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Abstract—Modular multilevel converters (MMC) and series-
connected IGBTs are two promising solutions to high-voltage dc
(HVDC) transmission. It has been shown that, when integrated
with series IGBTs, a MMC can benefit from a reduced number of
sub-modules (SMs), simpler control, and improved reliability. In
this paper, a MMC prototype, with the capability to integrate
series IGBTs to replace single IGBTs in the sub-modules, is
designed and developed. The MMC control is realized with a
real-time simulator for versatile software implementation. The
voltage sharing among the series IGBTs is regulated locally
without the intervention of the central control. Furthermore,
voltage balance under bi-directional current through the series
strings is achieved. Experiments were conducted where individual
IGBTs in one sub-module were replaced with a series of three
IGBTs each. The results verify that the MMC is functional since
the local series IGBT control and the MMC central control
are independent. It is also verified that both series strings can
maintain voltage balance at the same time even though the string
currents shift directions.

I. INTRODUCTION

Ever since its introduction, Modular Multilevel Converters
(MMCs) have been a promising solution to the ever-increasing
voltage demand from high-voltage dc (HVDC) [1]. A MMC
excels at reaching a high output voltage simply by stacking
more sub-modules because of its modular design. There has
been extensive study on the topology of the MMCs and control
methods, such as SM capacitor voltage balancing control
(VBC) and circulating current suppression control (CCSC)
[2]–[8]. However, compared to the abundant literature on
modeling and the control of the MMCs, there has been less
research focusing on the hardware development of MMCs [9]–
[14]. Most prototypes proposed in current research are rated at
less than 500 V per SM. One advantage of low-voltage designs
is that numerous SMs can be fitted under a lower source
voltage. However, it should be addressed that with increased
voltage rating, the size of the SM capacitors increases, PCB
design becomes more challenging, and IGBTs may display
different switching characteristics.

Additionally, with a higher number of SMs, size and cost of
the MMC also rise. Furthermore, the control scheme becomes
more complicated and additional controllers can be used to
control groups of SMs instead of single ones [9]. If one IGBT
is faulty, the entire SM is decommissioned [15], reducing
the reliability. Consequently, there must be backup SMs.

Alternatively, research has been done to combine MMCs with
series IGBTs to reduce the number of SMs [16], [17]. In this
case, if one IGBT fails, the other IGBTs in the same string will
take its share of voltage. Therefore, the SM will stay online.
Furthermore, the utilization of series IGBTs in MMCs offers
benefits such as a decreased number of SMs, and thus a smaller
physical size. The control of a MMC will also simplify once
the number of SMs reduces, especially if the series IGBTs do
not drain extra resources from the central controller.

However, the series IGBTs need voltage balancing con-
trol, otherwise the voltage sharing among IGBTs will be
imbalanced, causing device failure [18]. A wide range of
study has been published on the topic of series IGBT voltage
balancing. Consequently, numerous methods have been pro-
posed, ranging from using passive snubber circuits or voltage
clamps [19]–[22] to using advanced digital control to ensure
that the transient balance is closely monitored and guided
[23]–[25]. However, when scrutinized against the requirements
for implementation in more advanced topologies to replace
individual switching devices, such as the IGBTs in a MMC,
most voltage balancing methods are unfit. This inadequacy can
be attributed to two factors. First, the MMC control itself can
be complicated. Therefore, it is desirable that the series IGBT
balancing control does not introduce extra computation load
on the central controller. Second, more crucially, when used
in advanced topologies, the series IGBTs may need to conduct
current flow that is bi-directional. In general, series IGBT
voltage balancing under reverse current flow, from emitter to
collector, is under-studied.

To address the above-mentioned issues, a MMC prototype is
proposed in this paper. The system structure and sub-module
design are presented. Then, a modified MMC control is pro-
posed, allowing the integration of series IGBTs. The voltage
balancing method in [26] and [27] was implemented since the
balancing method does not require a central controller. It was
further developed to gain the ability to balance series IGBT
voltages with bi-directional currents. Afterwards, single IGBTs
of one SM were replaced with series IGBTs strings augmented
with proposed voltage balancing control. Finally, experimental
results are presented to demonstrate that the two series strings
can achieve voltage balance with changing currents, while the
MMC operates normally.
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Figure 1: Circuit topology of the MMC with one series-IGBT
SM.

