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Abstract—Unidirectional-current full-bridge submodule (UC-
FBSM) based modular multilevel converter (UC-FB-MMC) has
high power-density, dc fault-clearing capability and dynamic dc
voltage adjustability, and is therefore suitable for many new dc
applications. The normal operation of UC-FB-MMC requires the
arm currents being always positive. This requirement can be met in
steady states by designing a sufficiently high ac voltage to decrease
the ac components of the arm currents. However, some transient
states may cause the arm currents to reach 0 and tend to be negative
and cause the UC-FB-MMC to enter an abnormal state with non-
positive arm currents. The feasibility of UC-FB-MMCs in practical
applications is impacted by whether or not the UC-FB-MMCs can
ride through these states. This article first analyzes the current
paths and intuitively verifies that the ac- and dc-side currents
are not interrupted in the states with non-positive arm currents.
Then, the mathematical models of a single arm with non-positive
current reveals that the ac- and dc-side currents are still under
control, but the control effects become poor. After that, a modified
controller is proposed to enhance the control effects. Simulation
and experimental results verify the analysis.

Index Terms—Current control, open-arm state, unidirectional-
current full-bridge modular multilevel converter (UC-FB-MMC),
unidirectional arm current.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) based on
half-bridge submodule (HBSM) (HB-MMC) have been

widely applied in existing high-voltage dc (HVDC) projects
[1]. With the development of converter and dc techniques,
many applications that require the MMCs to have high power
density and special functions have emerged, including the dc
fault clearing capability [2] and dynamic dc voltage adjustability
[3], [4], [5]. However, none of these objectives can be realized
by the HB-MMCs. For one thing, large capacitors used in the
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HB-MMCs result in large footprints and low power-density [6].
For the other, the HB-MMCs can neither clear the dc faults
nor dynamically adjust the dc voltages because the HBSMs
can only output 0 and positive voltages. As such, the emerging
applications are calling for new submodule topologies.

Full-bridge submodule (FBSM), which can output an addi-
tional negative voltage level compared with the HBSM, was
originally proposed to clear the dc faults [2]. Recent studies have
noticed that using the negative voltage states of the FBSMs,
the FBSM-based MMCs (FB-MMCs) can widely adjust the
dc voltage without affecting the ac voltage output [7], [8],
[9]. It is also revealed that the negative voltage states can
help increase the modulation index [10], [11], [12], thereby
reducing the submodule capacitance effectively [10], [11], [12].
Given these advantages, the FB-MMCs are very suitable for
the abovementioned emerging applications. However, compared
with the HB-MMCs, the FB-MMCs demand excessive extra
semiconductors [12], resulting in high cost and power losses,
which restrict the practical applications.

In many dc applications, the power is transmitted unidirec-
tionally. Considering these applications, a variant of FBSM
named unidirectional-current FBSM (UC-FBSM) was proposed
in [13] and [14] to reduce the semiconductor usage. The nor-
mal operation of the UC-FBSM-based MMC (UC-FB-MMC)
requires the arm currents being unidirectional. To meet this
requirement, a discontinuous arm current control was proposed
in [13] and [14], but the current references are quite differ-
ent from the conventional MMCs, and the conventional MMC
control cannot be easily implemented to the UC-FB-MMC. To
cope with this problem, Yu et al. [15] proposed to design an
increased ac voltage to decrease the ac components in the arm
currents, thereby creating the unidirectional arm currents using
the conventional control strategies. As such, the dc components
can help create the unidirectional arm currents. In [16], an
active circulating current injection was proposed to reduce the
ac voltage requirement by 1/3. Deng et al. [17] proposed a
control strategy for the hybrid dc system based on line com-
muted converter (LCC) and UC-FB-MMC. A dynamic braking
resistor circuit based on UC-FBSM was proposed in [18]. In
[19], by combining two UC-FBSMs, a unidirectional-current
clamp-double submodule was proposed to further reduce the
quantities of semiconductor devices. The UC-FB-MMC inherits
the advantages of FB-MMC: The dc fault clearing capability
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Fig. 1. Topology of UC-FB-MMC and UC-FBSM.

enables the UC-FB-MMC to be suitable for the long-distance
overhead line-based HVDC systems [16]; the negative voltage
capability of the UC-FBSM can reduce the converter volume and
increase the power density [20], and enables the UC-FB-MMCs
to widely adjust the dc voltage [3], which is very important in
the ultrahigh voltage dc systems.

While the exiting studies indicate that the UC-FB-MMC
can operate well by creating the unidirectional arm currents in
steady states, it is still possible that some arm currents may lose
unidirectionality because of external disturbance. For instance,
if faults occur in the ac or dc systems, the ac or dc components
of the arm currents may be affected, thus causing some arm
currents to lose unidirectionality. Also, if the current references
change rapidly, the errors between the reference and the actual
values may also cause the arm currents to lose unidirectionality
temporarily.

