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ABSTRACT Modular multilevel converters (MMCs) are widely utilized in dc applications. With the devel-
opment of MMCs, many applications require the MMCs to have additional functions and characteristics,
such as dc fault clearing capability and low submodule capacitance. A unidirectional current H-bridge
submodule (UCH-SM) has been proposed, which uses low submodule capacitance and possesses dc fault
clearing capability. However, the reactive power capability is limited during low active power because of
the inadequate dc bias in arm currents caused by the low dc current. Although retaining a rated dc current
even at zero active power has been proposed, it results in increasing the power losses and large capacitance.
This study proposes a new operating mode based on variable dc voltage and variable dc current (VVVCM)
for point-to-point dc systems. The basic idea is that both the dc voltage and current vary on the basis of
active power and a lower limit is set for the dc current to provide adequate dc bias in the arm currents during
reactive power exchange. Analysis shows that the UCH-MMC in VVVCM has an enlarged P-Q capability
range and still retains low capacitor usage. Simulation results verify the effectiveness of the proposed mode.

INDEX TERMS UCH-MMC, variable dc voltage and current mode, P-Q capability range, compactness.

I. INTRODUCTION

Modular multilevel converter (MMC) is emerging as a pre-
dominant technology in dc applications [1]-[4]. The modular
design enables MMCs to fit different power and voltage
ranges with little harmonic distortion. With the develop-
ment of MMCs, many applications require the MMCs to
have additional functions and characteristics. For instance,
the overhead line-based high-voltage direct current (HVDC)
requires the MMCs to be able to block the dc fault
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currents [2], [5]. The offshore applications require the MMCs
to have small footprint and high power-density [6], [7]. How-
ever, the prevailing half-bridge submodule (HBSM)-based
MMCs (HB-MMC) cannot clear the dc faults because of
the freewheeling diodes [2]. Due to the arm energy fluc-
tuations, the submodule capacitors in the HB-MMCs are
commonly extremely large, occupying more than 50% of the
volume [8], [9].

Full-bridge submodule (FBSM) was originally proposed
for blocking dc fault currents [2]. The FBSM-based MMC
can clear the dc faults by blocking the converter. Recent
studies have reported that the FBSM can output an additional
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negative voltage, which can be used to increase the mod-
ulation index [10]-[16]. It is revealed that the FB-MMCs
can reduce the submodule capacitance by increasing the
modulation index using the negative voltage states of
FBSMs [10]-[16]. For example, the submodule capacitor can
be reduced by 70% at unity power factor if the modulation
index is increased to approximately 1.414 [10]-[16]. How-
ever, an FBSM utilizes twice the number of semiconductors
as that of an HBSM, thus increasing the cost, volume, and
power losses [2].

To reduce the use of semiconductors, reference [17] has
pointed out that the increase in the modulation index can
decrease the fundamental-frequency ac component in the
arm current, then the arm current tends to be unidirec-
tional. On this prerequisite, an FBSM can be simplified
into a unidirectional current H-bridge submodule (UCH-SM)
by eliminating two IGBTs [17], [18]. The UCH-SM-based
MMC (UCH-MMC) inherits the dc fault capability of the
FB-MMC. The increase in the modulation index also enables
the UCH-MMC to have extremely small submodule capac-
itance [19]. Compared with the FB-MMC, the UCH-MMC
saves approximately half of the semiconductors [17]. There-
fore, the UCH-MMC is an attractive and impressive solution
to the future HVDC technique.

However, the prerequisite for the operation of UCH-MMCs
is that the arm current must be unidirectional [17]. This
condition requires that the dc current must exist to provide
sufficient dc bias in the arm currents. However, when the
active power is low, the inadequate dc bias results in that
the UCH-MMC cannot output high ac current, and thus does
not have sufficient reactive power exchange capability [17].
This condition limits the P-Q capability range and increase
the difficulty of supporting the grid during transient states.
Especially, the reactive power capability is 0 when the active
power is 0. Therefore, the UCH-MMC cannot fit many prac-
tical applications.

