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Abstract—The modular multilevel converter (MMC) uses many
power electronic components in the high voltage direct current
(HVDC) application. One of the major concerns in half-bridge
MMC is the fault in the converter submodules. It raises the
question of whether the reliability and high-quality performance
of the MMC can be increased significantly as the active device
controls the power flow between the AC- and DC-sides. During
the SM fault within the MMC leg, the unbalance is introduced in-
side the MMC converter. The unbalanced voltage within the leg of
the MMC will continuously introduce an AC-current component
on the DC-side of the converter. Thus, the hybrid proportional-
internal (PI) control and proportional-resonant control (PR) is
introduced in controlling the power flow within the internal
MMC to eliminate the AC-current component and ensure pure
DC-current in the internal MMC. This study investigates the
internal power flow control of a three-phase rectifier MMC with
symmetric and asymmetric SM fault conditions. Compared with
conventional control methods, the proposed control can tolerate
SM faults and eliminate the AC-current component within the
converter, increasing the converter’s performance. Simulation
results are included and discussed to verify the proposed control.

Index Terms—Modular multilevel converter (MMC), submod-
ule fault-tolerant control, leg-arm balancing control.

I. INTRODUCTION

Modular multilevel converters (MMCs) have been selected
as a highly interesting topology for high-voltage direct current
(HVDC) applications because of their various advantages, such
as modularity scheme, easy-to-balance voltage capacitor, and
scalability to various voltage levels. The modularity scheme
in the MMC provides less production cost and easier mainte-
nance [1]. However, the reliability and robustness of control
strategies remain quite challenging, as this topology has been
widely used for HVDC networks.

To raise voltage levels in high-voltage applications like
HVDC networks, MMCs need many submodules (SMs). As
a result, some issues known as device or internal defects
may arise inside an SM. Several redundancy SM strategies
have been proposed in [2]-[5]. According to [6], all these
tactics have been categorized into four (four) strategies: basic
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redundancy, additional redundancy SM, optimized additional
redundancy SM and redundancy based on spare SM.

SM fault tolerance has often been achieved with phase-
shifted pulse width modulation (PS-PWM) [5]-[7]. Each SM
has its carrier wave in this technique, which is phase-shifted
from the other SM carriers. However, this modulation method
has lower line-to-line output voltage spectra [8]. The nearest
level modulation (NLM) technique was employed in the papers
[3] and [9] to regulate the converter, causing a high fluctuation
in the voltage capacitors. Using a zero-sequence offset volt-
age, the authors demonstrated fault tolerance by altering the
reference signals. In [10], [11] proposed an attractive method
by modifying phase disposition PWM (PDPWM) with an
adaptive carrier. However, the proposed method was performed
on a single-phase converter; thus, this approach misses out on
the analysis of three-phase converters. Furthermore, the other
main issue in implementing these redundancy strategies to
tolerate SM faults is how the control reacts to the unbalanced
voltage in the MMC legs. The energy / voltage imbalance
affects the quality output of the converter.

Some control structures have been conducted to ensure the
stability of the MMC during unbalanced power and / or energy
in the legs [12]-[14] due to the unbalanced distributed source
in each SM. However, only a few studies have investigated
the effect of fault-tolerant operation and minimized the effect.
Therefore, this paper focuses on the internal power flow
control strategy to reduce the AC-current component of the
internal MMC caused by SM faults. The hybrid proportional-
integral (PI) and proportional-resonant (PR) controller is used
to stabilize the power-sharing among the SM and eliminate the
AC-current component during the unbalanced internal voltage
SM caused by SM fault. This paper achieves internal power
flow control during the SM fault in the three-phase MMC
system using the adaptive-carrier PDPWM (AC-PDPWM) pro-
posed in [10], and extended to cover the three-phase operation.

