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Abstract: This paper proposes a generic analysis framework for a grid supporting modular multilevel
converter (MMC)-high voltage DC (HVDC) in a multi-infeed of line commutated converter (LCC)
and MMC (MILM) system. MMC-HVDC can support the grid by compensating for the exact reactive
power consumptions within the MMC-HVDC system and the varying power system conditions in
the MILM system. Maximum active/reactive power capability (MPQC) curve and PQ loading curve
comparison process is introduced to properly design a grid supporting MMC-HVDC. While the
MPQC curve presents the maximum PQ range of the MMC-HVDC system based on the submodule
capacitance value and the modulation index, the PQ loading curve presents the reactive power
requirement from the power system that MMC-HVDC needs to compensate. Finally, the compar-
ison of these two curves yields the proper value of submodule capacitance and the modulation
index for sufficiently supporting the MILM system. The proposed framework is validated with
detailed PSCAD/EMTDC simulation; it demonstrated that it could be applied to various power
system conditions.

Keywords: multi-infeed; MMC-HVDC; PQ capability; reactive power; LCC-HVDC; EMTDC; short
circuit capacity; energy storage requirement

1. Introduction

The line-commutated converter (LCC)-high voltage DC (HVDC) has long been adopted
in the power grids and demonstrated to be the preferred solution for several different
applications [1-5]. The voltage source converter (VSC)-HVDC technology appeared in 1997
has been employed particularly to resolve the inherent weaknesses of the LCC-HVDC [1].
Among the VSC topology options, the modular multilevel converter (MMC) has become
the most attractive solution for DC transmission systems; many experts have continuously
contributed theoretically to the MMC: the fundamental principles and structure, controls,
modeling, internal dynamics, and submodule voltage-balancing methods [6-21]. Practical
yet challenging concept planning by building multi-infeed MMC-HVDC with the existing
LCC-HVDC system has emerged to reinforce the growing power system, e.g., multi-infeed
LCC-HVDC and MMC-HVDC (MILM) in Skagerrak, Denmark, and Jeju HVDC No. 3
under construction in South Korea. The MMC-HVDC actively supports the power system
at full capacity with LCC-HVDC under various MILM operating conditions and helps
avoid AC/DC interactions. An integration of heavily system-dependent LCC-HVDC and
new MMC-HVDC for desired grid support functions require proper analysis to maximize
benefits. The understanding of the fundamental components affecting the capability of
MMC-HVDC in planning phase enables fast, efficient, and accurate conclusions prior to
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the detailed planning phase from the system planner point of view. There have been
several useful studies on static analysis for single and multi-infeed of LCC-HVDC that
define their operating regions through the maximum power curve (MPC) analysis for
a proper integration [22-32]. Furthermore, there have been studies on the design crite-
ria of MMC-HVDC that investigate the internal dynamics and elaborate on the active
and reactive power (PQ) operating region [33-37]. Moreover, there have been studies on
multi-infeed of LCC-HVDC and VSC-HVDC, combining two operating regions into one
form, to investigate interactions and proper control the balanced performance [38—43].
Several studies regarding multi-infeed HVDCs and their design procedures have been
conducted; however, there are only a few studies explicitly focusing on the MILM system.
The study of multi-infeed of LCC and VSC-HVDC may be similar, but it does not fully
show the characteristics of MMC-HVDC. Additionally, determining the PQ operating
region of MMC-HVDC at the converter level does not guarantee its actual performance
when integrated into the power system. The requirements of MILM and determination of
actually required PQ operating region with detailed parameters of MMC-HVDC must be
understood for successful integration. If the detailed reactive power consumption is not
properly analyzed while designing MMC-HVDC for the MILM system, the MMC-HVDC
cannot function properly as the power system requirements, and also, the MILM system
may issue related voltage stability. Hence, the MMC-HVDC should be designed based
on the actual reactive power requirements, i.e., reactive power consumptions within the
MMC-HVDC system for a set of component selections and the feasible grid operating
conditions as follows: (1) different values of arm inductance (L;,) and transformer leakage
impedance (xt) determined by manufacturers, (2) variation in system strength or short
circuit capacity (SCC), (3) variation in angle spread between MILM terminal and power
system, (4) power variation in LCC-HVDC, and (5) maintaining voltage at point of common
coupling (PCC) (Vpcc) to 1 per unit (pu). This paper suggests a generic analysis framework
to determine the exact maximum active/reactive power capability (MPQC) of MMC-HVDC
by accurately calculating exact reactive power consumptions within the MILM system
through PQ loading analysis. The PQ loading analysis accurately calculates reactive power
from MMC-HVDC (Qppic) to compensate reactive power consumption in MILM system
for stable power delivery. The proposed framework determines the required submodule
capacitance (Cs;;) and modulation index (1) of MMC-HVDC by a simple comparison of
the MPQC and PQ loading curves.