A constant current mode (CCM) was proposed to enlarge
the P—Q capability range [17], [19]. The basic idea of CCM
is to retain a rated dc current even when the active power
is 0 to provide the dc bias for the unidirectional current,
while the dc voltage varies proportionally to the active power
flow. However, retaining the rated dc current even at zero
active power causes high transmission losses. In addition, the
rated dc current at low dc voltages changes and increases
the arm energy fluctuations [19], [20], thereby increasing the
capacitance requirement.

To enlarge the P—Q capability range while maintaining the
low submodule capacitance and low power losses, this study
proposes a new operating mode based on variable dc voltage
and variable dc current (VVVCM) for point-to-point HVDC
systems based on UCH-MMC:s. In the proposed operating
mode, both the dc voltage and current vary according to the
active power. However, a lower limit of dc current is set based
on the rated reactive power of the UCH-MMC to provide
adequate dc bias for the unidirectional arm currents. Detailed
analysis shows that the proposed operating mode enlarges the
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FIGURE 2. Derivation and topology of UCH-SM: (a) Current path in FBSM
when current is unidirectional; (b) topology of UCH-SM.

P—Q capability range while retaining low capacitance and low
losses. The contributions of this study are listed as follows:

¢« A VVVCM is proposed for the UCH-MMC;

« Comparison of energy storage requirement is conducted,
indicating that the proposed VVVCM makes a trade-off
between the P—Q capability range and capacitor usage;

« Power loss analysis result indicate that the VVVCM can
extremely reduce the power losses compared with the
CCM.

II. EXISTING OPERATING MODES OF UCH-MMC
A. PRINCIPLE OF UCH-MMC
Fig. 1 shows the topology of UCH-MMC [17]. The converter
arms are composed of UCH-SMs, which are variants of
FBSM. The diodes d, and d3 are only for pre-charging the
converter, and thus, are of small capacities. Fig. 2(a) shows
the current path when the current is unidirectional, where
no current flows through the IGBTs S, S4 and diodes D>,
D3 [17]. Then an FBSM can be simplified into a UCH-SM,
as shown in Fig. 2(b), which by comparison utilizes half the
IGBTs but can still output positive, zero, and negative voltage
levels.

Based on Fig. 1, if the natural circulating currents are
neglected, the arm currents can be written as:

I
2
. (1)
2
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where x = a, b, c; iyp and iy, are the upper and lower arm
currents of phase x; i, denotes the phase currents; and iy is
the dc current. The phase currents iy, iy, and i. are:

ia = V2 Ie cos (wf — @)
i = V2l cos (ot — ¢ — 27/3) )
ic = V2l cos (wt — ¢ +27/3),

where I, is the RMS value of the ac currents and ¢ is the
power factor angle.

The condition for the operation of UCH-MMC is that the
arm current must be unidirectional, that is, ixp, ixn > O.
Therefore, the following relationship must be met to maintain
unidirectional arm currents:
V2(-3h).
fldc

I <

; 3

where h represents the harmonic distortion in the dc cur-
rent [17]. In an HVDC application, the harmonic current of
MMCs is usually small, and an & value of 1% is usually
sufficiently high [17].

The power relationship between the ac and dc sides of an
MMC is:

UdeNide = 3UgeNIac €Os @, 4

where Ugen and Uyen are the rated dc and ac voltages. Sub-
stituting (4) into (3), the ac voltage should meet:

V2
UacN >
2 (1 — 3h) cos ¢max
where gmax is the maximum power factor angle.

However, the ac voltage requirement in (5) exceeds twice
that of the conventional HB-MMC, which may induce dif-
ficulties for insulation designs. To alleviate this problem,
an active circulating current was proposed as follows [17]:

X UdCN ’ (5 )

. ia ib ic

Loy = —_— = — | —

cira 3 6 6

. ip i i

it = 3‘— o1z ©)
. ic Iy ib

lcire = — == =].

circ 3 6 6

The arm current after injecting the active circulating current
then becomes:
. 1. n 1. 4
Ixp = Flde T 5l T leirx
yn = gidc - zix + lcirx-
By injecting the active circulating currents, voltage and cur-
rent requirements are reduced [17]:

UseN > V2
N = 31 = 3h) cos Pmax
V21 -3h),
I < —2 ldc- )

The conditions in (8) and (9) are more feasible than those
in (3) and (5), and are thus used as basis for the following
analyses.

x Ugen, (8)
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FIGURE 3. Capable dc range and operating ranges of CVM and CCM.