While there has hitherto never been such a report that a
transient loss of unidirectionality of arm currents causes severe
faults of UC-FB-MMCs mentioned in any study, yet whether
the UC-FB-MMC can continue operating and ride through the
entire transient state with non-unidirectional arm currents is still
a key issue that impacts on whether the UC-FB-MMC is feasible
in practical applications. This article conducts research on the
operation characteristics of the UC-FB-MMC when some arm
currents lose unidirectionality.

The rest of this article is organized as follows. The arm current
states of the UC-FB-MMC are analyzed in Section II, and it is
found that even some arm currents cannot maintain unidirec-
tional, the ac and dc currents will not be interrupted because
their paths are still guaranteed, and thus, severe faults will not
occur. Then, a mathematical model is deduced in Section III
to analyze the controllability of the ac- and dc-side currents
when an arm current loses unidirectionality, and a modified
decoupled controller is proposed in Section IV to enhance the
current control effects. Simulation and experimental results are
given in Section V. Finally, Section VI concludes this article.

II. CURRENT PATH ANALYSIS FOR UC-FB-MMC WITH

NON-POSITIVE ARM CURRENTS

Fig. 1 shows the topologies of the UC-FB-MMC and UC-
FBSM. The switching devices and diodes S2, S3, D1, and D4

Fig. 2. Switch states, current paths, and output voltages of UC-FBSM with
positive currents.

Fig. 3. Basic principle of creating unidirectional arm currents. (a) Conven-
tional ac voltage design and bidirectional arm currents. (b) Increased ac voltage
and unidirectional arm currents.

are for the arm currents during normal operation. Only if the
MMC is pre-charged from its ac side are the diodes dS2 and
dS3 necessary. Considering that some types of power electronic
switching devices are integrated with diodes while others are not,
this article draws dS2 and dS3 separately using dashed lines. The
positive direction of the arm and submodule currents are defined
using the arrows in Fig. 1. Fig. 2 shows that the UC-FBSM can
output positive, zero, and negative voltage levels with a positive
current. Therefore, all the arm currents in normal operation must
always be positive. It is pointed out in [15] and [16] that the
always-positive arm currents in steady states can be created by
designing a sufficiently high ac voltage, because increasing the
ac voltage can reduce the fundamental components in the arm
currents, as shown in Fig. 3.

Although the special design of the ac voltage can guarantee
steady-state positive arm currents, disturbance in transient states
may cause some arm currents to reach 0 and tend to be negative.
These transient states may include but are not limited to reactive
power increase, occurrence of faults and rapid changes of current
references. Different from other MMC topologies, if an arm cur-
rent of the UC-FB-MMC tends to be negative, all the submodule
capacitors are automatically inserted negatively into the circuit
regardless of the pulse signals of the switching devices, thereby
generating a large negative voltage, as shown in Fig. 4(a). As
shown in Fig. 4(b), the external circuit is equivalent to a voltage
source with resistor. If the arm voltage output is negatively
greater than that of the external source, then the diode suddenly
enters the cut-off state and blocks the current. If the voltage
of the external source is negatively greater than the arm output
voltage, then the flowing current will charge the capacitors, and
finally, the negative voltage generated by the capacitors will be
so large that it blocks the diode and the current. For either case,
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Fig. 4. (a) Current path, (b) and (c) equivalent circuits when arm current just
crosses 0 from positive to negative.

Fig. 5. Arm current conditions when ac-side current flows (a) into and (b) out
of the converter.

the negative current will be finally clamped to approximately 0.
As such, the arm is approximately equivalent to an open circuit,
as shown in Fig. 4(c).

In fact, whether an arm current is prone to be negative is
closely related to the direction of the ac-side current. Taking
a phase leg as an example, Fig. 5 compares the arm current
conditions when the ac-side current flows into and out of the
converter. Specifically, as show in Fig. 5(a), when the ac-side
current flows into the converter, it brings a negative component to
the upper arm current and a positive component to the lower arm
current. As a result, the upper arm current is prone to be negative
while the lower arm current must be positive. By comparison,
as shown in Fig. 5(b), when the ac-side current flows out of
the converter, it brings a negative component to the lower arm
current and a positive component to the upper arm current. As
such, the lower arm current is prone to be negative while the
upper arm current must be positive. To sum up, at least one of the
two converter arms in a phase leg must have the positive current
and be in operation. Whether the other arm is in operation or
open is determined by its current condition: If the arm current
is positive, then the arm is also in operation; if the arm current
tends to be negative, then the arm is equivalent to an open circuit.