2. Overview of the Generic Analysis Framework

Figure 1 presents the overall circuit diagram of LCC and MMC-HVDC integrated
into MILM system and the MMC structure. The MMC HVDC consists of 6 arms. In each
phase, the upper arm is located between the positive DC and AC terminals, and the lower
arm is located between the negative DC and AC terminals. The voltage between positive
DC terminal and negative DC terminal is Vpc. v, and i, are the instantaneous upper arm
voltage and current, respectively. v; and 7; are the instantaneous lower arm voltage and
current, respectively. Each upper and lower arm has a number of submodule (Ns;;) with
submodule voltage (Vs;;) and an arm inductor L, for protection and smoothing. Figure 2
shows a brief flowchart of the generic analysis framework process. The required inputs,
such as grid information at the interconnection point, DC voltage and rating of MMC-
HVDC (Spmic), and existing LCC-HVDC information, are required to proceed with the
generic analysis framework to determine MPQC of MMC-HVDC. MPQC curve formulation
is based on the energy calculation of the MMC-HVDC for verifying its rating through
selecting values of submodule capacitance and modulation index [35,37].
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Figure 1. The overall circuit diagram of LCC and MMC-HVDC integrated into MILM system and
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The importance of reactive power consumptions in the arm reactor (Qg) and trans-
former (Qf) of MMC has never been studied in detail. This paper numerically and visually
presents how arm inductance and transformer leakage impedance determined differently
by manufacturers can cause a difference in mapping MPQC. This analysis is important
because each manufacturer has its own philosophy in designing MMCs that results in
different Qg and Q. The change in short circuit capacity of the network directly changes
the power flow between PCC and the power system. The power injection to the power
system in the MILM system becomes larger than that of a single-infeed system that also
changes the power flow. LCC-HVDC induces AC/DC interaction due to its incapability of
supporting the grid under different operating points. MMC-HVDC must have Qppic to
balance the power flow and maintain Vpcc at 1 pu to balance out the changes in power
flow. This implies that a proper MMC-HVDC in MILM should support the reactive powers
which are Qarm, Qtr, and reactive power consumption in the system impedance (Qsys) and
LCC-HVDC system (Qrcc) to maintain Vpcc at 1 pu. This paper proposes the PQ loading
analysis resulting in a curve formulation to identify exact Qppic under given Ly, X¢r,
and system impedance. Therefore, an equivalent circuit must be developed for power
flow analysis between MMC-HVDC and the power system. This process generates the PQ
loading curve of MMC-HVDC that considers all the reactive power exchange at PCC. The
PQ loading curve varies under different Ly, xtr, system impedance, and the LCC-HVDC
system, especially in the MILM case. This paper proposes an enhanced maximum power
curve (MPC) analysis, called maximum power curve with static synchronous compensator
(STATCOM), to consider AC/DC interaction of LCC-HVDC. This process accurately de-
termines Qe when the operating point of LCC-HVDC changes. The maximum power
curve with STATCOM can be conveniently embedded into the PQ loading formulation.
Finally, the comparison of MPQC and PQ loading curves verified the adequateness of the
designed MMC-HVDC. The MMC-HVDC is considered to be adequately designed with
sufficient energy to deliver Quc to fully support the AC/DC interaction in LCC-HVDC,
reactive power consumptions within MMC-HVDC, and power system if the MPQC curve
is larger than the PQ loading curve at the point of required active power. The design of
MMC-HVDC for maintaining Vpcc at 1 pu in MILM can be ultimately achieved through
the proposed generic analysis framework.

3. Maximum PQ Capability in MMC-HVDC

There must be a voltage ripple limit in the submodule because the voltage in each
submodule continuously changes over time due to the charging and discharging of the
capacitor. Therefore, k4 is introduced in Reference [35,37]. The excess energy allowed to
be stored in one arm, AE,;;;,, can be written as shown in (1) [35,37].

AEmax = %Csm V52111.nom (k%mx - 1/) @
where N, represents the number of submodule, Vi nom denotes nominal submodule
voltage, and k. represents maximum limit of voltage ripple.

The maximum excess arm energy can also be obtained from the maximum value of
the energy variation at a steady state. The energy variation of the upper arm (e,(t, ¢) ),
in this case, can be written as shown in (2) by integrating the instantaneous power of the
upper arm, which is the product of the arm voltage and current [35].

eu(t, @) = %SMMC (% sin(wt + @) — $mcos(¢) sin(wt) —1 sin(2wt + q))) (2)

As mentioned earlier, the maximum value of the energy variation at a steady-state
must be identical to the maximum excess arm energy, as shown in (3).

max|ey(t, )| = AEax- 3)



Energies 2022, 15, 184

50f 20

Based on this information, the equation for determining an overall rating of the MMC,
Smumic, can be derived and reorganized as follows:

%WNsmCsmVs%n.nom (k%mx - 1)
|(% — %) sin(wt) — (% sin(2wt))|

From (4), it can be concluded that the major components that influence the rating of
MMC are Ny, submodule capacitance, V. nom, kmax, and modulation index. The maximum
capability range of active power (P;) and reactive power (Qcgp), which imply that MPQC
of MMC, can be obtained as follows:

4)

SMMC = min

AEmaxSMMCCOS((P)
max|ey(t, ¢)|

Pcap(gp) < ’ (5)

AEmuxSMMCSin(q))
<
Qcap(q)) = max‘eu(tf (P)| )

It is possible to produce the MPQC curve of MMC-HVDC based on (5) and (6) indicat-
ing the operating range. This paper primarily focuses on the maximum capability of the
MMC-HVDC, while the usage of the region within the MPQC is not highlighted.

