shown in Fig. 4(a). Therefore,
the DC current reference including (9) is
Vac COS Vref — Vdi

R ’
where ig; ref 1S the reference value for the DC current to control
the extinction angle following the reference y;er including
margin Ymargin in (9).

Combining (1) and (3), the receiving power and DC current
of LCC inverter decreases, when MMC receives the power
as much as APpymc. Therefore, the receiving power of the
LCC inverter can be represented as a blue rectangle, and
the receiving power of MMC can be represented as a purple
rectangle as shown in Fig. 4(a).

Also, the extinction angle is controlled to yef when DC
current of LCC inverter is ig; rer as depicted in Fig. 4(a). As a
consequence, the operating point of MMC can be obtained as
follows:

(10)

idi,ref =

Pome = APinv
= vdi(idiref — Ldi(?))
VdiVac
= (COS Yret — cOs Y (1)) (11)

C1
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We can quantify the active power order for the MMC
to control the extinction angle to yef including the margin
Ymargin- Also, the operating point of LCC HVDC considering
the proposed MMC power control can be determined by (10)
and (11) as shown in Fig. 4(b). Note that the characteristic
curve of the LCC inverter in Fig. 4(b) moves right along the
x-axis as much as the MMC takes, and the intersection with
the curve of the LCC rectifier becomes the operating point of
the hybrid MTDC system.

B. MMC-ASSISTED GAMMA-KICK FUNCTION

This method can be applied during the AC filter switching.
When a step-wise operation occurs in a capacitor bank of AC
filters, an instantaneous fluctuation occurs on the extinction
angle of the LCC inverter [47], [48]. For instance, when
the steady-state AC voltage is higher than the rated value,
a capacitor bank is turned off to lower the AC voltage. Fol-
lowing this, the AC voltage drops immediately at the moment
of switching. The extinction angle can temporarily decrease
below the minimum angle, which may lead to CF in severe
cases.

For the undesired phenomenon, the conventional gamma-
kick function averts the negative impact of the AC filter
switching in advance [18]. The gamma-kick function
pre-adjusts the extinction angle before switching to ensure
that the angle remains in the normal range during the switch-
ing as shown in Fig. 5. This function should be coordinated
with a well-planned sequence of the mechanical switching
operations of AC filter and OLTC. Thorough investigation of
communication delay and preparation time to ensure an exact
process for safe switching should be required in practice.
Before the AC filter switching, the receiving end power (LCC
inverter power) decreases to adjust the extinction angle. After
the AC filter switching, the receiving end power returns to the
nominal operating point.

The limitations of the conventional gamma-kick function
are that the power delivery from the sending end to the
receiving end power must be reduced while the function is
being performed and that the extinction angle is maintained
near the minimum value with a higher risk of CF until the
OLTC is operated as shown in Fig. 5.

Basically, the OLTC is activated to regulate the extinction
angle. The discrete operation of the OLTC can be represented
as T'(n) in the inverter-side line-to-line voltage vac(¢) as fol-
lows [3], [47]:

3V2

Vac(t) = TBT(H)ELL 12)

where B is the number of bridges in the LCC inverter
(a four-bridge converter is considered in this research), 7'(n)
is the converter transformer tap ratio which depends on the
discrete tap position n, and Eyy is the line-to-line voltage at
the AC grid side.

In this research, the step size of the tap is 0.0125 with
4 16 gears, where the ratio ranges between 0.8 and 1.2 p.u..
The discrete tap position changes to maintain the extinction
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FIGURE 5. Diagram for the conventional gamma-kick function.

angle in the normal range with a certain dead-time.

no + 1,

n={no,

)/(t) < yn:)rmal

- +
Ynormal = j/(l) < Vhormal (13)
no—1, y@) > ynt)rmal

where ny is the previous position of the OLTC, y, .. and
yntrmal are the minimum and the maximum limit of the normal
range, respectively.