II. MODULAR MULTILEVEL CONVERTER SYSTEM AND
HARDWARE DESIGN

A. MMC System Design

The circuit topology of the MMC is shown in Fig. 1. For
this paper, a single-phase MMC with two SMs per arm was
designed and built. Later, one of the SMs will be replaced
with two series IGBT strings. The system design is shown in
Fig. 2. Major groups include two arms, communication boards
serving as the interfaces for optical and electrical signals,
and the controllers for capacitor voltage balancing, circulating
current suppression, and PI control, etc.

The central control is realized with a real-time simulator
OP4510, whose operation can be modified and monitored
on a PC with Simulink. When the scale of the MMC is
small enough with fewer than 14 SMs in total, the real-
time simulator can serve both as central and arm controllers.
Otherwise, dedicated arm controllers are needed. If OP4510

Figure 2: System block diagram of proposed MMC.

servers as both the central and the arm controller, critical
MMC operation information is measured and transmitted to
the controller via BNC cables. After processing the data, IGBT
gate signals are fed to the communication board from the cen-
tral controller and delivered to the corresponding gate drivers.
With dedicated arm controllers, VCsm balancing and individual
SM control duties will be released from the central controller
to the arm controllers, while PI control and circulating current
suppression will still be executed in the central controller.

B. Sub-module Design

The block diagram of one sub-module is given in Fig. 3. The
optical interface is used to control the ADC, which senses both
SM capacitor voltage and arm current and transfers the data
output. The optical interface is also used to receive gate signals
from the controllers. The analog interface transmits analog
voltage and current signals back to the central controller
for PI control, circulating current suppression control, and
VCsm balancing. Since the SM operates on a floating ground
determined by the status of other SMs, galvanic isolation must
be ensured between the quantities being measured and the
analog interface. As a result, isolation amplifier-based sensing
circuits are used with an insulation rating of 5 kV. The SM
capacitors are connected externally, so that the circuit boards
can be compact and less susceptible to EMI. Both the SM
PCB and the SM capacitors are mounted onto two aluminum
plates serving as buses. With such a configuration, the Csm

value becomes variable as one can conveniently add or remove
capacitors. A small bypass capacitor is placed on the PCB
parallel to Csm, offering a low inductance return path for
the high frequency noise during transients. Fig. 4 provides
a photograph of the assembled MMC prototype.

III. MMC INTEGRATION OF SERIES-IGBT SUB-MODULE

A. Closed-Loop MMC Control

The simplified control diagram for the MMC is shown in
Fig. 5. Both load current and circulating currents are derived
from the arm currents.

Proportional-resonance controllers are used to extract the
harmonics from the circulating current to generate Vadj , which

Figure 3: System block diagram of one sub-module.
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Figure 4: The MMC setup with 2 SMs per arm.

will then be subtracted from the reference signals. The ad-
justed references are modulated to compute the number of SMs
to turn on or off for the next cycle. The Voltage Balancing
Control (VBC) determines which SM will act based on the
ranking of the VCsm as well as the current direction of
that arm. Finally, VBC’s decisions are sent to each SM for
execution.

B. Modified MMC Control to Integrate Series IGBT SM

For the series IGBTs, the self-balancing control has been
presented and discussed in detail in [26] and [27]. To provide
an overview for the following analysis, the balancing method
can be summarized as follows.

To regulate the voltage sharing among the series IGBTs
with the help of the auxiliary circuits in Fig. 1, intentional
gate delays are assigned to each series module. If the gate
delays are generated in such a way that a capacitor with a
lower voltage will get charged more or discharged less, the
capacitor voltage will increase. One way to generate such
delays, without the need for a central controller or high-
speed digital components, is through the biasing of a common
triangular carrier based on the VCshunt feedback. As shown
in Fig. 7a, the carrier Tri+ corresponds to a series module
whose share of voltage is higher than a virtual set point,
represented by Tri in the middle. The resulting main IGBT

Figure 5: Simplified MMC control diagram.