The MPQC of MMC is mainly influenced by N, submodule capacitance, Vi nom,
kmax, and modulation index. This paper handles the major parameters, such as submodule
capacitance, that change the MPQC of the MMC from the design perspective. Vi, nom and
N are directly related to DC voltage, determined by the rating of cable and IGBT; thus, the
change in these two parameters is not analyzed. Consequently, k4 is a constraint of MMC
design that cannot be varied excessively; therefore, the change in ky,x is not analyzed.

The parameters given in Table 1 are used to plot the MPQC curve as an example [35].
As shown in Figures 3 and 4, we clearly conclude that the higher value of submodule
capacitance and modulation index increases the MPQC of the MMC, when other parameters
are fixed. This provides MMC more freedom in positive and negative Qmp, which moves
from point A to B.

Figure 4 presents the change in the MPQC curve of the MMC under different settings
of modulation index, given that the same values are applied for the rest of the parameters. It
is important to note that the value of modulation index in this study implies the maximum
value of modulation. It can be concluded that, if the value of modulation index increases,
the maximum Q,p increases, where Qc;y changes from A to B. The highest possible value
of modulation index allows more ancillary service from the MMC, leading to a possible
reduction in the size of submodule capacitance for economic perspective.

1

=—C =4 mF
m

S|
@

—C =4.5 mF
sm

0.5F b
—C__=5.0 mF
sm
Z 0 | =—cC_ =55mF
© —C_=6.0mF
sm
0.5 | =——C_ =6.5mF
-1 L L L L
-1.5 -1 -0.5 [1} 0.5 1 1.5

P (pu)

Figure 3. MPQC of MMC under different submodule capacitance values.
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Figure 4. MPQC of MMC under different modulation index values.
Table 1. MMC-HVDC specification for benchmarking Transbay model.
Category Value Category Value
m 0.75 SCC (MVA) 2000
Kimax 1.1 Vpe (kV) 400
Smmc (MVA) 400 Vsm.nom (KV) 2
Ngp, 200 Csim (mF) 4.5

In this section, the value of submodule capacitance and modulation index is one
of the key factors in determining the MPQC. The MPQC curve clearly shows the PQ
capability of MMC under different factors. However, this analysis alone cannot predict the
actual performance. The importance of ancillary service from MMC-HVDC is continuously
emphasized in this paper because the MILM system requires strong support from the
MMC-HVDC to satisfy five conditions as mentioned before. The next section discusses the
procedure to determine the appropriate MPQC of MMC that satisfies the five conditions.

4. PQ Loading Analysis and Curve Formulation

PQ loading analysis is the process of calculating Qppic that matches reactive power
required by the power system for verifying that the value of submodule capacitance and
modulation index of MMC form correct MPQC and meets the five conditions. The result of
this process can be visualized as a curve, called the PQ loading curve, that can be compared
with the MPQC curve to determine if the correct value of submodule capacitance and
modulation index is estimated. The basis of PQ loading analysis is power flow calculation
by Newton-Raphson method. MMC-HVDC must be converted into a voltage source for
power flow analysis [34]. Bus 4 in Figure 1 represents the equivalent power system and the
slack bus, where Py, V4, and 64 are known values. Bus 3 is PCC; it is a PV bus, where the
voltage is predetermined to 1 pu, because the objective is to maintain 1 pu. Both V', and 4,
are unknowns in Bus 2. Bus 1 is an artificial bus that does not exist physically; however, it
must be defined to correctly calculate Qppic.

The defined unknown variables are as follows: u, = [Vq, V5] and us = [61, 02, d3]. Py
and Qy can be formulated as functions of active power and reactive power based on power
flow solution, as stated in (7), where x is vector sets of u; and us. The unknown variables
can be solved by the fast decoupled Newton-Raphson method based on the Jacobian matrix,
as shown in (8).

N
Pk(X) = Vk 21 Y]mVn COS(&k — én - ekn + etr)
n—=
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N
Qk(X) = Vk Z Yann sin(ék — (Sn - ekn + Gtr)/ (7)
n=1
wherek =1,2,...,N; N implies the number of buses. 8, implies the 30° shift due to the
transformer connecting the MMC-HVDC system.

P /35, AP /35, Py /as
Ji= | aP,/as, oP,/as, dP,/ads
3P /35, 3P3/35, 9P3/d5

_ [ 9Qi/on an/aVz}
I‘*‘[agz/avl 90 /3V; |’ ®

a6 ]-160] .

Finally, all voltage and angle for each bus are calculated based on (9). Q1, Q», Q3, and
Q4 can be obtained. This process is useful for obtaining Qpaic, as well as for calculating Q
consumption in each bus, such as Qgrm, Qtr, and Qsys. Thereafter, Qppic must be iteratively
processed from 0 MW to the required Pypc to plot the PQ loading curve.