3V2 .
Vdi = TBT(H)ELL cos y (1) — igiRci (14)

The extinction angle can be controlled by the adjustment
of T(n), which is the ratio of the OLTC in (12). However,
the adjustment of the OLTC is also performed by the mechan-
ical movement of gear. Thus, stress (including wear and tear)
on the equipment is inevitable. Besides, since the operation
delay time of the OLTC takes a few seconds, it cannot finely
adjust the extinction angle immediately.

In this regard, we propose an MMC-assisted gamma-kick
function based on the extinction control method utilizing the
active power of MMC as (11). As shown in Fig. 6, it aims to
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FIGURE 6. Diagram for the proposed MMC-assisted gamma-kick function.
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pre-adjust the extinction angle before the AC filter switching
through active power control of the MMC to prevent the tran-
sient phenomenon. After the AC filter switching and before
the OLTC operation, which typically takes a few seconds,
the MMC gradually reduces active power to maintain the
extinction angle higher than the minimum angle and then
returns to the nominal operating point as shown in Fig. 6.
The proposed scheme does not compromise the desired power
delivery. In addition, regulating the extinction angle in the
normal range helps avoid unnecessary OLTC operations. The
proposed MMC-assisted gamma-kick function thus helps
coordinate operations among the AC filter, the OLTC, and the
MMC control. Successful operation indeed depends on suf-
ficiently fast and reliable communication and control archi-
tecture: upon detecting AC voltage variations, new orders for
MMC and LCC are calculated and then dispatched simulta-
neously. For practical implementation, rigorous investigation
beyond the scope of this article is required to synchronize the
MMC and LCC in a complementary way.

C. AC VOLTAGE REGULATION
The reactive power consumption in LCC inverter is repre-
sented as follows [2]:

Oinv = Pipytang (15)
¢ = cos™! (?) (16)

where Qiny 1s the reactive power consumption in the LCC
inverter, and ¢ is the power factor angle of the LCC inverter.

Based on these, the reactive power consumption of the
LCC inverter is derived as follows:

2
%
Qinv = Piny <£) -1

Vdi

= gV Vac® — Vai® (17

The proposed method can control the active power of LCC
inverter through the power control of MMC, and accord-
ingly, the reactive power of LCC inverter as (15) and (17).
In other words, it indicates that the AC voltage of the LCC
inverter-side can be regulated by controlling the active power
of MMC with the proposed method.

Considering (3) and (17), the reactive power consumption
in LCC inverter station can be represented as follows:

2
v
AQinv = APmmc <£> —1 (18)
Vdi

It is noted that the reactive power of the LCC inverter can
be regulated by DC power flow control through MMC as (18).
The DC current reference for LCC inverter is derived as

follows based on (8):

Alvye(r) cos y ()]

Aigi(r) = === (19)
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Combining (2) and (19),

APpyme = vgi Algi(t)

= KpAlvyc(t) cos y (1)) (20)
K, = I% 1)

where K, is the proportional coefficient.

We present a control method that the AC voltage of the
LCC inverter-side can be regulated by adjusting the active
power of the MMC as (20). In order to verify the efficacy of
the proposed method, we empirically obtain the steady-state
relationship between the active power of the MMC and the
AC voltage on the LCC inverter through repeated numerous
simulations as shown in Fig. 7. Note that the AC filters’
operation to compensate for the reactive power of the LCC
inverter is disabled in order to investigate the effects of the
DC power flow control of the MMC only.

(a) extinction angle (y(t)) [deg]

205
[ —e—Roia=60f
20p £ 5
o1 A
" " !
19.54 | ;
\ | ! | & "
,‘;) F . e
1916 @ : L 4 #
(b) Alva(t)cosy(®)] [p.u.]
0.03 |
0.02
0.01 R, —o—Rci/4 = 6.0 |
—_— ——Rcil4=6.7
) Vdi Roi/d = 7.4
0“"“: 1 L 1 1
0 0.2 0.4 0.6 0.8 1
APpye [pu]

FIGURE 7. Steady-state operating points for the proposed control
method. (a) extinction angle of LCC inverter. (b) inverter-side line-to-line
voltage of LCC inverter and the cosine value of extinction angle.