The content of this paper is organized as follows: Section II
presents the mathematical model of the MMC. Then, section
IIT presents the SM fault tolerance strategy and the leg power
flow control strategies to minimize the effect of the unbalanced
voltage. Section IV discusses the simulation results. Finally,
Section V concludes the study.
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II. MATHEMATICAL MODEL OF MMC

The main feature of MMC is the number of cas-
caded/modularity connections of SMs. As seen in Figure 1, a
half-bridge SM consists of two switches and a capacitor. The
converter is composed of N SMs per arm, and each leg has
two arms: the upper and lower arms. The two possible values
of the SM voltage are V. (the voltage in the SM capacitor)
and 0 V, which are determined by the two states of each
SM (that is, “ON” or inserted and “OFF” or bypassed). The
bypass switch is then frequently used to bypass the SM if it is
permanently unhealthy. Inductors are positioned in the center
of each converter arm to act as internal filters and to balance
out the voltage imbalance caused by the series of SMs’ upper
and lower voltage accumulation.

SM
V.
; Bypassed
: l Switch
I
DC- R
Side Ls | 2C
o > Side
1. s5,C Vx,i
SM-N+1 T
I, - I/I,(l
SM-2N l

-— I
Inca —

Fig. 1: Schematic of the MMC topology.

Theoretically, the output voltage is controlled by the upper
(V) and lower voltage (V) sources which are sinusoidal
voltages with a magnitude of up to half of the DC link voltage.
Thus, according to Kirchhoff’s voltage law, the AC converter
voltage (V) can be defined as:

dIu,i
dt

1 dl, ; 1
Vai = 5Vii+ Ly L + 11 iRi) = 5 Vi + Lu

dt i Bl

(D
where i € {a,b,c}. Again, according to Kirchhoff’s current
law (KCL), the AC converter current (I;) ideally can be
expressed as:

Isi = Tu; — I 2)

Practically, the parasitic upper resistor (R,,) and lower resistor
(R;), and upper inductor (L, ) and lower inductor (L;) are
identical for all arms and legs. Since they are identical to
each other, so R, = R; = R and L, = L; = L. Thus, the AC

converter voltage V ; can be expressed as (3) by substituting
(2) in (1):

Vii=Vii— Vi) — = —2% — 1. 3)

Regulating the SM voltages at each arm of the MMC
is necessary to balance the upper voltage source and lower
voltage source arms to attain converter stability. Based on
KVL, the DC-side loop can be expressed as follows:

d; i

—+1 i Ri|+|Va,i+Ly——+1,: R, (4

dt+l, l}+[ 7+ dt + ) ]()

Based on KCL, the DC-current (Ipc ;) at each leg ideally can
be expressed as follows:

Voo = Vii+L

L+ 11

5 &)

Ipc: =
Substituting (5) into (4) yields:

dIpc,i

dt
Based on the equation (6), the circulating voltage can be
expressed as:

Vbe = (Vii + Vi) + 2L +2RIpci. (6

Veirei = . "+ 2RIpc. (7

In steady state conditions, as indicated by equation (7), the
circulating voltage V,;..; is approximately zero. So, each
phase or leg of the MMC expresses a purely DC behavior
during steady-state conditions.

III. PRINCIPLE OPERATION AND CONTROL STRUCTURE

By adding and subtracting equation (1) and equation (4),
the voltage of the upper and lower arm can be formalized as:

”

Vii= %C Vi = Vireus (8a)
V

Vii= % +Vei — Veires- (8b)

where the AC converter voltage, V; ;, is the voltage required
to regulate the AC output current, I, ;, and the circulating
voltage, Viir¢,i, is used to regulate the circulating current,
Icirei- Then, the reference signals of the upper arm (V,, ;)
and the lower arm (V} ;) have a phase shift of 180° according
to the expressions of (8a and 8b). In the PWM technique,
the reference signals are compared with the specified carriers,
which are the specific pulses sent to the SMs. This work
used the AC-PDPWM [10] that can perform fault-tolerant
capability to correct the carrier structure during the SM fault.
The extended implementation of this method is applied in the
three-phase system in this work.