The blue line in Figure 5 represents the MPQC curve of MMC, designed to only
satisfy active power required by the power system without considering reactive power
requirement from the power system. For an easier explanation, the right half of the plane
of the graphs is an inverter side of MMC. The black line represents the PQ loading curve of
the MMC-HVDC, which indicates the required Qppic in order to maintain Vpcc at 1 pu,
along with the change in Pyjpc. If the power system requires Pyspic of 1 pu, then Qummc
of 0.22 pu, point B in Figure 6 is required in this case. However, the MMC-HVDC with
the blue MPQC curve cannot support reactive power PQ loading curve that exceeds the
MPQC curve at Ppp1c, which indicates point A in Figure 6. If an appropriate increase of
submodule capacitance and modulation index is determined, the PQ loading curve stays
within the MPQC curve (red and yellow curve) at the desired point. This is the main reason
why the correct estimation of Qe is important in determining submodule capacitance
and modulation index.

There can be various combinations of setting up values between those two parameters.
However, modern MMC-HVDC is designed with the highest possible value of modulation
index, which is close to 1. Therefore, it is necessary to consider various power system
variants when selecting submodule capacitance for the appropriate MPQC of MMC-HVDC
in the planning stage.

=== [ndequate MPQC
= MPQC with Csm increase

0.4+ MPQC with m increase

~ Required by
=

=)

~ == PQL of MMC

o

power system q

=

Inadequate PQ
support
L

0.8 1

L 1 L

0 0.2 0.4 0.6
P (pu)

Figure 5. An adequate MMC design for satisfying grid requirement by increasing capacitance to
4.91 mH or modulation index to 0.8.
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Figure 6. Changes in PQ loading curves of MMC with different arm inductance values.

Manufacturers have their unique ways to determine the value because Ly, is deter-
mined mainly by the internal stability of the MMC, such as suppressing the circulating
current and fault current [44-47]. Consequently, Qppic varies due to the different Qg
values, which requires different values of submodule capacitance that lead to different
MPQC. As shown in Figure 6, the slope of PQ loading curve increases with the increasing
Ly value (moving from A to B) under the same parameters of MMC given in Table 1,
except the modulation index of 1. This is due to the Q. ranging from 1% to 20% of the
total Q consumption in this case that requires MMC to have higher submodule capaci-
tance to maintain Vpcc at 1 pu. Therefore, it is important to determine the value of Ly,
based on its primary purposes. However, it is worth noting that larger Ly, leads to larger
submodule capacitance.

A similar context applies to x4 also. The increase in x;, lead to a higher Q;, ranging
from 35% to 48% of total reactive power consumption owing to x4 ranging between
0.1 and 0.2 pu. This requires MMC to have higher submodule capacitance, moving from
point A to B, to maintain Vpcc at 1 pu, as shown in Figure 7. The slope change in the PQ
loading curve is bigger than in the previous case because Q takes a larger portion than
Qurm from the power system perspective.

0.35 e MPQC with C__ : 3.15 mF
MPQC with Csm: 3.4 mF
03" —CXtr=0.1 pu
e X tr=0.12 pu
_~ s X tr=0.14 pu
2‘0.25 s X tr=0.16 pu
N’
O e X tr=0.18 pu
0.2 m—Xtr= 0.2 pu
0.15
0.8 0.85 0.9 0.95 1 1.05
P (pu)

Figure 7. Change in PQ loading curves of MMC with different transformer leakage impedance values.

Finally, the PQ loading curve is mostly influenced by the impedance of the power
system, referring to the short circuit capacity or short circuit ratio (SCR). As shown in
Figure 8, as the value of short circuit ratio increases, which refers to an increase in system
strength, Qsys, which can be as low as 28% of total reactive power consumption, significantly
decreases (moving from point B to A). The lower short circuit ratio requires a significant
amount of Qsys, which can be as high as 80% of the total reactive power consumption, to
maintain Vpcc at 1 pu. Therefore, the change in the system strength must be correctly
predicted to estimate the correct Quc and MPQC.
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Figure 8. Change in PQ loading curves of MMC with different short circuit ratio values.

This section presents the PQ loading analysis of single-infeed MMC-HVDC integration
to power systems under different values of Ly, xtr, and short circuit ratio. The PQ loading
curves are portrayed differently due to the nature of the reactive power consumption from
each segment. If the values of L, and x4 are high and the value of short circuit ratio is
low, it is inevitable that the cost of MMC-HVDC becomes much higher due to the high
demand of Qupumc and MPQC. Therefore, a careful selection of submodule capacitance and
modulation index is needed by considering given Ly, X, and short circuit capacity to
successfully integrate MMC-HVDC not only from the electronic point of view [48] but also
from the power system point of view. This consideration becomes more complicated when
the MMC-HVDC is integrated close to the existing LCC-HVDC to form MILM because
LCC-HVDC is widely known for strong AC/DC interaction.

5. MPQC and PQ Loading in MILM
5.1. Maximum Power Curve with STATCOM Analysis for PQ Loading Analysis in MILM

There have been many studies regarding multi-infeed of LCC-HVDC and VSC-HVDC.
However, there are few studies regarding the MILM case, especially to provide a guideline
for selecting the correct MPQC of MMC-HVDC from the power system perspective. A gen-
eral configuration of MILM for the inverter side is portrayed as an example in Figure 1.
An analysis of LCC-HVDC must be considered to understand the operating range of MILM
from the power system perspective. The operating range of LCC-HVDC without MMC-
HVDC in Figure 1 is normally analyzed by MPC [22,24,49]. This provides the operating
range of LCC-HVDC and the behavior of AC and DC voltages under different DC currents.
It is widely known that a higher short circuit ratio implies more robustness in the voltage
deviation on both AC and DC sides.

