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Abstract—The modular multilevel converter (MMC) is the
state-of-the-art voltage-source converter (VSC) topology used for
various power-conversion applications. In the MMC, submodule
failures can occur due to various reasons. Therefore, additional
submodules called the redundant submodules are included in the
arms of the MMC to fulﬁll the fault-safe operation requirement.
The performance of the MMC with redundant submodules
has not been widely covered in the published literature. This
paper investigates the performance of the MMC with redundant
submodules in the arms. Two different control strategies are
used and compared for integrating redundant submodules. The
response of the MMC to a submodule failure for the two
strategies is also studied. Moreover, the operation of the MMC
with redundant submodules is validated experimentally using the
converter prototype in the laboratory.
Index Terms—High-voltage dc (HVDC) transmission, modular
multilevel converter (MMC), redundant submodules, voltagesource converter (VSC).

I. I NTRODUCTION
HE modular multilevel converter (MMC), ﬁrst presented
in [1], has arguably become the most promising converter
topology for various medium and high power-conversion applications [2], such as high-voltage dc (HVDC) transmission
[3], [4], variable-speed drives [5], electric railway supplies [6],
propulsion system of electric ships [7], and grid connection of
energy storage systems [8]. Compared with conventional twoand three-level voltage-source converters (VSCs), the MMC
allows reduction of the switching frequency down towards
the fundamental frequency, whereas the harmonic content of
the output voltage is still kept low owing to a large number
of levels. Other beneﬁts are high scalability due to modular
design and no requirement for a common dc-link capacitor
[9], [10].
The research on the operation and control of the MMC
includes various modulation techniques such as carrier-based
pulse-width modulation (PWM) [11], [12], selective harmonic
elimination PWM (SHE-PWM) [13], and nearest level control (NLC) modulation [14]. The balancing control of the
submodule capacitor voltages within the arm is a key issue.
Several alternative voltage-balancing methods were presented
in [15], [16]. Other important research aspects include control
of circulating current and capacitor voltage ripple [17], [18] In
order to understand the steady-state and dynamic behavior of
the MMC, several mathematical models have been developed
[19]–[21]. Simulation models play a very important role
in investing the performance of the MMC for control and
protection purposes. Equivalent simulation models of MMCs
were presented in [22]–[24].
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In the MMC, submodule failures can occur due to various
reasons [4]. Fault-tolerant operation of the MMC requires that
in case of a submodule failure, the converter must continue its
operation without disturbing its performance. To accomplish
this, additional submodules called redundant submodules, are
integrated in the arms of the MMC [10]. This results in
an increase in number of submodules in the arm. When a
submodule fails, the faulty submodule is shorted out and the
converter continues its operation, without any interruption.
Despite its importance, the performance of the MMC with
redundant submodules and its response to submodule failures
has not been widely covered in the existing literature. To date,
a few studies on the behavior of the MMC with redundant
submodules have been published [25], [26]. Reference [27]
proposes a method for non-interruptible energy transfer of the
MMC, in case of a submodule failure.
This paper investigates the performance of the MMC when
redundant submodules are included in the arms. Two different
strategies for integrating the redundant submodules in the arm
are implemented and compared. Unlike [25] and [26], which
describe most steady-state properties of the approach to use
redundant submodules, the present work provides a detailed
analysis of the transients occurring due to submodule failure.
A computationally efﬁcient detailed equivalent model (DEM)
model [24] of the MMC developed in PSCAD is used for
the investigation. The operation of the MMC with redundant
submodules is also validated experimentally using a threephase 10-kVA MMC prototype in the laboratory.
II. MMC M ODELING
The circuit schematic of a three-phase MMC is outlined
in Fig. 1. It consists of six arms, each constituted by N
cascaded submodules. Each submodule, representing a controllable voltage source, consists of a half-bridge with a dc
storage capacitor. The number of submodules in the arm can
be adjusted based upon the submodule voltage and the dclink voltage. The arm inductance L is needed to limit fault
and parasitic currents [4]. The arm resistance R models the
resistive losses in the arm.
A. DEM
The DEM proposed and validated in [24] is used to study
the performance of MMC with redundant submodules. The
DEM as shown in Fig. 2, is based on the equivalent branch
model of an arm of the MMC implemented in PSCAD. The
source voltage represents the sum of the capacitor voltages of
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TABLE I
MMC PARAMETERS
Parameter
Rated power
Rated output voltage (L-L)
Rated dc-link voltage (Vd )
Submodule capacitance (C)
Arm inductance (L)
Arm resistance (R)
Carrier frequency (fcarr )