Figure 6: Modified control method to integrate self-balancing
series IGBTs.

gate pulse for the Tri+ module is then wider than what would
result from Tri. Since the shunt capacitors get inserted into the
circuit complementary to the main IGBTs, the shunt capacitor
for Tri+ module will be inserted for a shorter amount of
time. Assuming the current through the series branch is in
the direction to charge the shunt capacitors, the Tri+ shunt
capacitor will then get charged less, leading to a decrease in
voltage.

When integrated into a MMC, the current through a se-
ries string is not always from collectors to emitters. Rather,
determined by the status of other sub-modules, the current
can be bi-directional, which imposes a challenge to the volt-
age balancing among IGBTs. Fortunately, the self-balancing
method, with modifications, can achieve voltage balance with
bi-directional currents.

When the current through the IGBTs is ”negative”, i.e.
from emitters to collectors, and if a series module has a
higher VCShunt, the corresponding triangular carrier should be
subtracted by an amount that is determined by the feedback
signal. From the blue Tri- waveform in Fig. 7a, it can be

(a) No Bias results in large overlap
and dead-time.

(b) With Bias, the gate pulses are
better aligned.

Figure 7: Comparison of PWM with and without the Bias
term in the control equations.
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deduced that the resulting main IGBT gate pulse is narrower
than the set point. It then follows that the corresponding shunt
capacitor will be inserted for a longer time relative to the
others. Consequently, if the current is ”negative”, the capacitor
will be discharged more and its voltage will fall. Therefore,
to integrate the self-balancing IGBTs in a MMC, the direction
of the string current must be considered since it determines
which control rule to follow. The DIR input in Fig. 6 fulfills
the above-mentioned role. The DIR can be either from the
MMC central control or from a local current sensor within
the series string. However, directly applying the positive or
negative biases to the triangular carriers may likely cause
issues for the half-bridge configuration.

C. Implementation of Voltage Balancing Control for Bi-
directional Current

From the previous discussion, the triangular carrier biasing
rules can be simply written as follows.

Triout =

{
Tricomm + VC,fb1; DIR = 1
Tricomm − VC,fb2; DIR = 0

(1)

where Tricomm is the unbiased carrier and VC,fb is the
capacitor voltage feedback signal.

When Eq. 1 is used on series IGBTs on the same string
or on strings with the same current direction, the resulting
Triout differ from each other by ∆VC,fb, usually a small bias
to generate a delay of a few micro-seconds. However, in a half-
bridge setup, the two strings can have different DIR values.
Furthermore, the VC,fb signals will most likely contain a dc
offset, because adaptiveness dictates that they need to be able
to reflect the actual VCshunt over a wide range. Therefore,
when one string’s carriers are shifted upwards while the
other string’s carriers are shifted downwards, long delays are
introduced to the PWM signals. One case is illustrated in Fig.
7a, in which Tri+ and Tri- are the carriers of two strings with
different DIRs. As a result, both strings’ main IGBTs stay ON
significantly longer than before, creating cross-conductions
between them, as shown by the overlap between S1,main and
S2,main in Fig. 7a. On the other hand, the auxiliary IGBTs
from both strings will have a prolonged dead-time, resulting
in more severe dead-time effects [28].

One way to modify Eq. 1 to mitigate the above-mentioned
problem is by introducing a Bias term to both equations, as
shown below.