In a UC-FB-MMC, if all the arm currents are positive, then
all the converter arms operate normally, and thus, this article
defines this state as the normal state. By comparison, the states
where some converter arms are open due to the negative current
tendencies are defined as the open-arm states. Based on the

TABLE I
SUMMARY OF ALL POSSIBLE SINGLE-OPEN-ARM STATES

TABLE II
SUMMARY OF ALL POSSIBLE DOUBLE-OPEN-ARM STATES

TABLE III
SUMMARY OF ALL POSSIBLE TRIPLE-OPEN-ARM STATES

analysis of a phase leg in Fig. 5, there are at most three open
arms in a UC-FB-MMC even in the worst case. Therefore, the
open-arm states are divided into single-, double-, and triple-
open-arm states based on the quantity of open arms, and all the
possible open-arm states are given in Tables I–III. For intuitive
illustration, Fig. 6 shows the current paths of the single-, double-
and triple-open-arm states, where the condition that ia flows into
and ib and ic flow out of the converter is taken as an example.
Given that the double-open-arm states are also related to the
current magnitudes, Fig. 6(b) assumes that |ia| > |ib| > |ic|. The
directions of the arrows in Fig. 6 are the reference directions of
the currents, while the greater-than and lower-than signs indicate
the actual directions. Referring to Fig. 6 and Tables I–III, the
open-arm states are explained as follows.

1) Single-Open-Arm State: With one open arm.
2) Double-Open-Arm State: With two open arms in DIFFER-

ENT phases.
3) Triple-Open-Arm State: With three open arms in three

DIFFERENT phases. Due to the different directions of the
three ac-side currents, the operating arms must contain at
least one upper and one lower arms.
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(a) (b) (c)

Fig. 6. Possible current path examples of (a) single, (b) double, and (c) triple open arms. Current direction conditions: ia flows into the converter and ib and ic
flow out of the converter. Current magnitude condition for subfigure (b): |ia | > |ib | > |ic |.

As shown by the examples in Fig. 6, given that each phase
has at least one operating arm, the ac-side currents can flow.
Given that at least one upper arm and one lower arm are in
operation, the dc-side current can also flow. Therefore, in all
these 18 conditions, the ac- and dc-side current paths still exist,
and the ac- and dc-side currents will not be interrupted. This
indicates that temporary open-arm states (regardless of single-,
double-, and triple-ones) may hardly develop into serious faults,
and the MMC can restore into the normal state once the external
disturbance, which causes the open-arm states, disappears.

III. MATHEMATICAL MODEL OF UC-FB-MMC IN

SINGLE-OPEN-ARM STATES

According to Section II, if any arm current has a negative ten-
dency, then the UC-FB-MMC shifts from the normal to the open-
arm states, but the ac- and dc-side currents can still flow, which
indicates that temporary open-arm states may hardly develop
into serious faults. However, from the perspective of operational
reliability, the analyses based on mathematical models are still
essential. Given that the single-, double-, and triple-open-arm
states have a developing relationship, it is reasonable to as-
sume that if the MMC is well-controlled in the single-open-arm
states, the double- and triple-open-arm states might be avoided.
Therefore, this section deduces the mathematical model of the
UC-FB-MMC in the single-open-arm states, and analyzes the
current control effects.

Section III-A briefly summarizes the normal-state model and
control diagrams according the existing studies [21], [22]. Then,

Fig. 7. Control diagram of UC-FB-MMCs.

Section III-B takes the single-open-arm states as examples and
analyzes the control effects of the existing controller. It is con-
cluded that the ac- and dc-side currents are still under control,
but the coupling between them exists, which affects the control
effects.

A. Normal-State Model and Controller Diagrams

The voltage equations can be obtained according to Fig. 1.
To facilitate the following analysis, the obtained equations are
illustrated in the complex frequency domain as (1) at the bot-
tom of this page, where the subscripts a, b, and c denote the
three phases, and p and n denote the upper and lower arms,
respectively; s denotes the complex frequency; Iap(s), Ibp(s),
Icp(s), Ian(s), Ibn(s), and Icn(s) are the arm currents; Uap(s),
Ubp(s), Ucp(s), Uan(s), Ubn(s), and Ucn(s) are the arm volt-
ages; Usa(s), Usb(s), Usc(s) are the system ac voltages; Udc(s)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(L0 + 2LS) sIap(s) = −
(
1 + LS

L0

)
Uap(s)− LS

L0
Uan(s)− Usa(s) +

(
1
2 + LS

L0

)
Udc(s) + U0(s)

(L0 + 2LS) sIbp(s) = −
(
1 + LS

L0

)
Ubp(s)− LS

L0
Ubn(s)− Usb(s) +

(
1
2 + LS

L0

)
Udc(s) + U0(s)

(L0 + 2LS) sIcp(s) = −
(
1 + LS

L0

)
Ucp(s)− LS

L0
Ucn(s)− Usc(s) +

(
1
2 + LS

L0

)
Udc(s) + U0(s)

(L0 + 2LS) sIan(s) = −LS

L0
Uap(s)−

(
1 + LS

L0

)
Uan(s) + Usa(s) +

(
1
2 + LS

L0

)
Udc(s)− U0(s)

(L0 + 2LS) sIbn(s) = −LS

L0
Ubp(s)−

(
1 + LS

L0

)
Ubn(s) + Usb(s) +

(
1
2 + LS

L0

)
Udc(s)− U0(s)

(L0 + 2LS) sIcn(s) = −LS

L0
Ucp(s)−

(
1 + LS

L0

)
Ucn(s) + Usc(s) +

(
1
2 + LS

L0

)
Udc(s)− U0(s)

(1)
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is the dc voltage; U0(s) is the equivalent voltage between the
ac and dc neutral points; and L0 and LS are the arm and ac
inductances, respectively.