Three scenarios of failure can be evaluated, which are asym-
metrical failure (AF), phase symmetrical failure (PSF), and
converter symmetrical failure (CSF) [6]. This work evaluates
the AF and PSF and the effect of the internal power flow within
the phases and arms. This paper is not focused on detecting
and locating the fault. A brief explanation of the flow detecting
the faulty SM can be sensed by the sensor at each SM. Then,
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the fault signal will be sent to the controller and the faulty SM
will be deactivated. Thus, the control only works for healthy
SM. A new number of SMs is generated, and the behavior of
the pulse distribution changes.

A. The Aggregate and differential upper and lower arm power
control

Based on equation (2) and (5), the upper current and the
lower current can be expressed:

Isi

Iu,l,i = IDC,pure,i + IA,i + 7’7 (9a)
Iu,l,i = IDC,pu're,i + IA,i - 27 . (9b)

In the practical case, the DC-current (Ipc;) that flows in
each leg consists of a pure DC-current (Ipc pure,i) and an
AC-current component (/4 ;). The pure DC-current facilitates
power transfer between the phase legs and the DC link. The
AC-current component is key in transferring power to the
upper and lower arms. However, the AC-current component
can be included to yield additional circumstances, such as an
even harmonic frequency component due to the ripple of the
capacitor voltage and a fundamental frequency component due
to unbalanced arm energies [14]. In a normal steady state, the
AC-current components must be close to zero (Ja; = 0) to
produce continuous enhanced conversion efficiency.

During SM failure, the internal power flow problem intro-
duces more challenges to the control structure. To identify
the problem, the information that the extracted energy of each
SM depends on the SM voltage level is used. However, the
total energy at each of the three converter legs must be equal
to enable the injection of balanced currents into the grid and
maintain the stability energy/voltage SM even though they are
not balanced. Then, the differential energy between the upper
and lower arms must be zero [14]. This can be analyzed from
the equations (10a) and (10b).

N—N;

64” E cunz

n=1

/Pw-(t)dt =Wy, =

eqv 1
SN N O Vewni)®,  (10a)
N—N;
/Plyi(t)dt:leizi equ Z l’lL’L
n=1
(10b)

N€q1}Vf Z‘/clnz

Equations (10a) and (10b) represent the relationship of power
and the amount of energy stored in each arm. N represents
the faulty SM. The faulty SM will change the equivalent
capacitance (Ceqy). Thus, it changes the amount of energy
stored in each arm. To achieve complete control of power
flow within an MMC, it is essential to enable independent
power transfer between each phase’s upper and lower arms.
This is achieved using the fundamental frequency difference
current, which governs the power exchange between the phase

arms. For three-phase systems, minimizing circulating cur-
rents is crucial to maximize conversion efficiency. Thus, the
fundamental frequency difference current allows independent
inter-arm power transfer without affecting the grid current or
introducing fundamental frequency components into the DC-
side.

When SM fails, the MMC leg current becomes non-zero,
and a certain amount of power is transferred through the
converter legs and arms. This can be seen in the upper and
lower arm powers. The average absorbed power of the upper
and lower SM capacitors can be calculated by multiplying the
voltages of the upper and lower phase arm (V,;;) and the
current (1, ; ;). The following expressions are stated:

1
= [VbeIpe purei] F Vs,ilpc

2
VDCIDC,puTe,i Vs,ils,i
1 5 11
In steady state, the absorbed power consists of pure DC
power and pure sinusoid AC power. The summation (3) and
subtraction (A) of the integration upper power P, ; and lower
power P ; can be stated as:

Pu,l,i =

Veidsyi .

PF =WF =W, — —=2sin(2wit —0),  (12a)
’ 40.)1
Isi .
/Pf _wa = = Yool g, )
. ’ 4&)1
2V .

—’71305271(0.)175)7 (12b)

2&)1

where the integration constant I/VOZZ = %A?C and W(fi = 0 are
the mean values. Equations 12a and 12b are noted because the
aggregate energy ripple is twice the fundamental frequency,
while the differential energy ripple is of the fundamental
frequency.