Triout =

{
Tricomm + VC,fb1 −Bias; DIR = 1
Tricomm − VC,fb2 +Bias; DIR = 0

(2)

The triangular carriers in Fig. 7a become shifted, as shown
in Fig. 7b. The virtual set point, Tri+*, that generated Tri+ is
now shifted downwards while Tri-* is shifted upwards. The
results are that the actual triangular carriers, Tri+ and Tri-, are
much closer, and the gate pulses do not suffer from overlap or
overly long dead-times. When one series module is compared
with another from the same string, the bias in the carriers stays

Figure 8: The controller circuit diagram with shared Bias and
DIR selector.

the same, ∆VC,fb. However, when the same series module is
compared with its counterpart from the other string with a
different DIR, the triangular carrier bias becomes 2VC,fb −
2Bias. If Bias stays close to VC,fb, the delays between two
strings become negligible.

One method to synthesize such Bias signal is shown in
Fig. 8. The dc components of VCshunt1 to VCshunt3 are
extracted via a low-pass filter network and their average value
is obtained if R4, R5, and R6 are zero. The average value,
shared by all the series modules without the intervention of a
central controller, is the Bias signal. This method offers two
advantages: first, the Bias is relatively close to all the VCshunt

in the string; second, if group voltage varies, Bias will also
vary accordingly without the need for re-tuning. Therefore, the
Bias signal provides good safety, as well as adaptability.

The next stage of implementation involves realization of
Eq. 2. It can be seen that Triout follows the format of
Tricomm + A − B, and that based on different DIRs, A and
B are either VC,fb or Bias, respectively. Two analog switches
can be used to realize this action of selecting. The following
stage is for the computation to complete using an operational
amplifier. The final output stage sees the generation of PWM
signals by modulating a common reference with the biased
triangular carriers. The IGBT gate signals will contain the
voltage balancing information.

Figure 9: Single sub-module test result at 750 V.

IV. EXPERIMENTAL VERIFICATION

For this section, all the data used to construct the figures
was gathered with a MSO58 oscilloscope with additional chan-
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nels from a DPO5054B oscilloscope, except Fig. 12, which
was recorded from OP4510’s ADC channels. The voltages
were measured with THDP0200 probes while the currents
were measured with TCP202A probes. The dc supply was a
Keysight N8925A with 750 V maximum voltage. The OP4510
real-time simulator ran at a fixed time step of 50 micro-second.

A. Regular MMC Operation

First, the individual sub-modules are tested to confirm that
they can handle 750 V. The test result of one SM is shown
in Fig. 9. It can be seen that the SM is able to handle 750 V
safely with little switching noise.

Then, open-loop operation was tested with 750 V dc source
voltage at 1 kHz switching frequency. Other parameters are
given in Table I. The results in Fig. 10 show that the MMC op-
erates normally with open-loop control. Since the modulation
method is N+1 PWM, where N = 2, the output demonstrates
three levels: 0, 0.5Vdc, and Vdc.

Table I: Circuit parameters

Parameter Value Parameter Value
Vdc 750 V Csm 1 mF

Lp/Ln 1 mH Cshunt 1 uF
Rload 220 Ohm fsw 375 V
Lload 100 mH

Figure 10: Gate signals and the output of the MMC with open-
loop control.

The closed-loop results, shown in Fig. 11, demonstrate
similar multiple voltage levels at the output: 0, 0.5Vdc, and Vdc.
However, the 0.5Vdc level is noisier than that from the open-
loop. This is caused by the lack of VCsm balancing control.
With open-loop control, all Csm are given approximately the
same chance to charge or discharge. Contrarily, with closed-
loop control, errors are introduced, which then translate to
uneven switchings, increasing the VCsm imbalance. However,
as will be demonstrated in the next subsection, even if the
MMC does not have a circulating current control or SM volt-
age balancing control, the series IGBT voltage balance can still
be achieved since the proposed control method is independent
of MMC system-level controls. The voltage sharing control
requires the MMC to provide steady arm currents to charge or
discharge shunt capacitors during injected delays, regardless
of how much circulating current is found in the arm currents.

Figure 11: Gate signals and the output of the MMC with
closed-loop control.

Figure 12: Load current follows the reference current during
closed-loop operation.

In the real-time simulator, which serves as the controller,
load current is monitored and compared with the reference
current, as shown in Fig. 12. One can see that the load current
follows the reference current closely.