MPC is a renowned assessment process. There have been studies on steady state
operation of HVDC [24,25,30,38,49-53]. MPC portraits a unique relationship between
Ppc/Ipc characteristics, which is directly influenced by short circuit ratio. Equation (10)
and Figure 9 present the possible parameters that must be considered in the AC/DC
interaction of LCC-HVDC. Vpc and ipc refer to the DC voltage and current, respectively. T
denotes the transformer winding, B represents the number of a bridge, and x, denotes the
impedance of the transformer.

XHVDC = [Eac/ Ve, PDC/ VDC/ QLCCr 51/ 52/ Qac/ Icomp/ B, T, Zinvr Y Xes Ztmns}T- (10)

Each parameter indicates sending side AC voltage, terminal AC voltage, DC power,
DC voltage, reactive power consumption of HVDC converter, sending AC side angle,
receiving AC side angle, reactive power from AC side, compensator current, pulse bridge
number, transformer ratio, impedance on inverter side, gamma angle, transformer leakage
impedance, and transformer leakage in pu, respectively.
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Figure 9. Equivalent AC/DC connection and its parameters for analysis.

Although the derivation of the specific relationship between AC and DC sides has
already been done [24,25,30,38,49-53], these equations shown below are based on the con-
cept of PQ exchange between the power and LCC-HVDC systems. This refers to Ppc = Py
that emphasize the AC/DC interaction in a more concise manner as a combination of
theoretical HVDC and power flow equations for the numerical computation. MPC graphs
can be readily obtained by numerically solving the nonlinear equations stated in (11)—(21).

Active power related equations are as follows:

Ppc — Ezz/:f sin(6; — &) =0, (11)

Ppc — Vpc -ipc =0, (12)
VDC—LfVaC-BTCOS('y)—i—%~xC~B-iDC:0, (13)
PDC—3\fVac-B~T-iDC~cos(fy)+%~xC~B-i2DC:0. (14)

Reactive power related equations:

VZ
Qac + 7 = —Qrcc =0, (15)
cap
E.V, V2
Quc — g % cos(d) — 67) + Z—”C =0, (16)
mo ac
Qrcc — Ppc - tan(0) =0, (17)
_ Vbc
Qrcc — Ppe - tan 6 — tan(cos ™ ( —)) =0, (18)
Ve + 2+ B-ipc
EﬂCVﬂC Vllzc Vﬂ26
— ——cos(d1 — ) + —— =0, 19
QLCC Zinv ( ! 2) Zinv Zcup ( )
tan 6 — tan(cos ™ ( ;/DC —)) =0, (20)
Vpe + ZXc - B-ipc
Vie - T)?
Xe = (zgi)ztmns- (21)
DC

Once all the computations are finished, it is possible to obtain the MPC curve of the
LCC-HVDC system that portraits profiles of DC power, terminal voltage, DC voltage, and
reactive power consumption from the converter of HVDC in different system strengths.
The conventional MPC analysis shows the AC/DC interaction of the LCC-HVDC system
such that voltage deviation as the operating point of LCC-HVDC varies. The voltage
deviation caused by the LCC-HVDC system violates the last three of the five conditions in
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MILM system. This can trigger MMC-HVDC to exceed its operation limit or to operate
it with unsatisfying performance. The voltage supporters, such as STATCOM, must be
applied to prevent the AC/DC interaction. MMC-HVDC can operate as STATCOM in the
case of MILM.

Therefore, maximum power curve with STATCOM is introduced that numerically ex-
plained the steady-state analysis of LCC-HVDC and STATCOM and prevents LCC-HVDC
from AC/DC interaction by determining exact Qpyc. Besides the nonlinear equations
stated above, Equation (22) is added to the numerical solving process. This allows the
observation of the steady Vpc and V¢ of the LCC-HVDC system when the reactive current
(icomp) reaches its maximum rating (icomp.max). As shown in Figure 10, the power transfer
capability of LCC-HVDC is stabilized with the support of STATCOM due to the steady
terminal AC voltage in every DC current operation, which is different from conventional
MPC results. Theoretically, an ideal compensator allows the DC power to have nearly
a linear relationship with the DC current under any AC system strength. A practical
STATCOM compensates reactive power up to its maximum value to maintain the terminal
voltage constantly. However, the voltage starts to deviate when the reactive power from
STATCOM, Qcomp, exceeds its maximum capability. Based on maximum power curve
with STATCOM analysis, the voltage deviation due to the operation of LCC-HVDC from
0 to 1 pu can be well predicted, as well as how much of Qppc must be supplied from
MMC-HVDC to maintain Vpcc of 1 pu in the MILM system.