B. CAPABLE DC RANGE AND OPERATING RANGES OF
CONSTANT VOLTAGE AND CONSTANT CURRENT MODES
OF UCH-MMC

The UCH-SM and UCH-MMC only allow unidirectional cur-
rents. However, given that the UCH-SM can output a negative
voltage level, the UCH-MMC has a wide dc voltage range
from negative to positive rated values. Fig. 3 shows the dc
range of the UCH-MMC as the shaded area.

On the one hand, the UCH-MMC can operate in constant
voltage mode (CVM) [17], as shown by the solid line in Fig. 3.
Similar to the conventional HB-MMC, the dc voltage is at the
rated value while the dc current varies to fit the active power
flow. In CVM, the dc and ac currents can be expressed by:

. P
ige =
¢ Usen

55 T (10)
P2 + Q2

Lie=—F7"—,
3UacN

where P and Q are the active and reactive powers, respec-

tively.
Substituting (10) into (9) yields:

IQIS,/%W—IXIPIX(I—%), (I

where m is the modulation index defined as:

m— ﬁUacN
Uch/2 '

The rated active power is denoted by Py, and thus PNy =
UgenIgen. Normalizing (11) by Py yields:

/9
|Opu| < Rmz—lx |Ppu| x (1 —3h). (13)

According to (13), Fig. 4 shows that the reactive power of the
UCH-MMC in CVM is limited by the active power because
the dc bias in the arm current is provided by the dc current.
Especially when the active power is zero, the UCH-MMC has
no reactive power capability. However, an MMC is required
to exchange reactive power with the power grid even when the
active power is zero. This disadvantage of the UCH-MMC in
CVM restricts its application to a great extent.

(12)
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— limited by current rating

FIGURE 4. P-Q capability range of UCH-MMC in CVM.

A constant current mode (CCM) was proposed to enlarge
the P-Q capability range of UCH-MMC [17], [19]. The basic
idea is that the dc current retains its rated value even at zero
active power, while the dc voltage varies proportionally to
the active power, as shown by the dashed line in Fig. 3. The
advantage of CCM is that the dc current can provide adequate
dc bias in the arm current for reactive power generation.
In CCM, the dc and ac currents can be expressed by:

ide = IgeN

/P2 + Q2 (14)
3UacN ’
Substituting (14) into (9) yields:

Iac =

9
PP+ Q% < 1—6;7121912V x (1 —3h)2. (15)
Normalizing (15) with Py yields:

P+ 0 < %mz x (1 —3h)2. (16)

Fig. 5 shows the P—Q capability range of UCH-MMC in
CCM. The reactive power is no longer limited by the active
power in CCM. However, retaining the rated dc current results
in large power losses in both the converters and transmission
lines. In addition, the rated dc current at low dc voltages
also generates high energy fluctuations on the submodule
capacitors [19], [20], restricting the reduction effects on
capacitance.

lIl. PROPOSED OPERATING MODE OF UCH-MMC BASED
ON VARIABLE DC VOLTAGE AND VARIABLE DC CURRENT
A. PRINCIPLE OF THE PROPOSED MODE

As discussed in Section II, both the existing CVM and CCM
of UCH-MMC have evident disadvantages. Therefore, this
study proposes a new operating mode based on variable dc
voltage and variable dc current (VVVCM). The basic idea
of the VVVCM is that both the dc voltage and current vary
according to the active power, but a lower limit is set based
on the rated reactive power of the UCH-MMC to provide ade-
quate dc bias for the unidirectional arm currents. By imple-
menting the VVVCM, the UCH-MMC can attain adequate
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FIGURE 5. P-Q capability range of UCH-MMC in CCM.