The ac- and dc-side currents, and the circulating currents can
be calculated using the arm currents [21], expressed as

⎡
⎢⎢⎢⎢⎢⎢⎣

Ia(s)
Ib(s)
Ic(s)
Idc(s)
Icira(s)
Icirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

1 0 0 −1 0 0
0 1 0 0 −1 0
0 0 1 0 0 −1

1/2 1/2 1/2 1/2 1/2 1/2
1/3 −1/6 −1/6 1/3 −1/6 −1/6
−1/6 1/3 −1/6 −1/6 1/3 −1/6

⎤
⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎢⎣

Iap(s)
Ibp(s)
Icp(s)
Ian(s)
Ibn(s)
Icn(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
. (2)

To simplify the model, the intermediate controllable voltages
(ICVs) are defined in [21], expressed as

⎡
⎢⎢⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)
Edc(s)
Ecira(s)
Ecira(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

−1/2 0 0 1/2 0 0
0 −1/2 0 0 1/2 0
0 0 −1/2 0 0 1/2
1/3 1/3 1/3 1/3 1/3 1/3
1 −1/2 −1/2 1 −1/2 −1/2

−1/2 1 −1/2 −1/2 1 −1/2

⎤
⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎢⎣

Uap(s)
Ubp(s)
Ucp(s)
Uan(s)
Ubn(s)
Ucn(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
. (3)

Substituting (2) and (3) into (1) shown at the bottom of the
previous page, yields the decoupled mathematical model as
follows [21]:

s

⎡
⎢⎢⎢⎢⎢⎢⎣

(L0/2 + LS) Ia(s)
(L0/2 + LS) Ib(s)
(L0/2 + LS) Ic(s)

2L0/3Idc(s)
3L0Icira(s)
3L0Icirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)

−Edc(s)
Ecira(s)
Ecirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎣

−1 0 0 0 1
0 −1 0 0 1
0 0 −1 0 1
0 0 0 1 0
0 0 0 0 0
0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Usa(s)
Usb(s)
Usc(s)
Udc(s)
U0(s)

⎤
⎥⎥⎥⎥⎦
. (4)

The controllers shown in Fig. 7 are designed based on (4)
[21]. After the ICVs are obtained, the arm voltage references

are generated using

⎡
⎢⎢⎢⎢⎢⎢⎣

U ∗
ap(s)

U ∗
bp(s)

U ∗
cp(s)

U ∗
an(s)

U ∗
bn(s)

U ∗
cn(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

−1 0 0 1/2 −1/3 0
0 −1 0 1/2 0 −1/3
0 0 −1 1/2 1/3 1/3
1 0 0 1/2 −1/3 0
0 1 0 1/2 0 −1/3
0 0 1 1/2 1/3 1/3

⎤
⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)
Edc(s)
Ecira(s)
Ecirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
. (5)

To simplify the deduction, this article chooses the abc
frame for the ac controllers in Fig. 7. Gac(s), Gdc(s), and
Gcir(s) denote the open-loop transfer functions of the ac,
dc and circulating current control loops, respectively; and
I∗a(s), I

∗
b(s), I

∗
c (s), I

∗
dc(s), I

∗
cira(s), and I∗cirb(s) denote the cur-

rent references. Given that the design of the controllers is not
the core of this article, the expressions of Gac(s), Gdc(s), and
Gcir(s) are not specified. Based on Fig. 7, the ICVs are obtained
as

⎡
⎢⎢⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)
Edc(s)
Ecira(s)
Ecirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

Gac(s) (I
∗
a(s)− Ia(s)) + Usa(s)− U0(s)

Gac(s) (I
∗
b(s)− Ib(s)) + Usb(s)− U0(s)

Gac(s) (I
∗
c (s)− Ic(s)) + Usc(s)− U0(s)

−Gdc(s) (I
∗
dc(s)− Idc(s)) + Udc(s)

Gcir(s) (I
∗
cira(s)− Icira(s))

Gcir(s) (I
∗
cirb(s)− Icirb(s))

⎤
⎥⎥⎥⎥⎥⎥⎦
.