EacVac Vazc Vazc
———c08(0; — &) + = —
e Zeap

Qrcc = + Vacicomp; (22)

where ‘icomp’ < ‘icomp.max|‘

=2 [—Ideal

-
£
5
£1 --SCR: 6
%
0 0L5 1 1‘.5
0 0.5 1 1.5 2
= DC Current (pu) 2 | DC Curyrent (pu)y
=
S £ 1
g E
°0. = 0.5/
2 £
8 0. S o ‘ ‘ ‘ ‘
0.5 1 1.5 o 0 0.5 1 1.5 2
DC Current (pu) DC Current (pu)

Figure 10. Maximum power curve with STATCOM result from LCC-HVDC perspective.

The PQ loading curve formulation for MILM is similar to (7) and (8), except for the
reactive power exchange in PCC analysis based on maximum power curve with STATCOM
result. In this case, it is possible to identify LCC-HVDC system as the negative variable PQ
load with the following equations:

Pice = (32 / m)VeccTB cos(v)) — ((3/m)xcBinc))ine, 23)
Qrcc = Prcc tan(cos (Ve / (Ve + (3/7)Bxcipc))), (24)
(Qmmc — Qarm — Qur) + Qfitter — Qrcc — Qac = 0. (25)

Equations (23) and (24) add the operating characteristic of LCC-HVDC to PCC, which
bring AC/DC interaction. Equation (25) provides all the reactive power exchanges at PC,C
including reactive power consumptions in MMC and LCC-HVDC, and system impedance.
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With this additional condition, unknown variables mentioned previously can be solved,
and it is possible to obtain updated Qpnic.

5.2. Estimation of Correct MPQC Based on PQ Loading Analysis in MILM

Like the MPQC analysis of the single MMC, the determination of correct MPQC based
on PQ loading analysis considering all five conditions must be processed in MILM. The PQ
loading curves in Figure 11 clearly show that the slope of the PQ loading curve for MILM
is much steeper, even though MMC-HVDC delivers the same power, in both cases. This is
the case where both HVDCs have the same power rating delivering active power in the
same direction.

0.6
04
= 02
o, Vel
&
o 7

—().2 - |m— MPQC of single MMC-HVDC
MPQC of MMC in MILM

= PQL of single MMC-HVDC

04— PQL of MMC in MILM

0 0.2 0.4 0.6 0.8 1
P (pu)
Figure 11. Steeper PQ loading curve in MILM causing higher requirement of MPQC.

This causes the Qapc to move from point A to B. The angle spread between the phase
of the PCC, dpcc, and the system, Js, becomes larger, and the reactive power requirement
from the power system changes based on the power flow analysis, while the P delivered
into receiving end increases.

Figures 11-14 present several different cases to prepare the MMC-HVDC specification
under the MILM. Various short circuit ratio, operations in LCC-HVDC, and system voltages
should be considered for the correct MPQC determination of MMC-HVDC in MILM system.
Figures 11 and 12 have a similar pattern to that in Figure 8, where the low short circuit
ratio requires higher Qppic (moving from point A to B). However, receiving end receives
more power, and short circuit ratio lowers due to (26), where the value of Pppic max and
Prccmax is rated power. This causes PQ loading curves to become steeper than those in
Figure 8, even though the short circuit capacity value is the same. Therefore, MMC-HVDC
can support the MILM system under short circuit capacity variation on the interconnecting
point to satisfy the five conditions.

sccC

SCR = . 26
Primc max + Prec,max (26)

As shown in Figure 13, the MMC-HVDC must operate in a diverse range under
different LCC-HVDC operating points. It is worth noting that this analysis does not
include the sequence of filters attached to the LCC-HVDC system because the operating
strategy is not included at this stage. When Pppc is zero, MMC-HVDC is operated as
STATCOM to absorb reactive power when LCC-HVDC is operating under 1 pu and deliver
reactive power when it is operating over 1 pu of active power, which means temporary
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overloading condition. Point A is considered the proper design point when both LCC and
MMC-HVDC operated within 1 pu of active power. If the existing LCC-HVDC performs
with overloading state and MMC-HVDC operates at 1 pu for delivering extra power to
the system, the design point moves to B. However, if LCC-HVDC chooses to overload
and MMC-HVDC operates under the previous MPQC, which is point C, the total power
delivered to the system is identical to point A. Therefore, it must be determined whether
the MMC-HVDC should have MPQC that embraces the overloading operation of the
LCC-HVDC system based on the need of the system.

= MPQC with C_ : 3.38 mF
sm

MPQC with C_ : 4.25mF
sm

——SCR:2
=—=SCR: 2.5
—SCR: 3
===SCR: 3.5
=—SCR: 4
=———SCR: 4.5

02 04 06 08
P (pu)

Figure 12. Different PQ loading curves of MMC in MILM under different short circuit ratio.

e MPQC with C_ : 3.9 mF
sm

MPQC with C‘m: 5.05 mF
=—=LCC-HVDC: 0 pu

=—=LCC-HVDC: 0.25 pu
==—=LCC-HVDC: 0.5 pu
===LCC-HVDC: 0.75 pu
==—=LCC-HVDC: 1.0 pu
==LCC-HVDC: 1.25 pu

Q (pw

0 0.2 0.4 0.6 0.8 1 1.2 1.4
P (pu)
Figure 13. Different PQ loading curves of MMC in MILM case under different LCC-HVDC operat-
ing points.