Value
808 MVA
400 kV
640 kV
525 μH
95.5 mH
1Ω
5 kHz

B. DEM Without Redunndant Submodules
To study the effect of redundant submodules on the performance of the MMC, a 21-level MMC with N = 20 submodules
per arm (without redundant submodules) is simulated as a
reference case. The voltage of each submodule capacitor is
set to
Vd
,
(1)
N
where Vd is the dc-link voltage. The average value of the
submodule capacitor voltages should be maintained to this
value. In order to limit the submodule capacitor voltage, the
capacitance of the submodule capacitors is selected such that
it corresponds to a stored energy of 39.5 kJ per MVA of the
converter rating [4]. The arm capacitance is given by
vc =

Fig. 1. Equivalent circuit diagram of a three-phase half-bridge MMC.

C
.
(2)
N
Table I shows the parameters used in the DEM for the
simulated MMC.
Carm =

C. DEM With Redundant submodules

Fig. 2. Equivalent branch model of an arm of the half-bridge MMC.

the inserted submodules in the arm during the simulation timestep. The submodule capacitor voltages are kept in a vector
which is updated depending on the branch current and the
switching vector signal. Describing the arm of the MMC in
this way allows its computationally efﬁcient modeling for any
number of submodules in the arm. The arm model is also
capable of representing the blocked-mode of the half-bridge.
The internal control of the MMC is based on the openloop approach using estimation of stored energy [28]. The
open-loop control method provides fast dynamic performance
and is less complicated to implement than most other highperformance control methods proposed for the MMC [12]. The
open-loop controller generates six insertion indices governing
each arm of the MMC. The insertion indices are utilized by
the modulator to produce switching signals for the submodules
using PWM.

To study the operation of the MMC with redundant submodules, two additional submodules are considered in each arm of
the reference case MMC. The arm of the MMC thus comprises
a total number of submodules N+R = 22 (10% redundancy).
At any instant, if F is the number of faulty submodules in the
arm, the total number of active submodules in the arm can
be obtained as N+R-F, where F varies from zero to R. The
equivalent circuit of the MMC with redundant submodules is
shown in Fig. 3.
The parameters used for the reference case are also adapted
to the MMC conﬁguration with redundant submodules. However, compared to (2) the arm capacitance is changed and can
now be obtained using
C
.
(3)
N +R−F
Hence, with redundant submodules in the arm, the arm
capacitance decreases. It also varies with the number of faulty
submodules.
Carm =

III. C ONTROL S TRATEGIES
A. Constant Total Capacitor Voltage Strategy (Strategy 1)
In this strategy the average total capacitor voltage (sum of
the capacitor voltages of the healthy submodules) across the
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based on the instantaneous value of the capacitor voltages and
direction of the arm current as discussed in [21].
Considering above, the operation of the MMC during each
time-step for this strategy can be summarized as
• The total voltage of the healthy capacitors in each arm
remains unchanged.
• Actual number of healthy submodules N+R-F is detected.
• The open-loop control system in each arm will be given
a reference for the total energy of the healthy capacitors
which changes depending on the number because the
resulting arm capacitance will change accordingly.
• The open-loop control for each arm calculates the desired
insertion index.
• The modulator for each arm obtains the desired insertion
index as well as the information of the number of healthy
submodules.
• The modulator for each arm accordingly inserts narm
times N+R-F submodules using a suitable sorting algorithm.
B. Constant Submodule Capacitor Voltages Strategy (Strategy
2)

Fig. 3. Equivalent circuit diagram of athree-phase half-bridge MMC with
redundant submodules.

arm is kept constant. In this study this value is selected to be
equal to the dc-link voltage. Hence, the individual submodule
capacitor voltage is given by
vc =

Vd
vcΣ
=
.
N +R−F
N +R−F

(4)

This indicates that the individual submodule capacitor voltages are lower compared to the reference case. However,
submodule capacitor voltages increase with the number of
faulty submodules in the arm as the total capacitor voltage
in the arm remains constant. This control strategy produces a
N+R-F+1-level arm voltage, which implies a higher number
of levels than the MMC conﬁguration without redundant
submodules. Moreover, the number of levels in the arm voltage
also varies with the number of faulty submodules. The average
energy stored in each arm of the converter will be
Earm =

Vd
1
(N + R − F )C[
]2 .
2
N +R−F

(5)

This energy is lower, compared to the energy stored in the arm
of the MMC without redundant submodules. However, this
energy will increase with the number of faulty submodules.
The insertion index narm for each arm is given by
narm =

varm
,
vcΣ

(6)

and provided to the modulator which calculates the number of
inserted submodules as the fraction of N+R-F that are instantly
available. The individuals among the N+R-F submodules, that
will be inserted, are determined by the selection mechanism