(6)
Substituting (6) into (4) yields the relationship between the

currents and their references as

s

⎡
⎢⎢⎢⎢⎢⎢⎣

(L0/2 + LS) Ia(s)
(L0/2 + LS) Ib(s)
(L0/2 + LS) Ic(s)

2L0/3Idc(s)
3L0Icira(s)
3L0Icirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
=C×

⎡
⎢⎢⎢⎢⎢⎢⎣

I∗a(s)− Ia(s)
I∗b(s)− Ib(s)
I∗c (s)− Ic(s)
I∗dc(s)− Idc(s)
I∗cira(s)− Icira(s)
I∗cirb(s)− Icirb(s)

⎤
⎥⎥⎥⎥⎥⎥⎦

(7)

where

C =

⎡
⎢⎢⎢⎢⎢⎢⎣

Gac(s) 0 0 0 0 0
0 Gac(s) 0 0 0 0
0 0 Gac(s) 0 0 0
0 0 0 Gdc(s) 0 0
0 0 0 0 Gcir(s) 0
0 0 0 0 0 Gcir(s)

⎤
⎥⎥⎥⎥⎥⎥⎦
.

(8)
Given that all the off-diagonal elements in the matrix C are

zeros, the ac- and dc-side currents are decoupled. That is, in
the normal state, the controls of ac- and dc-side currents do not
interact with each other, and the currents are determined only
by their respective references and controllers.
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B. Analysis of Single-Open-Arm States

Section II concludes that there are totally 18 possible open-
arm states that are divided into the single-, double- and triple-
open-arm states. Due to limited space, this article only takes the
single-open-arm states, which are the simplest conditions, as
examples to present the analysis. Another issue is that there are
totally six conditions of single-open-arm states, which appear in
the order of ap, cn, bp, an, cp, bn, as listed in Table I. Given that
the analysis is similar in the six conditions, the state where the
upper arm of phase A is open is taken as an example.

Similar to the normal state, the voltage equations in com-
plex frequency domain can be obtained according to Fig. 6(a),
expressed as (9) shown at the bottom of this page, where the
definitions of the variables are the same as those in (1).

Substituting (2) and (3) into (9) [except for Iap(s) and Uap(s)],
the mathematical model in the single-open-arm state becomes

s

⎡
⎢⎢⎢⎢⎣

(L0/2 + LS) Ia(s)
(L0/2 + LS) Ib(s)
(L0/2 + LS) Ic(s)

2L0/3Idc(s)
3L0Icirb(s)

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

L0+2LS

2L0+2LS
0 0 L0+2LS

4L0+4LS
0

0 1 0 0 0
0 0 1 0 0

− L0

3L0+3LS
0 0 − 5L0+4LS

6L0+6LS
0

L0

2L0+2LS
0 0 − L0+2LS

4L0+4LS
1

⎤
⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)
Edc(s)
Ecirb(s)

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

− L0+2LS

2L0+2LS
0 0 − L0+2LS

4L0+4LS

L0+2LS

2L0+2LS

0 −1 0 0 1
0 0 −1 0 1
L0

3L0+3LS
0 0 5L0+4LS

6L0+6LS
− L0

3L0+3LS

− L0

2L0+2LS
0 0 L0+2LS

4L0+4LS

L0

2L0+2LS

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Usa(s)
Usb(s)
Usc(s)
Udc(s)
U0(s)

⎤
⎥⎥⎥⎥⎦
. (10)

If the calculations of ICVs and the transformation from ICVs
to the arm voltage references in the normal states [i.e., Fig. 7 and
(5)] are still implemented, then substituting (6) into (10) yields
the current relationships between the references and the actual

Fig. 8. Diagram of modified controller.

values when the upper arm of phase A is open:

s

⎡
⎢⎢⎢⎢⎣

(L0/2 + LS) Ia(s)
(L0/2 + LS) Ib(s)
(L0/2 + LS) Ic(s)

2L0/3Idc(s)
3L0Icirb(s)

⎤
⎥⎥⎥⎥⎦
=C′ ×

⎡
⎢⎢⎢⎢⎣

I∗a(s)− Ia(s)
I∗b(s)− Ib(s)
I∗c (s)− Ic(s)
I∗dc(s)− Idc(s)
I∗cirb(s)− Icirb(s)

⎤
⎥⎥⎥⎥⎦
, (11)

where C′ is shown in (12) at the bottom of the next page.
If the calculations of ICVs and the transformation from ICVs

to the arm voltage references in the normal states [i.e., Fig. 7
and (5)] are still implemented, then the mathematical model of
the UC-FB-MMC in the single-open-arm state would be (11)
and (12). In C′, the diagonal elements indicate that the current
references still have impact on the actual values. However,
different from (8), the off-diagonal elements that exist in (12)
indicate that the phase-A and dc-side currents are coupled, which
will affect the control effects and cause harmonic distortions.
Moreover, if the open-arm states last longer than a grid cycle,
apart from phase A, the current waveforms of phases B and C
will also be affected because the open arm changes its position
among the six converter arms according to the current phases.