As shown in Fig. 7(a), the extinction angle tends to increase
as the active power of the MMC increases as (11); however,
it cannot change linearly due to the discrete operation of
the OLTC represented as 7'(n) in (12). Note that the term
multiplied by the line-to-line voltage of the inverter-side and
the cosine function of the extinction angle responds linearly to
the variation in the MMC active power as shown in Fig. 7(b).
It should also be noted that the slope of the lines in Fig. 7(b)
is determined by Kp in (21). Therefore, the magnitude of
AC voltage varies depending on the R pre-determined by
the reactance component of the AC network and converter
transformers. Accordingly, it is shown that the proportional
control by DC power control of the MMC can be applied to
this hybrid MTDC system as (20) and (21).

Comprehensively, the relationship between MMC active
power, extinction angle, and AC voltage of the LCC-inverter
side is shown in Fig. 8. It is verified that as the active power of

180581



IEEE Access

C. Lee et al.: DC Power Control Strategy of MMC for Commutation Failure Prevention

0.15
Same Pyvc line
0.1
3
&
b
g 0.05
8
<
0 -l
205 e 4

19 0 AEr (p.u.)

Extinction angle y (deg)

FIGURE 8. Relationship between MMC active power, extinction angle,
and AC voltage of the LCC-inverter side.

MMC increases, the extinction angle and AC voltage of LCC
inverter-side can increase.

Since the deviation of the cosine value of the extinction
angle is negligible compared to the magnitude of the AC
voltage in (20), the proportional controller can be designed
as follows:

APpymc* = Kp[Vac* — Vac(®)] (22)

where v}, is the reference for the inverter-side line-to-line
voltage.

Including (11) and (20), the overall control system for the
MMC can be designed as shown in Fig. 9. The active power
control loop of the MMC can be composed of the extinction
angle control and remote (LCC inverter side) AC voltage
control. The proposed MMC-assisted gamma-kick function
described in Fig. 6 will be performed at the operators’ option.

It is worth noting that the active power of the MMC should
be coordinated with the LCC HVDC system, not to be faster
than the response of the LCC HVDC system. This limit is
predetermined in the planning stage according to the national
reliability performance standards, particularly to ensure the
transient stability of the whole system. Therefore, the rate of
change of active power is

APmmc < APLcc
At At
where APy cc/At is the rate of change of active power of the
existing LCC HVDC system.
In addition, since the rated capacity of the LCC HVDC

system and the MMC are not identical in this research, hard
limiters are needed in the current control unit as follows:

(23)

Idi,min » Idref < Idi.min
APryime
ld,ref = v—1 ldi,min < ld,ref < ldi.max (24)
di
idi,max , id,ref > Idi.max

where iqrer is the reference for d-axis current of the MMC
controller, igi min and igi max are the minimum and maximum
current limit of the LCC inverter, respectively.

The reactive power control loop, local AC voltage control
loop, and the inner controller are set identically with the
existing control system of the MMC as shown in Fig. 9.
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TABLE 1. Parameters of Hybrid MTDC System and AC Network.

