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Abstract— This paper presents a method to limit overvoltage
stress on full-bridge submodules (FB-SMs) in Hybrid Modular
Multilevel Converters (H-MMCs) when a DC short-circuit fault
happens. The H-MMCs will employ a reduced number of FB-
SMs per arm to minimize conduction losses during normal
operation, while being coordinated with hybrid circuit breakers
(H-CBs) to enable fast fault isolation in multi-terminal DC
(MTDC) systems. After confirming a DC fault, the CB initiates
the opening of the mechanical switch, and the H-MMC is
blocked to prevent the discharge of MMC submodules, thereby
limiting the current rise in the MMC and CB components.
However, due to the blocking of the H-MMC, the FB-SMs in
certain upper and lower arms may experience significant
overvoltage stress. To mitigate this stress, two measures are
implemented: (1) the voltage across the contacts of the
mechanical switch in the H-CB is gradually increased during its
opening process, and (2) the FB-SMs in the arm experiencing
higher overvoltage stress are bypassed once a critical threshold
is reached. These steps alleviate the stress on the FB-SMs
without requiring an increase in their capacitance or the
addition of auxiliary circuits in the H-MMC. The validity of this
approach is verified through simulation results obtained in the
PSCAD/EMTDC environment, demonstrating its effectiveness
in HVDC systems.

Keywords— DC short-circuit fault, Full-bridge SM, Hybrid
circuit breaker, Modular multilevel converter, Overvoltage stress.

. INTRODUCTION

High-voltage direct current (HVDC) transmission is
widely used for its efficiency, flexibility, and ability to
integrate renewable energy over long distances. Among
HVDC converter topologies, modular multilevel converters
(MMCs) are preferred for their modularity, efficiency, and
scalability. However, the commonly used half-bridge MMC
(HB-MMC) is highly vulnerable to DC short-circuit faults,
affecting system reliability and protection [1], [2].

Traditionally, AC circuit breakers (CBs) were used to
isolate HB-MMCs during faults, but their slow response and
inability to provide selective fault isolation limit their
effectiveness in multi-terminal DC (MTDC) systems. DC
circuit breakers (DCCBs) offer faster and more targeted fault
protection and are classified into mechanical, solid-state, and
hybrid circuit breakers (H-CBs). While H-CBs balance speed
and efficiency better than mechanical and solid-state breakers,
they still face challenges such as high current surges and
energy demands. Large DC reactors are often used to mitigate
these issues, but they increase system size and may impact
grid stability [3]-[6].

An alternative fault management approach involves
integrating full-bridge submodules (FB-SMs) within MMCs,
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allowing them to either block fault currents or regulate DC
voltage. While effective in fault handling, FB-SMs require
twice as many switches as HB-SMs, leading to higher costs
and conduction losses. Hybrid MMCs (H-MMCs), which
combine HB- and FB-SMs to optimize cost and efficiency, are
used for fault blocking but still lack selective protection,
limiting their suitability for MTDC systems [7], [8].

Recent research has explored the coordinated operation of
customized H-MMCs, incorporating a reduced number of
FB-SMs per arm in conjunction with circuit breakers [9]-
[12]. This approach reduces current stress and energy
demands during fault clearance while preserving efficiency
under normal operating conditions. Additionally, it enables
fast and selective fault isolation, making it a promising
solution for MTDC systems. However, excessive FB-SM
capacitor charging due to arm currents under faults remains a
challenge. Potential solutions, such as increasing capacitance,
adding metal oxide varistors (MOVSs), or incorporating
auxiliary circuits [13], can address this issue but introduce
complexity, cost, and maintenance concerns.