IV. MODIFIED CONTROLLER OF UC-FB-MMC IN

SINGLE-OPEN-ARM STATES

Based on the mathematical models of the UC-FB-MMCs,
the existing studies have proposed the normal-state control,
including the calculations of ICVs and the transformation from
the ICVs to the arm voltage references [i.e., Fig. 7 and (5)]
[21]. However, based on Section III, if the normal-state control
is implemented during the single-open-arm states, the control
effects of the ac- and dc-side currents will become poor because
of the coupling of the currents. This section proposes a modified
controller to enhance the control effects, where the original ac
and dc controllers shown in Fig. 7 are still used, whereas the
transformation from the ICVs to the arm voltages is modified.
This modification can enhance the control effects of the ac- and
dc-side currents.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(L0 + 2LS) sIbp(s) = −
(
1 + LS

L0

)
Ubp(s)− LS

L0
Ubn(s)− Usb(s) +

(
1
2 + LS

L0

)
Udc(s) + U0(s)

(L0 + 2LS) sIcp(s) = −
(
1 + LS

L0

)
Ucp(s)− LS

L0
Ucn(s)− Usc(s) +

(
1
2 + LS

L0

)
Udc(s) + U0(s)

(L0 + 2LS) sIan(s) = −L0+2LS

L0+LS
Uan(s) +

L0+2LS

L0+LS
Usa(s) +

L0+2LS

2L0+2LS
Udc(s)

− L0+2LS

L0+LS
U0(s)

(L0 + 2LS) sIbn(s) = −LS

L0
Ubp(s)−

(
1 + LS

L0

)
Ubn(s) + Usb(s) +

(
1
2 + LS

L0

)
Udc(s)− U0(s)

(L0 + 2LS) sIcn(s) = −LS

L0
Ucp(s)−

(
1 + LS

L0

)
Ucn(s) + Usc(s) +

(
1
2 + LS

L0

)
Udc(s)− U0(s)

(9)
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The state that the upper arm of phase A is open is still taken
as an example. Substituting (2) into (9) yields

s

⎡
⎢⎢⎢⎢⎣

(L0/2 + LS) Ia(s)
(L0/2 + LS) Ib(s)
(L0/2 + LS) Ic(s)

2L0/3Idc(s)
3L0Icirb(s)

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

0 0 L0+2LS

2L0+2LS
0 0

−1/2 0 0 1/2 0
0 −1/2 0 0 1/2

− 1
3 − 1

3 − L0

3L0+3LS
− 1

3 − 1
3

−1 1
2

L0

2L0+2LS
−1 1

2

⎤
⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎣

Ubp(s)
Ucp(s)
Uan(s)
Ubn(s)
Ucn(s)

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

L0

2L0+2LS
0 0 − L0+2LS

4L0+4LS
− L0

2L0+2LS

0 0 0 0 0
0 0 0 0 0
L0

3L0+3LS
0 0 − L0+2LS

6L0+6LS
− L0

3L0+3LS

− L0

2L0+2LS
0 0 L0+2LS

4L0+4LS

L0

2L0+2LS

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Usa(s)
Usb(s)
Usc(s)
Udc(s)
U0(s)

⎤
⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎣

−1 0 0 0 1
0 −1 0 0 1
0 0 −1 0 1
0 0 0 1 0
0 0 0 0 0

⎤
⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎣

Usa(s)
Usb(s)
Usc(s)
Udc(s)
U0(s)

⎤
⎥⎥⎥⎥⎦
.

(13)

In the normal states, the controller calculates the ICVs as
shown in Fig. 7, and transforms the ICVs to the arm voltage
references based on (5). Considering that the single-open-arm
states are just temporary abnormal states, the changing of the
controller from the normal to the single-open-arm states should
be as little as possible, as long as the ac- and dc-side currents
can be decoupled. Therefore, this article modifies the transfor-
mation from the ICVs to the arm voltage references, while the
calculation of ICVs in Fig. 7 remains. To achieve this objective,
the circuit model in the single-open-arm state [i.e., Eq. (13)]
must be expressed in a form similar to (4). By comparing (13)
with (4), the relationship between the ICVs and the arm voltages
becomes

⎡
⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)
Edc(s)
Ecirb(s)

⎤
⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

0 0 L0+2LS

2L0+2LS
0 0

−1/2 0 0 1/2 0
0 −1/2 0 0 1/2
1
3

1
3

L0

3L0+3LS

1
3

1
3

−1 1
2

L0

2L0+2LS
−1 1

2

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Ubp(s)
Ucp(s)
Uan(s)
Ubn(s)
Ucn(s)