Finally, the deviation in the system voltage must be considered in designing MMC-
HVDC. If the system voltage deviates due to a disturbance, the decreased system voltage
requires a higher Qppc (moving from point A to B) to stabilize both the power system
and LCC-HVDC, as shown in Figure 14. When the system voltage exceeds 1 pu, MMC-
HVDC absorbs reactive power to maintain Vpcc at 1 pu. However, absorbing reactive
power does not significantly affect the determination of submodule capacitance because
the MMC-HVDC has more reactive power absorbing capability, as shown in Figure 14.

Therefore, the analyses imply that the power system with low short circuit ratio,
LCC-HVDC operating with rated power or higher, and low system voltage requires a
tremendous amount of Qppic to deliver the required active and reactive power that main-
tain a stable power system. The parameters must be carefully determined for MMC-HVDC
to operate properly and to support power system effectively under the given condition.
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: —_—V 0.95 pu
06" / ——V:0.96 pu
? ‘/‘ —V:0.97 pu
£ 04} Poin A PP ——V,:098pu
o —V 0.99 pu

0.2 —V 1.0 pu
—_—V 1.01 pu
0 / —V:102pu
—V :1.03 pu
-0.2 1 s

0 02 04 06 08 1 12 14
P (pu)

Figure 14. Different PQ loading curves of MMC in MILM case under different system voltages.

5.3. Application of the Proposed Method for MMC-HVDC of Jeju MILM System

The project to connect the mainland of South Korea and Jeju Island with MMC-HVDC
is an important issue in South Korea. Jeju Island is located in the southern part of South
Korea, and its power system is totally islanded, as shown in Figure 15. Jeju Island has been
designated as a zero carbon project with large-scale wind power implementation because
of the availability of wind energy sources. Its peak load was approximately 912 MW in
2017 [54]. This massive wind power penetration surpasses the peak load of Jeju Island
and requires power transmission back to the mainland power system. There are two LCC-
HVDCs (300 and 400 MW) that deliver power to Jeju from the mainland. Approximately
273 MW of the wind farm is in operation; Korea Electric Power Corporation (KEPCO),
the nation’s only utility, has proposed that the capacity of the wind farm will reach 2 GW
by 2030 [55,56]. The rest of the power will be sent back to the mainland through the
HVDCs because the power generated in Jeju is expected to surpass the load demand. The
topology of Jeju HVDC No. 3 (200 MW, under construction [54]) is VSC-HVDC because
VSC-HVDC enables fast power control and continuous power reversal. The feasibility
study of MMC-HVDC, Jeju HVDC No. 3, is currently underway to support the existing
Jeju HVDC No. 1 and the power flow control of the expected high wind farm, as shown
in Figure 15. However, the government-led project, called “Carbon Zero Island”, and
the increasing load in Jeju has initiated an increase in wind power penetration in Jeju. A
total of 2000 MW of wind power facilities will be introduced by 2030, which will cause a
dramatic reduction in short circuit capacity from 3000 to 1000 MVA due to the shut down
of conventional generators. Therefore, the correct MPQC estimation of the MMC-HVDC in
Jeju HVDC No. 3 is necessary to efficiently cooperate with neighboring HVDCs.

Mainland

Mainland =
. HVDC #1 p
Mainland LCCHVDC HVDC #3 —~ s
e MMC HVDC ol \
HVDC #2 N _ H - 3 ”/,’f'/ —
b + ‘?/2; ‘4
T ~"‘r!z/mw
3
‘,,/////////////;w»"’j;
Expected ’ L i
L . ’ ,.//////H'
Wind farm o y b 7 /r
L
\L
¢ @
Jeju Island

Figure 15. Simple representation of Jeju Island power system for possible MILM scenario in the future.
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Table 2 and Figure 16 show the expected PQ loading and MPQC curves for Jeju
HVDC No. 3. Qpamc must be at least 147 Mvar to maintain a constant Vpcc, LCC-HVDC
operation, and support the power system (point A) due to the lowered short circuit capacity.
Consequently, pre-installed filters of Jeju HVDC No. 1 deviates Vpcc causing Jeju HVDC
No. 3 to operate STATCOM mode if Py c is zero. While Jeju HVDC No. 3 must transfer
the active power back to the mainland due to excessive wind power in the future, planning
for the MPQC of the rectifier mode is also necessary. The requirement of Qppc in rectifier
mode is lower than that of in inverter mode (point B) due to the pre-installed filters.
Therefore, only the inverter mode is critical in determining the parameters of Jeju HVDC
No. 3.

1r

0.5

2
2 0
N’
=g
0.5 7 || w=—MPQC of JEJU HVDC #3
mm PQL of MMC in inverter mode
1k || ——PQL of MMC in rectifier mode
-1 -0.5 (1} 0.5 1 1.5
P (pu)

Figure 16. The PQ loading curve required from MMC-HVDC in Jeju Island considering bidirectional
power flow in MILM case under lowered short circuit capacity due to the high penetration of
wind power.

A detailed PSCAD simulation was performed by modeling the Jeju MILM case to
prove the numerical analysis. While 500 MW is delivered to the power system with short
circuit capacity of 1000 MVA, MMC-HVDC with the estimated submodule capacitance and
low submodule capacitance are compared. Finally, the MMC-HVDC with the estimated
submodule capacitance operates within 10% of voltage ripples in the capacitor, as shown
in Figure 17. Therefore, the numerical procedure for designing MMC-HVDC in MILM can
be verified.