This work presents a method to reduce the overvoltage
stress on FB-SMs during the blocking state of customized H-
MMCs under short-circuit (SC) fault conditions. The
proposed approach utilizes a modular H-CB structure, in
which the main breaker (MB) is divided into M identical
series-connected sections. Unlike conventional designs—
where the MB is turned off and the MOVs are inserted into
the circuit only after the mechanical switch (or Ultra-Fast
Disconnector, UFD) has fully opened, resulting in a sudden
application of full voltage across the UFD contacts—the
proposed method gradually turns off the MB sections during
the UFD opening process. This staggered turn-off increases
the voltage across the UFD contacts in controlled steps, with
each step corresponding to approximately one-m™" of the total
voltage. As aresult, the earlier development of counter voltage
during the UFD opening opposes the fault current more
effectively, limiting its rise and thereby reducing the
overvoltage on the FB-SMs compared to the conventional
simultaneous turn-off of all MB sections. Furthermore, when
the voltage on the FB-SMs in an MMC arm reaches a
predefined limit, the corresponding arm is bypassed to prevent
excessive charging of its FB-SMs.

The remainder of this paper is organized as follows:
Section Il provides a brief overview of the H-MMC and the
modular H-CB. Section Il presents the proposed approach
for the stepwise turn-off of breaker sections and FB-SM
overvoltage mitigation using the bypass mode. Section 1V
presents PSCAD/EMTDC simulation results validating the
method. Finally, Section V concludes the paper.
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Fig. 1. Configuration of a section of an MMC-based MTDC system and
current contributions during a short-circuit fault.

Il.  STRUCTURE OF THE H-MMC AND MODULAR H-CB

Fig. 1 illustrates a part of an MMC-based MTDC system
experiencing a DC short-circuit fault on the middle overhead
line (OHL). During the fault, the current is fed from both the
MMC station and the adjacent DC lines. To mitigate the
impact of SM discharge in the MMC station and to reduce the
fault current severity, the MMC is blocked, and the associated
DCCBs on the faulty line are activated to isolate it. As
reported in [12], under similar fault conditions and protection
thresholds, the highest voltage stress on the FB-SMs and the
highest current stress on the MMC arms occur in a point-to-
point (P2P) configuration. Therefore, to evaluate the worst-
case scenario for the H-MMC, the influence of neighboring
DC lines is neglected in the following analysis.

A. H-MMC with a reduced number of FB-SMs

Fig. 2 demonstrates the structure of the H-MMC with N
FB-SMs per arm, while the total number of SMs is N. Each
arm also has an inductor, La, used for limiting circulating
current and fault current rise in DC short-circuit fault
conditions. In atraditional H-MMC, 50% of SMs are FB-SMs,
but in this study, only 20% of SMs are selected to be FB-SMs.
Reducing the FB-SM ratio from 509% to 20% will decrease the
total cost and conduction losses by about 25% [12]. This level
of hybridization also allows the DC-side voltage to be reduced
to 60% of the nominal DC-side voltage Van , which is a useful
feature for decreasing DC-side voltage during DC fault
conditions or extreme weather events, thereby improving the
reliability of power grids with overhead lines.

The DC-side voltage and current of the H-MMC are
represented by vq and iq, respectively. Furthermore, the upper
arm voltage and current are represented by vy, and i , and the
lower arm voltage and current are represented by vy and iy,
where x=a,b, c. The voltage of all SM capacitors is assumed
to be equal, i.e., Vc=Van/N. It should be noted that capital
letters will be used to denote DC or average values.

B. Structure of the Modular H-CB

Fig. 3 illustrates the structure of a modular H-CB, a
configuration that has been previously introduced in the
literature to support the deployment of H-CBs in high-voltage
applications [4], [14]. As shown in Fig. 3, the modular H-CB
comprises a mechanical switch (UFD), a Load Commutation
Switch (LCS), a main breaker (MB) consisting of m identical
sections, metal-oxide varistors (MOVs) connected in parallel
with the main breaker sections, and a Residual Current
Breaker (RCB). In normal operation, the current passes
through the UFD and LCS. When the protection relays issue a
trip signal, the parallel MB is turned on, and a turn-off signal
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Fig. 3. Configuration of the modular H-CB with m sections.

is sent to the LCS. After a few tens of microseconds, the LCS
current is fully commutated to the MB, and the UFD receives
an opening command. Once the mechanical contacts in the
UFD reach a safe separation distance, the MB sections are
turned off to synthesize the total clamping voltage mVmey by
inserting all MOVs, where Vo is the voltage of a single
section. The total voltage of MOVs is practically considered
to be 1.5 to 1.6 times the nominal DC side voltage. After the
fault current reaches zero, the RCB switch is opened to
disconnect the faulty OHL from the grid.