⎤
⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎣

L0

2L0+2LS
0 0 − L0+2LS

4L0+4LS
− L0

2L0+2LS

0 0 0 0 0
0 0 0 0 0

− L0

3L0+3LS
0 0 L0+2LS

6L0+6LS

L0

3L0+3LS

− L0

2L0+2LS
0 0 L0+2LS

4L0+4LS

L0

2L0+2LS

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Usa(s)
Usb(s)
Usc(s)
Udc(s)
U0(s)

⎤
⎥⎥⎥⎥⎦
. (14)

On the basis of (14), after obtaining the ICVs generated by
the controllers, the arm voltage references can be obtained as

⎡
⎢⎢⎢⎢⎣

U ∗
bp(s)

U ∗
cp(s)

U ∗
an(s)

U ∗
bn(s)

U ∗
cn(s)

⎤
⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

0 −1 0 1
2 − 1

3

− L0

L0+2LS
0 −1 1 1

3
2L0+2LS

L0+2LS
0 0 0 0

0 1 0 1
2 − 1

3

− L0

L0+2LS
0 1 1 1

3

⎤
⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎣

Ea(s)
Eb(s)
Ec(s)
Edc(s)
Ecirb(s)

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

0 0 0 0 0
L0

L0+2LS
0 0 − 1

2 − L0

L0+2LS

− L0

L0+2LS
0 0 1

2
L0

L0+2LS

0 0 0 0 0
L0

L0+2LS
0 0 − 1

2 − L0

L0+2LS

⎤
⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎣

Usa(s)
Usb(s)
Usc(s)
Udc(s)
U0(s)

⎤
⎥⎥⎥⎥⎦
.

(15)
Assuming that the arm voltages are equal to their refer-

ences [i.e., Ubp(s) = U ∗
bp(s), Ucp(s) = U ∗

cp(s), Uan(s) =
U ∗

an(s),Ubn(s) = U ∗
bn(s) and Ucn(s) = U ∗

cn(s)], substitut-
ing (15) into (13) yields

s

⎡
⎢⎢⎢⎢⎣

(L0/2 + LS) Ia(s)
(L0/2 + LS) Ib(s)
(L0/2 + LS) Ic(s)

2L0/3Idc(s)
3L0Icirb(s)

⎤
⎥⎥⎥⎥⎦
=C′′ ×

⎡
⎢⎢⎢⎢⎣

I∗a(s)− Ia(s)
I∗b(s)− Ib(s)
I∗c (s)− Ic(s)
I∗dc(s)− Idc(s)

I∗cirb(s)− Icirb(s)

⎤
⎥⎥⎥⎥⎦

(16)

where

C′′ =

⎡
⎢⎢⎢⎢⎣

Gac(s) 0 0 0 0
0 Gac(s) 0 0 0
0 0 Gac(s) 0 0
0 0 0 Gdc(s) 0
0 0 0 0 Gcir(s)

⎤
⎥⎥⎥⎥⎦
. (17)

The matrix C” only contains diagonal elements, which indi-
cates that if the controller immediately shifts the transformation
from (5) to (15) once the single-open-arm states are detected, as
shown in Fig. 8, the ac- and dc-side currents can be decoupled,
thereby enhancing the control effects.

C′ =

⎡
⎢⎢⎢⎢⎣

Gac(s)
L0+2LS

2L0+2LS
0 0 −Gdc(s)

L0+2LS

4L0+4LS
0

0 Gac(s) 0 0 0
0 0 Gac(s) 0 0

−Gac(s)
L0

3L0+3LS
0 0 Gdc(s)

5L0+4LS

6L0+6LS
0

Gac(s)
L0

2L0+2LS
0 0 Gdc(s)

L0+2LS

4L0+4LS
Gcir(s)

⎤
⎥⎥⎥⎥⎦
. (12)
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Fig. 9. Diagram of simulation and experimental models.

TABLE IV
PARAMETERS OF SIMULATIONS

Fig. 10. Simulation results for single-open-arm states without and with the
proposed modified controllers. ap and an represent the upper and lower arms of
phase A, respectively.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

A simulation model shown in Fig. 9 was built in MAT-
LAB/Simulink to verify the analysis and the proposed modified
controller. Table IV gives the simulation parameters. The rated
submodule voltage was designed as 1.6 kV. The ac voltage was
designed as 506 kV to ensure unidirectional arm currents in
steady states, and therefore, each converter arm consisted of
726 submodules to ensure the modulation margin.

In the first simulation, the active power was set as 600 MW.
To verify the proposed theory and controller presented in Sec-
tions III and IV, the reactive power was set as 500 Mvar to create
the open-arm states. Fig. 10 shows the simulation results. As
shown in Fig. 10(a), the arm currents that had negative tendencies

Fig. 11. Simulation results in transient open-arm states due to an AC fault.

Fig. 12. Photograph of experimental platform.