B. Self-balancing Controller Verification

As illustrated in Fig. 7b, when the current direction changes,
two strings’ triangular carriers must stay close to each other to
avoid prolonged overlap or dead-time between the gate pulses.
Therefore, it is imperative to examine and ensure that the
controllers meet the requirement. As shown in Fig. 13, when
DIR of String1, which corresponds to the lower switch in a
half-bridge, flips from 0 to 1, the minor voltage difference
between the carriers of each string remained the same in
magnitude but with simply a different sign.

Figure 13: Triangular carriers of two strings with DIR1
changes from 0 to 1.
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When Tri1 and Tri2 from Fig. 13 are used to modulate the
same reference signal, the delay can be calculated as follows.

∆t =
∆Vtri

2fswVtri,max
= 10 µs (3)

The delay is around 1% of one switching cycle, which is
safe given that the dead-time is approximately 2% to 3% of
one cycle. Given a fixed ∆Vtri, the resulted ∆t can be further
tuned by changing the magnitude of the carrier, or by changing
the carrier shape, such as to a trapezoid.

C. MMC Operation with Series-IGBT SM

For the series-IGBT SM test, the voltage per SM is limited
at 100 V for component and PCB safety considerations since
each series module is rated at 100 V. In Fig. 14, the voltage
sharing of both strings is shown for one fundamental cycle.
For the series IGBT tests, the MMC source voltage is 450 V
with the series IGBT module sharing around 230 V. Therefore,
when balanced, each series module withstands approximately
75 V.

On the one hand, for String1, balanced voltage sharing
is maintained throughout the cycle, with the biggest voltage
imbalance peaks around 4 V briefly. On the other hand, Vce4 to
Vce6 in String2 are well-balanced in the beginning and the end
of the cycle, while they temporarily lose balance in the middle
due to noise in the circuit. The imbalance occurring after the
disturbance is around 11 V maximum. However, as shown
in Fig. 14, within 6 switching cycles after the disturbance,
balance is regained and maintained. It is also worth mentioning
that the process of regaining balance on String2 after the
disturbance spans a current direction change on both strings.
The fact that the voltage balancing proceeds through such a
transition verifies its effectiveness and safety.

An example of the controllers’ balancing effort is demon-
strated in Fig. 15. Over the four cycles, it can be seen that
the voltage sharing on String2 recovers from a disturbance
to balance. The zoomed-in window shows that the two series
modules with lower voltages, Vce4 and Vce6, are given longer
delays to charge their capacitors and thus, a voltage rise. It
can also be seen that since Vce4 and Vce6 are nearly the same,
they are given almost the same delays at turn-off.

Figure 14: The voltage sharing of both strings with bi-direction
currents.

Figure 15: The recovery process from a disturbance with
zoomed-in window showing controller effort.

With the series IGBT sub-module replacing a regular one,
the MMC output voltage and current are presented in Fig.
16. The output voltage contains three levels: 0, 0.5Vdc, and
Vdc. The current is a 60 Hz sinusoidal with ripples limited
by the load inductor. Similar to the output voltage in Fig. 11,
there exists a band around 0.5Vdc, caused by the imbalances
among VCsm. One can see that, on the system level, the MMC
operates similarly with and without the series IGBT SM.

Figure 16: MMC output voltage and current with series IGBTs
integrated.

V. CONCLUSION

In this paper, a MMC prototype is presented, including its
topology, system structure, and SM design. The MMC can be
solely controlled by a real-time simulator, or with additional
controllers. The control method for the prototype was also
illustrated with modifications to integrate series IGBTs to re-
place single IGBTs. The series IGBTs are locally controlled to
achieve a balanced voltage sharing with bi-directional current
flow. Experimental results were presented showing that single
SMs can handle 750 V and that the MMC can operate with
both open and closed loop at 750 V. Furthermore, the series
IGBT strings in one sub-module are capable of maintaining
balanced voltage sharing at the same time even if the current
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changes directions. In the future, additional features will be
added to the prototype to enable VCsm balance and circulation
current suppression.
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