P—Q capability range, maintain low losses, and demand small
submodule capacitors.
The ac current of UCH-MMC can be written in a
power—voltage form as:
/ P2 + Q2

Lie = ———. 17
ac in 7)

Substituting (17) into (9), the dc current requirement is:

/p2
ide > V2 x P+l .
3Uaen x (1 —3h)

Thus, expression (18) is the minimum dc current require-
ment of a UCH-MMC at a given active and reactive power.
However, the requirement in (18) cannot be applied to a
UCH-MMC-based HVDC system because the sending- and
receiving-end MMCs may have different reactive powers.
Given that the MMC usually transmits active power, the
reactive power capability is commonly limited to lower than
0.5 p.u. In several offshore applications, the reactive power is
even limited to 0.2-0.3 p.u. to facilitate the design. Therefore,
the reactive power Q in (18) can be replaced by its rated value

ON., and then the dc current reference is:

s P
ige =V2x .
3Ugn X (1 —3h)
As such, the only variable on the right hand of (19) is the
active power. That is, the dc current reference varies only
according to the active power. Fig. 6 shows the dc operating
range of UCH-MMC in VVVCM as the dash-dotted line. The
dc current decreases when the active power decreases, but
never reaches zero to provide the dc bias in the arm currents.
Based on (19), the dc voltage reference can be calculated
as:

(18)

19)

_ 3UaeN X (1 —3h) x P (20)

P
e V2Zx [JP2+0Y

Assuming that the system is in steady state, the dc current
follows its reference, that is, ig. = izc. Then, substituting (17)
and (19) into (9), the P—Q capability range is:

|0l < [ONI. 21
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FIGURE 6. Capable dc range and operating ranges of CVM, CCM and
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— limited by current rating

FIGURE 7. P-Q capability range of UCH-MMC in VVVCM.

Normalizing (21) by the rated active power Py, then the P-Q
capability range can be expressed by the per-unit values as:

|Opu| < [Qpun] - (22)

Fig. 7 shows the P-Q capability range of the UCH-MMC in
VVVCM. Using the proposed VVVCM, the reactive power
is no longer limited by the active power, and its range can be
designed by designing the parameter ON.

B. ECONOMIC COMPARISON

The total capacitor usage in an MMC is affected by the sub-
module capacitance, rated voltage of each capacitor, and the
total number of submodules [21], [22]. Therefore, an energy
storage requirement is defined below to indicate the total
usage of capacitors [22]:

1
Emmc = 6 x ECSMUéN XN, (23)

where Cgy is the submodule capacitance, Ucy is the rated
voltage of the capacitor, and N is the number of submodules
per arm.

The interaction between the arm current and voltage gen-
erates the power fluctuation in the converter arm. In addition,
the energy fluctuation is the integral of the power fluctuation,
which can be expressed using:

€arm = /parm dt = fua.rmiarm dt, (24)
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TABLE 1. Basic parameters of the UCH-MMC example.

Terms Values
Rated active power / MW 1000
Rated reactive power (Qn) / Mvar 500
Rated dc voltage / kV 640
Rated ac voltage / kV 348

where ey and pam are the energy and power fluctuations
in the converter arm, respectively; and uyry and o, are the
arm voltage and current, respectively. Given that the MMC
operates symmetrically, the lower arm of phase A is taken as
an example. Based on (7), the arm current is:

1 1

ian = §idc - Eia + icira» (25)

where i, and i, are expressed in (2) and (6) in the previous
section. The arm voltage is:

1
Uan = Eudc + Ua — ULan, (26)

where uqc is the dc voltage, u, is the grid voltage of phase A,
and up 4, 1s the voltage that drops on the arm inductor. The
expressions of u, and uy 4, are:

Uy = V2Uqen cOS 0, 27)
di
ULan = Larmfv (28)

where Ly is the arm inductance. The expression of uy oy iS
difficult to obtain because various harmonics exist in the arm
current. However, the value of uy o, varying with time can be
calculated using numerical programs based on (28).