TABLE V
PARAMETERS OF EXPERIMENTAL PLATFORM
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Fig. 13. Experimental results for single-open-arm states. (a) Without and (b) with the proposed modified controllers.

were clamped to 0, indicating that the UC-FB-MMC had entered
the single-open-arm states, and that the open arms changed
their positions among the six arms. As shown in Fig. 10(b),
the ac- and dc-side currents are under control. However, some
harmonics appeared in the ac- and dc-side current waveforms
due to the coupling effects between ac and dc current controls.
Especially, the six-pulse harmonic appeared on the dc-side cur-
rent waveform. At t = 1.0 s, the modified controller proposed
in Section IV was enabled to decouple the ac and dc current
controls. Clearly, in Fig. 10(b), the ripples on the dc-side currents
and the harmonics in the ac-side currents disappeared. Moreover,
the effectiveness of the modified controller can also verify the
mathematical model deduced in Section III.

The transient state caused by an ac fault was simulated,
and Fig. 11 shows the results. Before the fault occurred, the
UC-FB-MMC was transmitting active power of 1000 MW and
reactive powers of 500 Mvar in the steady state. A single phase-
to-ground fault was simulated from t = 1.0 to 1.1 s. During
the fault, the voltage of phase A decreased to 0.3 p.u. Given
that the ac- and dc-side currents were affected, the positive arm
currents were disrupted. As shown and zoomed in Fig. 11(b),
the arm currents that had negative tendencies were clamped to
0, indicating that the UC-FB-MMC entered the single-, double-
and triple-open-arm states. During the open-arm states, at least
three converter arms were operating, which verifies that the
ac- and dc-side current paths still existed, and that the ac- and
dc-side currents could still flow, as shown in Fig. 11(c). After t
= 1.1 s, when the fault was cleared, the UC-FB-MMC quickly
returned to the normal state with all the arm currents positive.
The simulation results shown in Fig. 11 verify the analysis in
Section II. First, at least three converter arms in a UC-FB-MMC
have positive arm currents and are in operation. Second, even if
some converter arms cannot guarantee positive currents, the ac-
and dc-side currents can continue flowing, and the operation of
the converter is not interrupted.

B. Experimental Results

An experimental platform was built to verify the analysis.
Fig. 9 shows the diagram, Fig. 12 shows the photograph, and
Table V shows the parameters. The down-scaled experimental

Fig. 14. Experimental results in transient open-arm states.

platform has the same structure and control strategies as the MW-
level MMC converters. Therefore, the operation characteristics
in the open-arm states of the MW-level UC-FB-MMCs can be
reflected using the down-scaled experimental platform.

The experiments of single-open-arm states were conducted.
The active power was 2000 W, and the reactive power was 1500
var, thereby creating the single-open-arm states. Fig. 13(a) and
(b) shows the results without and with the proposed modified
controllers, respectively. The results in Fig. 13(a) indicate that
the UC-FB-MMC could operate in the single-open-arm state,
and that the ac- and dc-side currents were under control. How-
ever, the current control effects were affected by the coupling
effects. Especially, because the open arm changed its position
in the six converter arms, the six-pulse harmonic appeared on
the dc-side current waveform. By contrast, Fig. 13(b) shows the
results when implementing the modified controller. Although
there were still some harmonics because each converter arm
only contained four submodules, the six-pulse harmonic were
eliminated from the dc-side current waveform, and the total
harmonic distortion (THD) was reduced from 1.27% to 1.05%.
In the ac-side current waveform, the THD was also reduced from
5.12% to 4.77%. The effectiveness of the proposed modified
controller can also verify the mathematical model deduced in
Section III.

A transient experiment of the open-arm states was conducted,
and Fig. 14 shows the results. In the normal state, the MMC was
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operating with 2000 W active power and 0 reactive power. The
reactive power reference was increased to 3500 var for 100 ms
and then back to 0 to create the transient open-arm states. As
marked in Fig. 14, the single-, double- and triple-open-arm states
appeared. During the transient state, at least three arms were
in operation, and thus, the ac- and dc-side currents were not
interrupted, thereby verifying the analysis and supporting the
conclusion in Section II.

VI. CONCLUSION

This article conducts research on the operation characteristics
of the UC-FB-MMC with non-positive arm currents. The current
path analysis is conducted first. The result indicates that if an arm
current reaches zero and tends to be negative in a transient state,
then it is clamped to approximately 0, and thus, the converter arm
becomes approximately equivalent to an open circuit. On this
basis, the concepts of single-, double- and triple-open-arm states
are proposed. In all these conditions, the ac- and dc-side current
paths still exist, and the ac- and dc-side currents will not be
interrupted. Therefore, over voltage due to sudden interruption
of the currents will not occur. Subsequently, the single-open-arm
state is taken as an example, and the mathematical model of the
UC-FB-MMC is deduced. The result verifies that the ac- and
dc-side currents are still under control, but the control effect
becomes poor. After that, a modified controller that can enhance
the current control effects during the single-open-arm states is
presented. The simulation and experimental results verify the
analysis.
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