In the next section, the operating principle of the UFD is
explained, and the relationship between contact separation and
withstanding voltage is discussed.

C. UFD Contact Separation and Voltage Withstand
Constraints

In the H-CB, the UFD is responsible for providing a low-
resistance path during normal operation and withstanding the
transient interruption voltage (T1V) after current interruption.
A simplified diagram of this mechanical switch is shown in
Fig. 4. As is seen in Fig. 4(a), during a closed position, the
moving contacts have a lateral overlap, denoted as OL. The
actuators A and B operate in opposite directions perpendicular
to the current path and have their open and closed coils
connected in series to ensure synchronous movement [15].
The contact separation distance z is related to the absolute
contact position x by [16]:

z=2x-0L Q)
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Fig. 4. A cross-sectional view of the UFD with lateral contact overlap: (a)
Closed position, (b) Open position, based on [15],[16].

After receiving the open command, the actuators A and B
begin to move the contacts apart. The time taken to eliminate
the overlapping distance is known as the separation time (tsep)
[16], at which the contact separation distance becomes zero,
i.e., z=0. Using the contact moving velocity curve v(t), the
contact position x can be calculated as x=v(t)-t, and the contact
separation distance z can then be determined using (1). After
calculating the contact separation distance, the breakdown
voltage across the contacts of the UFD can be approximated
by multiplying the dielectric strength of the gap material by
the contact separation distance.

Based on the calculated contact separation distance z(t),
the theoretical breakdown voltage Vy,r across the UFD contacts
can be estimated. As derived in [16] for a 320 kV switch filled
with SFe gas, this breakdown voltage is expressed as
Vor(t)=z(t)-d, where d is the dielectric strength of SFs. This
curve, shown in Fig. 5, is also used in this study and represents
the dielectric strength of the UFD contact gap. To prevent
electrical discharge during contact motion, the voltage across
the UFD contacts must always remain safely below this
breakdown voltage [16], i.e.,

Vo <V, 0<z<2Z,,, 2

where Vyep represents the voltage across UFD contacts and
Zmax 1S the maximum contact distance achieved at time tmax. In
addition to the condition in (2), a second constraint is
considered based on standardized insulation performance: the
impulse withstand voltage of the UFD, specified as 550 kV
peak [15]. This value represents the maximum allowable
voltage the UFD can tolerate during standard impulse testing
(e.g., lightning or switching surges). Therefore, in this study,
the voltage across the UFD contacts is also constrained to
remain below this level as a conservative upper limit, ensuring
consistency with equipment ratings and insulation
coordination practice.

Ill.  PROPOSED STRATEGY FOR OVERVOLTAGE CONTROL
IN A COORDINATED H-MMC wITH AN H-CB

Once a DC short-circuit is detected, the H-MMC is
blocked and a trip signal is sent to DCCB to initiate the
opening process. It is assumed that the fault instant is t=to,
and the detection time is t=t;. During the time interval to to t;
the H-MMC continues its operation as in the pre-fault
condition, causing the arm currents and DC-side current to
increase significantly. After the MMC is blocked at t=t;, the
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Fig. 6. Equivalent circuit of the H-MMC and H-CB during a short-circuit
fault condition, with the H-MMC in blocking mode (k =0, 1, ..., m).

converter behaves like a non-linear diode rectifier with an
injected voltage of -N:V¢ in each arm. Subsequently, the arm
currents decay to zero in a short time, and only two arms—
connected to the phases with the maximum and minimum
voltages—continue in conduction mode, feeding the fault
point from the AC side. This phase is known as the AC in-
feed period.