Equations (12a) and (12b) can be simplified according to
Equations (10a) and (10b) where the energy is proportional to
capacitance and voltage. The expression is shown as follows:

NVl

V>~ 2Vpo — —2250 gin(2wqt — 6 13
i DC = GV o sin(2w ), (13a)
N  Vpclg;
A DC1si .
R t—0
Vo ™ Gpoawr it = 6)
ALY .
—’7Dcsm(w1t)], (13b)
w1

where, VCE = Veu,i+ Ve, and VcA = Veu,i—Ve,1,i- Regarding
equations (13a) and (13b), if the faulty SM is bypassed, the
equivalent capacitance in the specific arm can be changed and
create an imbalance in the energy between the upper and lower
arm. Thus, any oscillation in the SM capacitor voltages due
to the imbalanced SM produces an AC frequency component
on the DC-side.

B. The control structure

In an MMC, undesirable harmonic difference currents are
suppressed and AC-currents components are minimized to op-
timize conversion efficiency. Proportional-resonant (PR) con-
trollers are used to control harmonics, which can result from
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steady-state fundamental difference currents that are absent
from standard MMCs [15]. By regulating both amplitude and
phase, these controllers, which are renowned for their capac-
ity to manage both positive and negative sequence currents,
effectively control harmonic components. The DC-current is
then controlled by the proportional-integral (PI) controller to
allocate power to each leg phase. To maintain uneven SM
voltages and ensure MMC power balance, the control feedback
is exclusively dependent on the total SM capacitor voltages of
the arms.

As seen in Figures 2 and 3, respectively, the MMC control
structure is made up of circulating current controllers and grid
current controllers. The circulating current controllers work
in the af0 frame, whereas the grid controllers control active
and reactive power in the dq0 frame. Specialized modules
for managing DC, fundamental components (w;), second har-
monic (2wq), and third harmonic current (3w;) are included
with each axis controller. Fundamental and third-harmonic
currents caused by the fundamental AC-current component
are removed to increase converter efficiency, while second-
harmonic currents are suppressed to reduce SM voltage ripple.

.
2V circa
.
2V circp
.
2V circe

Leire,i 7%"

VUt

> dqo _>sz,(1

» Vs.b

abc N
g

\

Fig. 3: Double synchronous reference frame output current controller.

The DC power and differential power of each phase are
achieved through separate reference generation systems. Fig-
ure 4 illustrates how these systems use feedback based on

the total voltages of the SM capacitors of the phase arms to
generate references for fundamental frequency and differential
currents. To maintain power balance and maximize system
performance, the fundamental frequency difference current
references minimize the AC-current component while guar-
anteeing voltage balance between the upper and lower arms.

V bpe
b Notch
Filter )
C!)[,)C!)[ abe > Irlc,a
— 1 *tlc./l
aﬂ0 1 *(I(w
A V*z‘irc,a
>< A Vrcirl.',b
AV ire,e

Fig. 4: Aggregate and differential leg voltage balancing control.

The sum of the aggregate and differential leg voltage
balancing control will perform the circulating voltage that is
used to control the AC-current component in the internal MMC
as stated in equation (14). Finally, the voltage of the upper and
lower arms can be controlled as stated in equation (2?).

chircgi = Z‘/circ’i + A‘/circ,i- (14)

IV. SIMULATION VERIFICATION

To confirm the performance of the MMC topology with
the asymmetrical fault (AF) scenarios of the proposed and
conventional control scheme and the phase symmetrical fault
(PSF) scenarios, a three-phase MMC model is set up in
MATLAB / Simulink. The converter makes use of the resistive
DC load. Table I presents the simulation parameters.

TABLE I: The Parameters of Three Phase MMC under Simulation
Study.