In this strategy the individual submodule capacitor voltages
vc in the arm are kept constant [26] to the value given by
(1). The average total capacitor voltage (sum of the capacitor
voltages of the healthy submodules) across the arm is thus
given by
Vd
.
(7)
N
Clearly, the average total capacitor voltage is greater than
the dc-link voltage . However, it decreases with the number
of faulty submodules in the arm. The average energy stored
in each arm of the MMC in this case will be
vcΣ = (N + R − F )

Vd
1
(N + R − F )C( )2 .
(8)
2
N
It is obvious that the stored energy in the arm is increased,
compared to the reference case. Though, this energy decreases
with the increase in number of faulty submodules in the
arm. The generation of the insertion indices and the selection
mechanism of submodules in the arm work in the same manner
as in the case of the constant total capacitor voltage scheme.
Fig. 4 shows the insertion indices obtained using (6) for the
two strategies. It can be observed from the ﬁgure that strategy
2 generates a lower insertion index. Hence, among the N+R-F
submodules in the arm, the submodules are selected in such a
way to generate an N+1-level arm voltage. Thus, the number
of levels in the arm voltage remains constant irrespective of the
number of redundant and faulty submodules in the arm. Also,
all submodules in the arm are treated equally with reference
to the balancing control of the capacitor voltage.
The operation of the MMC during each simulation time-step
for this strategy can be summarized as
• The reference voltage for each submodule remains unchanged.
• Actual number of healthy submodules N+R-F is detected.
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Fig. 4. Comparison of insertion indices for the two strategies.
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Depending on the number of healthy submodules in the
arm, the total voltage of the healthy submodule capacitors
changes as vcΣ = (N + R − F )vc .
The open-loop control system in each arm will be given
a reference for the total energy of the healthy capacitors
which changes depending on the number because the
resulting arm capacitance will change accordingly.
The open-loop control for each arm calculates the desired
insertion index.
The modulator for each arm obtains the desired insertion
index as well as the information of the number of healthy
submodules.
The modulator for each arm accordingly inserts narm
N+R-F times submodules using a suitable sorting algorithm.
IV. S TUDY R ESULTS
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Fig. 5. Schematic diagram of the simulated test circuit in PSCAD.
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Fig. 6. Simulation results without redundant submodules in the arms. (a)
Upper and lower arm voltages. (b) Arm and circulating currents. (c) Total
capacitor voltages of upper and lower arms. (d) Submodule capacitor voltages
of upper arm

B. MMC with Redundant Submodules (Strategy 1)

The two strategies discussed in the previous sections are
compared to the reference case using a test circuit where an
808-MVA converter is fed from a stiff dc-link and provides
power to the ac-network. The ac-network has a line-to-line
voltage of 400-kV rms, and is connected to the converter
through a 900 MVA, 400/400 kV, transformer, with delta
connection on the converter side. The test circuit is outlined
in Fig. 5.
A. MMC Without Redundant Submodules
The performance of the MMC having 20 submodules per
arm (without redundant submodules) is shown in Fig. 6.
The 21-level upper and lower arm voltages of the converter
are shown in Fig. 6(a). The arm and circulating currents of
one phase-leg are shown in Fig. 6(b). As can be seen from
the ﬁgure, the circulating current does not contain second
harmonic ripple. This also shows that the open-loop approach
is successful in eliminating the second harmonic ripple from
the circulating current. Fig. 6(c) shows the total capacitor
voltage of the upper and lower arms of the same phase-leg. The
total capacitor voltage ripple was found to be 7.8%. Fig. 6(d)
shows the submodule capacitor voltages in the upper arm of
one phase-leg.

The performance of the MMC with redundant submodules
(N = 20, R = 2) using the constant total capacitor voltage
strategy is shown in Fig. 7. At t = 1 s, a submodule failure
occurs (F = 1) in the upper arm, reducing the number of
redundant submodules in that arm to 1. Before the submodule
failure, both the upper and lower arms have a 23-level arm
voltage. As a result of the submodule failure, the upper arm
voltage levels reduce to 22, whereas the lower arm voltage
levels remain intact as shown in Fig. 7(a). A short transient in
the upper and lower arm currents is observed at the submodule
failure instant. However, except this transient, the arm currents
remain balanced as shown in Fig. 7(b). Compared to the
reference case the addition of the redundant submodules in
the arm causes a slight increase in the total capacitor voltage
ripple as shown in Fig. 7(c). The total capacitor voltage ripple
decreases with the number of faulty submodules. However,
the average total capacitor voltage of healthy submodules in
the arm remains constant. The average submodule capacitor
voltages in the arm with the faulty submodule increase by
4.8% as illustrated in Fig. 7(d). However, for a typical MMC
used for HVDC transmission having hundreds of submodules
per arm, the increase in submodule capacitor voltages will be
negligible.
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Fig. 7. Simulation results for the constant total capacitor voltage strategy.
(a) Upper and lower arm voltages. (b) Arm and circulating currents. (c) Total
capacitor voltages of upper and lower arms. (d) Submodule capacitor voltages
of upper arm.