1.9
— — .Upper arm voltage with C‘m: 5mF

1.8+ — — .Lower arm voltage with Csm: 5mF
—_ Upper arm voltage with C‘m: 4.5 mF
>
é 1.7 Lower arm voltage with Csm: 4.5 mF
)
on
S
= 16
>

—
wn

3.005 3.01 3.015 3.02 3.025
time (s)

Figure 17. Validation of numerical analysis using PSCAD through observing voltage ripple of the
submodule in MMC-HVDC in Jeju MILM case.

The generic analysis framework is not limited to the single scenario in the MILM
system. The parameter shown in Table 2 are only for performing appropriately under
given short circuit capacity, arm reactor, transformer leakage impedance, LCC-HVDC
operation, and system voltage. This fixed operating point may not perform as desired
under the change in the system. The generic analysis framework can be applied to find an
operating range for MMC-HVDC that covers the variable conditions. PQ loading curve
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for the maximum reactive power absorption and generation cases can be determined. If
MMC-HVDC is required to perform under changing short circuit capacity, LCC-HVDC
operation, and system voltage and if the value of arm reactor and transformer leakage
impedance is not completely determined.

Table 2. Parameter estimation for Jeju HVDC No. 3.

Category Value Category Value
m 0.9 SCC (MVA) 1000
Precmax (MW) 300 Vpe (kV) 300
P MMC,max (MW) 200 Vsm.nom (kV) 1.65
Vpce (kV) 154 Csm (mF) 5
Vi (kV) 165 Qmmc (MVAR) 147

There can be five variable conditions, as shown in Table 3. There can be 30 cases to be
tested within the ranges of the variable conditions to verify if the initial estimation of the
HVDC parameter can handle these conditions. Among the cases, there are cases where PQ
loading curves exceed MPQC curves with 5 mF, implying that the energy of the MMC is
not enough to support LCC-HVDC, the power system, and itself. The maximum reactive
power absorption and generation case must be identified to satisfy all the conditions, as
shown in Table 4. Approximately 7 mF of capacitor value is required; the operation range
is shown in Figure 18. This proposed generic analysis framework can determine minimum
energy required by MMC considering various system conditions. It is worth noting that
the values of L, and x4 are not changing variables from the MMC-HVDC operation
perspective. The values must be fixed within the given range during planning studies for
their specific purposes, and then the values can be applied to calculate the appropriate PQ
loading curve for obtaining an accurate Qpspic under different operating scenarios.

Table 3. Possible combinations of parameters for Jeju HVDC No. 3 to determine the full operating region.

Category Value
SCC (MVA) 1000-3000
Ly (mH) 1-100
Xtr (pu) 0.1-0.2
Prcc (pu) 0-1
System voltage (pu) 0.95-1.05
p LCC,max (MW) 300
p MMC,max (MW) 200
m 0.925
Vpe (kV) 300

Table 4. Maximum reactive power absorption and generation case for Jeju HVDC No. 3.

Category Maximum Q Absorption Case Maximum Q Generation Case
SCC (MVA) 3000 1000
Loy (mH) 1 100
Xir (pu) 0.1 0.2
Prcc (pu) 0 1

System voltage (pu) 1.05 0.95
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Figure 18. Representation of MMC operation range satisfying all conditions with submodule capaci-
tance of 7 mF.

6. Conclusions

This paper proposes a generic analysis framework that can develop a grid supporting
MMC-HVDC in the MILM system. It was initiated to support the utility and manufacturer
for the Jeju HVDC No. 3 project in South Korea. The comparison of MPQC and PQ
loading curve conveniently indicates the proper value of submodule capacitance and
modulation index of MMC-HVDC system, allowing MMC-HVDC to support sufficient
reactive power to the MILM system to compensate for reactive power consumptions.
Reactive power consumption within the MMC-HVDC systems, such as arm reactor and
transformer leakage impedance, and reactive power consumption in LCC-HVDC system,
and reactive power consumption in the power system is comprehensively calculated
through PQ loading analysis. The theoretical result is verified by the PSCAD/EMTDC
simulation that MMC-HVDC operates within the maximum voltage ripple limit through
utilizing the calculated value of submodule capacitance. The proposed method is applied
to the MILM system in Jeju island. The largest Qumac absorption and generation cases
are determined by defining five variable conditions. Finally, the required operating range
for MMC-HVDC is determined, resulting in the proper values of submodule capacitance
and modulation index of the MMC-HVDC system. The generic analysis framework is not
limited to the single scenario in the MILM system. It can be applied to find the desired
operating range for MMC-HVDC and MPQC that covers the variable conditions when the
MMC-HVDC is required to perform under changing short circuit capacity, LCC-HVDC
operation, system voltage, and various values of L, and xt.. Therefore, the framework
can help grid planners and manufacturers to develop MMC-HVDC that performs under
various power system conditions. Ultimately, the proposed framework provides the initial
values to the detailed EMTDC study without an iterative time-consuming modeling process
of MMC-HVDC.
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