Parameter Value Parameter Value
Power Rating 3.6 kW Grid Voltage (L-N) 275V
Grid Inductance 2.5 mH Grid Frequency 50 Hz
DC-link Voltage 600 V Arm Inductance 5 mH
SM Capacitance 1 mF Number of SM per arm 4
Resistive DC Load 100 ©2 Switching Frequency 2.5 kHz

The proposed control structure is tested to verify its ef-
fectiveness by comparing it with the conventional method.
This topic presents comparative investigations between the
suggested internal power flow control strategy and the conven-
tional control strategy. The results of the conventional method
are shown in Figures 5 - 7. Between 0.5 and 1.5 seconds in
the leg of phase-A, the SM failures occur. At 0.5 seconds,
the converter first encounters an AF in SM-1 in the upper
arm. Accordingly, as seen in Figure 5(a), the converter lowers
the voltage at phase-A by one level, from 9-level to 8-level.
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Fig. 5: (a) The three-phase AC converter voltages and (b) the DC voltage using conventional method.
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Fig. 6: SM capacitor voltages at (a) first leg, (b) second leg, and (c)
third leg using conventional method.

Then, at 1 second, SM-5 has another failure in the lower arm.
When this fault occurs, it becomes symmetrical and lowers the
voltage at phase-A by another level, from 8 to 7 level. The SMs
are reinserted into the converter operation at 1.5 and 2 seconds,
respectively, after the faults have been cleared. This outcome
shows that the AC-PDPWM has undergone extensive testing
in a three-phase system. However, as shown in Figure 5(b),

4

Current [A]

- Time [s]
(@)
4 1% -Ref 15
cire cire
2
<«
) | L i M"
E 04% W‘v AL L I
£ I l !
=
®]
2
-4
0 0.5 1 1.5 2 2.5
» Time [s]
(b)
0 0
2 7lcirc - Ref7lcirc
— 0
=
- m
52 ,
E
S
-6
0 0.5 1 1.5 2 2.5
Time [s]
(©

Fig. 7: (a) alpha, (b) beta, and (c) zero frame of circulating current
using conventional method.

the unbalanced SM voltages cause the AC-current component
to circulate to the DC-side voltage.

The behavior of the SM voltage is shown in Figure 6.
As seen in Figure 6(a), the healthy SM capacitor voltages
at the leg of phase-A increase from 150 V to 200 V during
the fault. The converter becomes an AF with unequal energy
in the upper and lower at the leg of phase-A at 0.5 and 2
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Fig. 9: SM capacitor voltages at (a) first leg, (b) second leg, and (c)
third leg using the proposed method.

seconds. The remaining SM voltages in the other arms and
legs during the faults continued to behave normally, as seen
in Figures 6(b) and 6(c). However, because of the imbalanced
SM voltages, the conventional control is unable to remove the
AC-current component that circulates within the leg. Figure
7 displays the analysis of the circulating current in each leg
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Fig. 10: (a) alpha, (b) beta, and (c) zero frame of circulating current
using the proposed method.
along the alpha-beta-zero frame axis. The fundamental AC-
current component circulates throughout the arm when there
is an energy difference between the upper and lower arms, as
shown in Figure 7(b).

Figures 8-10 show the comparison results of the proposed
method. The effectiveness of the proposed control in reducing
the AC-current component of the circulating current during the
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unbalanced or AF condition is also tested under the same fault
conditions. The AC-current component in DC voltage can be
well decreased, as seen in Figure 8(b).

The balance of aggregate and differential energy perfor-
mance is better restored by the suggested control, as seen
in Figures 9(a)-9(b). Figure 10 shows how, in contrast to
conventional control, the fundamental AC-current component
during the AF can be eliminated. The performance of DC
voltage can be enhanced by lowering the flowing AC-current
component in the alpha frame axis.

V. CONCLUSION

This work designed a control approach that would mitigate
the issues arising from the internal SM failure in the three-
phase MMC. The approach balances the internal power flow
between the converter’s arms during failure. To verify the
design, MATLAB/Simulink was used to test symmetrical and
asymmetrical faults for validation of the suggested internal
voltage. The leg with the SM fault experiences the unbalanced
voltage SM during the asymmetrical fault, but the AC-current
component with fundamental frequency continues to circulate
in the leg despite the application of fault tolerance, which pre-
serves the stability of the converter. Even though the converter
has an uneven voltage or energy SM, the suggested control
approach can improve the converter’s quality performance by
removing the AC-current component during asymmetrical and
symmetrical SM faults.
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