The equivalent circuit of the H-MMC in blocking mode
during the AC in-feed period is shown in Fig. 6. As evident,
the FB-SM capacitors are charged by the arm currents (equal
to the DC-side fault current). The counter voltage injected by
the FB-SMs reduces the impact of the AC-side sources on the
fault point and decreases the slope of the fault current.
However, a lower percentage of FB-SMs in each arm results
in a lower counter voltage, leading to higher DC-side current
and greater overvoltage on the FB-SMs.

In the coordinated protection strategy, simultaneously
with MMC blocking, the DCCB trip signal is initiated at t =
t: [12]. In other words, the LCS current is commutated to the
MB, and an open command is sent to the UFD to begin
contact separation. In conventional approaches, the MB
interrupts the fault current after a fixed delay—typically
2ms, denoted as tu...—Dy turning off all its sections
simultaneously.

In contrast, this work proposes a coordinated strategy
between an H-MMC and a modular H-CB with m series-
connected breaker sections, aimed at reducing overvoltage
stress on FB-SMs—particularly in configurations with a low
proportion of FB-SMs. The proposed method incorporates
two complementary measures:

1. Stepwise turn-off of MB sections in the modular H-
CB, enabling gradual counter-voltage synthesis
across the mechanical switch during opening.

2. Dynamic bypassing of FB-SMs when their voltage
reaches a predefined threshold.
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Fig. 7. Flowchart of the proposed fault management strategy, illustrating
the sequential process from fault detection to stepwise turn-off of MB
sections and activation of FB-SM bypass.

A. Stepwise Turn-Off of MB Sections in the Modular H-CB

In this paper—following the strategy presented in [17]—
the MB sections are turned off sequentially over the time span
between tep and tmax. After each section is turned off, its
corresponding MOV is inserted into the circuit, synthesizing
a voltage Vmov in the reverse direction, which further reduces
the fault current. This process is repeated with a fixed time
delay for each subsequent breaker section until all m sections
are turned off, producing a total synthesized voltage of mVpmoy.

To avoid restrikes during the UFD opening, a safety
margin Vmar IS applied to the theoretical breakdown
threshold, as shown in green in Fig. 5. Based on the slope of
the linear segment of the breakdown curve, along with the
values of Vimey and Vmar, the turn-off of the first MB section
(or the insertion of the first MOV) must not occur before the
time defined on the left-hand side of (3):

V., +V
tsep + mov mar Stil (3)
br

where ti; denotes the insertion time of the first MOV section
and Sy is the slope of the linear segment of the breakdown
curve—500 kV/ms in this case study. Assuming the last
MOV section is inserted at t=tmax, the insertion times for the
remaining MOVSs can be determined using (4):
k-1
ti ztil+ﬁ(tmax—tu) v k=23,..,m (4

For example, when m=4 sections are considered with a
safety margin of 70 kV for the case study in Fig. 5, the
insertion times of the MOV sections are derived as tj1=0.93,
tp=1.29, ti3=1.64, and ti,=2 ms. When these insertion times
are applied, the corresponding voltage across the UFD
contacts is derived and shown in black in Fig. 5. In a more
conservative design approach, the insertion of the MOV
sections can be delayed, as illustrated by the amber plot.
However, this delay in MOV insertion also shifts the
application of the counter voltage, leading to a higher fault
current and increased overvoltage stress on the FB-SMs.