LCC LCC
Parameters Rectifier Inverter MMC
Rated capacity (MVA) 4000 4000 1000
Rated DC voltage (kV) 500 500 500
Transformer ratio (kV) 345/214 345/211 345/300
Leakage reactance (pu) 0.18 0.18 0.10
No. of six-pulse bridge B 4 4 —
No. of submodules
- - 512
per arm
Short-circuit ratio 7 4 4
X/R ratio 8 10 10
Equivalent commutating 6.4 6.7 _
resistance per bridge Rc/4 (€2) : ’
Firing angle limit (deg) Qmin = 2 Ymin = 17 —
C DC current  DC voltage  DC current
ontrol mode
control control control

IV. SIMULATION RESULTS

A. COMMUTATION FAILURE PREVENTION

This section demonstrates the effect of the proposed method
in the hybrid MTDC system using a real-time power system
simulator. The system parameters are summarized in Table 1.
To verify the effect of mitigating CF, we evaluate the
hybrid MTDC system with the proposed method through two
indices. Commutation failure immunity index (CFII) is an
indicator of how robust the system is against CF [15], [16].
CFIl is represented as follows:

EpL?
CFIl = (—————) - 100. (25)
fault * Pdc
where Zgy¢ is the fault impedance, and Pg4. is the rated
DC power.

It indicates that the larger the CFII, the more robust against
CF. The CF mitigation effect of the proposed method is veri-
fied by comparing the CFII of the hybrid MTDC system. For
the three-phase resistive fault, CFII of the hybrid MTDC with
the proposed method is higher than that without the method
as shown in Fig. 10. Based on (22), the proposed method indi-
rectly regulates the AC voltage of LCC inverter-side through
DC power control of MMC. Therefore, it is confirmed that
the hybrid MTDC system becomes more robust against CF
through the proposed method.

Critical voltage drop (CVD) is another indicator to
represent the maximum AC voltage drop without CF. In other
words, CVD is the maximum allowable voltage drop (three-
phase) that does not cause the CF. In this research, the CVD
values are obtained through numerous simulations by caus-
ing the AC voltage reduction at different points on waves,
similarly to [15], [16], [49], [50]. The CF occurs on a voltage
drop that is more severe than CVD. Therefore, the operating
point where the AC voltage drop is more critical than CVD is
in the commutation failure region as shown in Fig. 11. Most
importantly, as the active power of MMC increases, the CVD
increases, and the safe region can be extended. Besides, it is
noted that the higher the short-circuit ratio (SCR), the larger
the CVD.

A dynamic simulation is performed to demonstrate the CF
mitigation effect of the proposed method using a real-time
power system simulator. Fig. 12 shows the response of hybrid
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FIGURE 9. The overall control diagram of the proposed method for MMC within hybrid multi-terminal DC.
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FIGURE 11. Critical voltage drop (CVD) curves according to short circuit
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Time (s)
FIGURE 12. System responses with and without the proposed method

according to the AC voltage drop at 0.2 s (the case without the proposed
method faced commutation failure only).

MTDC when an AC voltage drop of 0.1 p.u. occurs at the

instance of 0.2 s and is cleared after fi

the proposed method is not utilized, CF occurs as indicated
by the dotted line in Fig. 12. Under the proposed method,
the hybrid MTDC system can avoid the CF by increasing the
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ve cycles. When

active power of MMC according to the AC voltage drop and
simultaneously reducing the active power and DC current of
the LCC inverter. Fig. 13 shows the results of the dynamic
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simulation in Fig. 12 simultaneously with the CVD curve
(when the SCR is 4) in Fig. 11. Without the proposed method,
the operating point reaches the commutation failure region as
shown in Fig. 13. On the other hand, the proposed method
increases the active power through MMC and consequently
allows the operating point to remain in the safe region. There-
fore, the dynamic simulation results in Fig. 12 correspond
with the analysis in Fig. 13, which simultaneously shows that
CF can be avoided through the proposed method.

0.2 — T T T T

Commutation failure
region

Limit
= a1 Vottage 0P
> .mca\\lo\ "
2 04 Cr (SCR4
a
o
o
(S I 2 et
o | |\ e e
£ 0.05 b
E Safo rahi
pronoeed are region
method
0F ]
-0.05 ! ' : : t
0 0.2 0.4 0.6 0.8 1

Active Power of MMC (pu)

FIGURE 13. Critical voltage drop curve (SCR 4 in Fig. 11) and the traces of
MMC power(Fig. 12(a))-Voltage drop(Fig. 12(d)) for the base case
(black line) and the proposed method (blue-line).