C. MMC with Redundant Submodules (Strategy 2)
The performance of the MMC with redundant submodules
(N = 20, R = 2) using the constant submodule capacitor voltage
strategy is shown in Fig. 8. This strategy produces a 21-level
arm voltage. Also, in this case a submodule failure occurs in
the upper arm at t = 1 s. The submodule failure has no impact
on the output levels of the arm voltage as shown in Fig. 8(a).
Fig. 8(b) shows that no transient is experienced by the arm and
circulating currents. As shown in Fig. 8(c), the total capacitor
voltage of the arm decreases, when the submodule failure
occurs. The total capacitor voltage of the lower arm remains
unaffected. Fig. 8(d) shows that the submodule failure has
no effect on the submodule capacitor voltages. It can also be
observed from the ﬁgure that compared to the reference case,
this strategy reduces the submodule capacitor voltage ripple.
V. E XPERIMENTAL V ERIFICATION
The performance of the MMC with redundant submodules
is also validated experimentally using a three-phase, 10-kVA
MMC prototype in the laboratory. The prototype has 5 submodules per arm including 1 redundant submodule (N = 4, R
= 1). On the ac-side each phase of the prototype is connected
to an RL load. The parameters for the MMC prototype used
for experimental veriﬁcation are summarized in Table II. Same
parameters are now adapted for the simulation model as well.
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1.1

Fig. 8. Simulation results for constant submodule voltage strategy. (a) Upper
and lower arm voltages. (b) Arm and circulating currents. (c) Total capacitor
voltages of upper and lower arms. (d) Submodule capacitor voltages of upper
arm.
TABLE II
E XPERIMENTAL VALUES FOR MMC P ROTOTYPE
Parameter
Rated power of the prototype
Peak value of internal emf reference (es )
Input dc voltage (Vd )
Submodule capacitance (C)
Arm inductance (L)
Arm resistance (R)
Load resistance per phase
Load inductance per phase
Carrier frequency (fcarr )

Value
10 kVA
225 V
500 V
3.3 nF
4.5 mH
1Ω
12 Ω
10 mH
1 kHz

Direct modulation control [12] is used to obtain the insertion
indices for both the prototype and the simulation model. The
direct modulation approach is simply based on PWM using
sinusoidal insertion indices. In this approach, the insertion
indices do not compensate for the voltage variations in the
submodule capacitors in the arm.
As shown in the previous section that constant total capacitor voltage strategy involves more internal dynamics
than constant submodule capacitor voltage strategy. Hence,
a submodule failure condition for this strategy was tested
experimentally. The redundant submodule in the upper arm
of one phase-leg is permanently bypassed. In response to that,
a 25% increase in the submodule capacitor voltages of the
remaining submodules was observed, as shown in 9(a). It
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Fig. 9. Experimental and simulation results when a submodule in the upper
arm is bypassed. (a,b) Submodule capacitor voltages in the upper arm. (c,d)
Submodule capacitor voltages in the lower arm.

can be observed from 9(c) that except a short transient, the
submodule capacitor voltages in the lower arm of the same
phase-leg remain unaffected. Simulation results obtained for
the same control strategy show an almost identical behavior
as illustrated in 9(b)and (d).
VI. C ONCLUSION
This paper has investigated the performance of the modular
multilevel converter with redundant submodules in the arms.
Two different control strategies are used to integrate the redundant submodules in the arms of the MMC. Pros and conds
of both strategies were compared using the detailed equivalent
model of the MMC. Hence, based on the requirement for a
particular application, the suitable strategy can be selected.
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“Dynamic analysis of modular multilevel converters,” IEEE Trans. Ind.
Electron., vol. 60, no. 7, pp. 2526–2537, Jul. 2013.
[20] Q. Song, W. Liu, X. Li, H. Rao, S. Xu, and L. Li, “A steady-state
analysis method for a modular multilevel converter,” IEEE Trans. Power
Electron., vol. 28, no. 8, pp. 3702–3713, Aug. 2013.
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