The upper limit of the voltage ripple rate of the submodule
capacitor is denoted by ¢}im. Assuming that the energy fluc-
tuation in (24) is evenly distributed in each submodule, then
the following relationship must be met:

1 e 1
ECSMU%N + % < ECSM (1 +eim)* Uy (29)

From (29), the energy storage requirement must meet:
6 X eam

(1 + &im)* = 1

The value of e,y not only varies with time, but also based
on the operating points of the UCH-MMC, that is, P and
Q. Therefore, to ensure the establishment of (30), the energy
storage requirement must be greater than the maximum value
of earm, that is, the maximum amplitude of e, in the entire

operating range. Therefore, the energy storage requirement of
an MMC is:

Evmc > (30

6Ea.rm—max
(1 +eim)® =17
where Eyrm—max 1S the maximum amplitude of e, in the
entire operating range.

A 1000MW/£500Mvar UCH-MMC is taken as a study
case. TABLE 1 shows the parameters. The maximum ampli-
tudes of the energy fluctuations in a UCH-MMC arm are

Evmmc > 3D
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TABLE 2. Energy storage requirements under different values of Qy.

Rated reactive power
(Ox) / Mvar
Amplitude of energy
fluctuation / MJ
Energy storage
requirement / MJ

100 200 300 400 500

0.26 0.28 0.32 0.36 0.41

7.37 8.06 9.00 10.17  11.62

calculated based on CVM, CCM and VVVCM, respectively.
Fig. 8 shows the calculation results. By comparing the exist-
ing operating modes, the UCH-MMC in CVM has much
lower energy fluctuation and energy storage requirement than
that in the CCM. However, as pointed out in the previous
section, the UCH-MMC in the CVM cannot fit the practical
applications because of the inadequate P—Q capability range.
Yet, the UCH-MMC in the CCM requires too high energy
storage requirement, resulting in large footprint of the MMC,
despite the enhancement of the reactive power capability. The
proposed VVVCM can make a trade-off between enhance-
ment of the reactive power capability and the energy storage
requirement. On the one hand, the P-Q capability range is
enlarged compared with the CVM, enabling the UCH-MMC
to fit the practical applications. On the other hand, the
VVVCM will not increase the energy storage requirement.

TABLE 2 presents the amplitudes of energy fluctuations
and energy storage requirements when the rated reactive pow-
ers are 100-500 Mvar. The results show that the VVVCM-
based UCH-MMC has low energy storage requirement in a
wide range of rated reactive powers.

A power loss comparison is conducted between the CCM
and VVVCM. Both the CCM and the VVVCM can enlarge
the P—Q capability range, but the VVVCM has much less
power losses than the CCM. Therefore, the VVVCM is more
economical in operation.

IV. CONTROL STRATEGY OF UCH-MMC IN VVVCM

Fig. 10 shows the control strategy of the UCH-MMC in
VVVCM. In a real end-to-end HVDC system, one of the
two MMCs controls the dc current while the other controls
the dc voltage. Fig. 10 shows the controls strategies for the
current- and voltage-control MMC. For the current-control
MMC, the dc current reference of the current-control MMC
is generated based on (19). For the voltage-control MMC,
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FIGURE 10. Control Strategy of UCH-MMC in VVVCM.

the dc voltage reference is generated based on (20), and a
close-loop dc voltage controller is implemented. The output
of the dc voltage controller is the dc current reference, and a
closed-loop current controller is implemented to make the dc
current follow the reference. The output of the dc controller
is the dc intermediate control variable (ICV) eﬁc.

The capacitor voltage indicates the power balance between
the ac and dc sides. Therefore, an outer-loop PI controller of
the capacitor voltage is used to generate the d-axis current
reference 7. The g-axis current reference i; is generated by
the reactive power controller. The classical d- and g-axis
decoupled controller is implemented in the inner loop and
generates the three-phase ac ICVs, e, eﬁ, and ¢. Finally,
using the dc and ac ICVs, the arm voltage references can be
obtained using [23]:

*k
e
ef = de o
P 2 X
o (32)
% __ _dc *
€n = 7 + €y
where x = a, b, ¢, and e;“p and e}, denote the reference

voltages of the upper and lower arms of phase x, respectively.