B. MMC-ASSISTED GAMMA-KICK FOR AC FILTER
SWITCHING

This section demonstrates the application of the proposed
MMC-assisted gamma-kick function in the hybrid MTDC
system. Two AC filter switching cases to regulate AC voltage
under normal operating condition are investigated using a
real-time power system simulator. Fig. 6 shows the principle
of the proposed MMC-kick function based on (11) and (14).
Note that the 34 Mvar capacitor bank in the AC filters is
turned out at the instant of 1 s as shown in Fig. 14.

Without the proposed MMC-assisted gamma-kick func-
tion, switching in a capacitor bank caused an undesired
oscillation on the extinction angle of the LCC inverter
as shown in Fig. 14(d). The extinction angle immediately
decreases below the minimum angle value of 17°. In addi-
tion, the number of operating cycles of the OLTC is two to
regulate the extinction angle within the normal range after
the AC filter switching as shown in Fig. 14(c). Note that the
OLTC operation takes more than a few seconds, though we
assume it takes two seconds in this section.

On the other hand, the proposed MMC-assisted gamma-
kick function can prevent unnecessary transients when
switching AC filters. Before turning off a capacitor bank,
the extinction angle is pre-adjusted to 21° through the active
power control of the MMC to ensure the safe commutation
of the LCC inverter during the AC filter switching. Based
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FIGURE 14. System responses with and without the proposed
MMC-assisted gamma-kick function according to AC filter switching
at1.0s.

on (11), the power order for regulating the extinction angle
to 21° is calculated to be 343 MW. Furthermore, the number
of OLTC switchings is reduced from two to one as shown
in Fig. 14(c) with the proposed function. It is confirmed that
this reduces the mechanical stress on the OLTC, supporting
stable LCC HVDC system operation.

C. GENERATOR TRIP

When a 100 MW generator near the LCC inverter area is
tripped, the impact on AC voltage regulation of the pro-
posed method is investigated. After the generator is tripped
(at 0.5 s), a significant fluctuation occurs in the AC volt-
age on the LCC inverter’s side as given in Fig. 15(c). The
extinction angle also falls below the minimum angle as shown
in Fig. 15(d). Also, the fluctuation of the extinction angle
also causes undesired transients in the active power transfer
as shown in Fig. 15(b).

On the other hand, the proposed control method prevents
unnecessary transients when the generator is tripped. The
proposed method immediately adjusts the active power of
the MMC depending on the AC voltage deviation according
to (22). As a result, the oscillation of the AC voltage of
the LCC inverter is attenuated as shown in Fig. 15(c) and
the deviation of extinction angle are alleviated as shown
in Fig. 15(d). The extinction angle remains within the
normal range, in contrast to the response without the proposed
method where the angle drops below the minimum angle.
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FIGURE 15. System responses with and without the proposed method
according to a generator tripping at 0.5s.

V. CONCLUSION

As a potential option to enhance the transmission network
in Korea, tapping an MMC station onto an existing LCC
HVDC system creates a hybrid MTDC system. While offer-
ing flexibility in controlling power flows via the MMC,
the hybrid MTDC still has the same reactive power and the
AC voltage stability concerns on the LCC inverter, possibly
causing the commutation failure (CF). To reduce the risk of
CF and ensure the safe operation of the LCC inverter, this
article presents the MMC power flow control to regulate the
extinction angle of the LCC inverter and the AC voltage under
contingency conditions. As demonstrated through the rigor-
ous simulation studies, the proposed control strategy can sig-
nificantly improve the CF immunity, and the MMC-assisted
gamma-kick helps perform harmoniously with the AC filter
and the OLTC operations. Findings through this study should
be beneficial for ongoing and future hybrid MTDC projects.
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