V. SIMULATION RESULTS

The proposed VVVCM is verified through simulation results.
Fig. 11 shows the structure of the studied system. The electri-
cal parameters of the UCH-MMC:s in the simulation are the
same as those in TABLE 1, and other parameters are listed
in TABLE 3. The receiving-end UCH-MMC controls the
dc current of the system while the sending-end UCH-MMC
controls the dc voltage. A diode is connected to the dc lines to
create a current path for the receiving-end UCH-MMC during
start-up. The models were built and the simulation were con-
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FIGURE 12. Simulation results during start-up state: (a) Receiving-end ac
currents; (b) sending-end ac currents; (c) dc currents and diode current;
(d) receiving-end summed capacitor voltages and dc voltage; and
(e) sending-end summed capacitor voltages.

ducted both in MATLAB/Simulink and PSCAD/EMTDC.
The simulation results using these two simulation tools are
well consistent. Due to the limited space, only the results
obtained in Matlab/Simulink are shown.

A. SIMULATION OF START-UP

Fig. 12 shows the simulation results during the start-up stage,
when the circuit breaker connected with the diode is closed.
The uncontrollable charging of the MMCs in the simulation
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TABLE 3. Parameters of UCH-MM(Cs in simulation.

Terms UCH-MMC
Numbers of SMs per arm 562
SM capacitance / mF 2.692

Arm inductance / mH 0.1951

1000 |-

active power, reactive power
MY

.

12 15 2 2.5 3 35 4 4.5
time (s)
(2)

power (MVA)

500 I

600 - :
400 + ]

voltage (kV)
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dc current
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(©)
FIGURE 13. Simulation results during power variations: (a) Active and
reactive powers; (b) dc voltage; and (c) dc current and arm current.

currents (kA)

is similar to that of the conventional HB-MMCs. By the
end of the uncontrollable charging, the capacitor voltages
are charged to 760V, which is adequately high to supply the
controllers.

Then, at 0.7s, the receiving-end UCH-MMC entered the
controllable charging. Given the need for dc current to pro-
vide the dc bias in the arm currents, a diode is connected
with the receiving-end UCH-MMCs in parallel and forms
a passage for the dc current. Fig. 12(c) shows that the dc
current of the receiving-end UCH-MMC and diode is 470 A
(0.3 p.u.) while Fig. 12(d) shows that the capacitor voltages
increase until they reach the rated voltage. Then, the dc
current reference changes from 0.3 p.u. to the dynamic value
calculated by the VVVCM controller. Given that the rated
reactive power On = 500 Mvar and the active power is 0,
the dc current becomes 700 A.

Finally, the sending-end UCH-MMC enters the control-
lable charging stage at 1.1 s by deblocking the controllers.
The output is a small dc voltage that forces the diode to
block and the dc current to flow into the sending-end UCH-
MMC. The dc current helps to form the unidirectional arm
currents of the sending-end UCH-MMC. The capacitor volt-
age increases until it reaches the rated values.

B. SIMULATION DURING POWER VARIATIONS

Fig. 13 shows the simulation results during power variations.
The active power first increases, and then decreases to simu-
late the variation of dc voltage and current. Fig. 13(b) and (¢)
respectively show that both the dc voltage and current vary
according to the active power. However, even though the
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active power reaches 0, the dc current remains to form
the unidirectional arm currents. At 2.4 and 4 s, the reac-
tive power steps up and down, respectively. Even if the
active power reaches 0, the UCH-MMC can still generate
reactive power because of the continuing dc current.

VI. CONCLUSION

The UCH-MMC can reduce the usage of submodule capaci-
tors by utilizing the negative voltage capability of UCH-SMs
to increase the modulation index. However, at low active
power points, the reactive power capability is limited because
the dc current is too low to provide adequate dc bias to form
unidirectional arm currents. An approach of retaining a rated
dc current even at zero active power has been proposed to
enhance the reactive power capability. However, maintaining
the rated dc current results in increasing the power losses.
This study proposes a new operating mode based on variable
dc voltage and current for HVDC systems based on UCH-
MMCs. The basic idea of the proposed operating mode is
that both the dc current and voltage vary according to the
active power, while a lower limit of the dc current is set
based on the rated reactive power of the UCH-MMC. Thus,
adequate dc bias is provided for the arm current even if the
active power reaches 0. In-depth analysis shows that the P-Q
capability range is effectively enlarged and the UCH-MMC in
the VVVCM retains low capacitor usage. Simulation results
verify the analysis.
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