TABLE |

PARAMETERS OF THE SYSTEM UNDER STUDY
Quantity Symbol Simulation
Nominal apparent power S 320 MVA
Nominal DC link voltage Vian 320 kv
Nominal DC line current la 1kA
Peak of phase voltage Vin 141 kv
CB trip current ltrip 2.0kA
Number of SMs per arm N 160
Number of FB-SMs per arm N 32 (20%)
SM nominal voltage ' 2kV
SM capacitance Csm 12 mF
Arm inductor La 54 mH
DC reactor Loc 100 mH
Contact separation time tsep 0.55 ms
Interruption delay tmax 2ms
Number of sections in CB m 4
Clamping voltage of one section ~ Vimov 120 kV
Impulse withstand limit Uimp 550 kv

The differential equation of the fault current can be
derived from the equivalent circuit shown in Fig. 6. In this
circuit, the behavior of the MOVSs is modeled by a DC voltage
source equal to kVmov, Where k is an integer varying from 0 to
m as the distance between the UFD contacts increases from
zero to Zmax. The fault point is also modeled using an
equivalent resistance, Rsc, and the sum of the DC reactor
value and line inductance is represented by Lpc. For the
demonstrated equivalent circuit, the differential equation can
be expressed as:

(de + Z(La + Lf ))dd_l;:i+ Rscid + 2N fVC + kvmov = Vac (5)

where L, is the arm inductance, L represents the AC-side
inductance, and vc denotes the FB-SM capacitor voltage. The
differential equation governing the system can be solved to
derive the expression for the DC-side current ig. For
simplicity, one can assume that the voltage of FB-SMs and
the line-to-line voltage are approximately constant during the
CB operation time. The total time span is then divided into
m+1 intervals. These intervals begin at the blocking instant
(t=t1), proceed sequentially with the insertion of each MOV
section at t=ti for k=1,2,...,m, and end when the fault current
reaches zero at t=tq.

B. Dynamic Bypassing of FB-SMs

In parallel with the turn-off of MB sections (or the
sequential insertion of MOVSs), the second measure protects
the FB-SMs from overvoltage caused by arm current during
the AC in-feed period. As the FB capacitors are charged by
the arm current, their voltages may exceed safe limits—
particularly when the number of FB-SMs per arm is low,
reducing the available counter-voltage.

To prevent capacitor overcharging, an MMC arm is
bypassed once the FB-SMs in that arm reach a predefined
voltage threshold (e.g., V). Upon triggering the bypass
signal, both HB- and FB-SMs in the corresponding arm enter
bypass mode by synthesizing zero voltage. This strategy
minimizes capacitor stress while the fault current interruption
process continues until the current reaches zero.

The complete strategy is summarized in the flowchart
shown in Fig. 7, which outlines the sequence of operations—
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from fault detection to the stepwise turn-off of breaker
sections and FB-SM bypass activation.

IV. SIMULATION RESULTS

To verify the effectiveness of the combination of an H-
MMC with 20% FB-SMs per arm and its coordination with
an H-CB with m=4 sections, simulations are carried out in
the PSCAD/EMTDC environment. In the selected case study,
the nominal DC-side voltage is 320 kV, with a nominal
current of 1 kA and a trip level of 2 kA for the CB. The
simulated fault is a severe pole-to-pole fault characterized by
near-zero Rsc, representing the worst-case scenario for both
the MMC and the CB. The fault occurs at t=0.4 s and
additional system parameters are provided in Table I.

In the first case, the conventional approach is applied,
where all sections of the MB are turned off simultaneously
2 ms after the trip signal is issued (triggered when ig reaches
2 kA). In the subsequent simulations, the MB sections are
turned off according to the proposed approach after 1.5 ms
and 1 ms, respectively. The corresponding key waveforms,
including the voltage across UFD contacts, DC-side fault
current, voltage on FB-SMs in the upper arm of phase-a, and
power dissipated by MOVs, are presented for comparison in
Fig. 8.

In Fig. 8, the blue waveform represents the conventional
approach applied to the H-CB, while the amber and black
curves illustrate the proposed method with MOV insertion
during UFD contact opening, using delays of 1.5 ms and 1
ms, respectively. Applying this approach reduces the peak
fault current from 2.53 kA to 2.35 kA and 2.1 KA, leading to
a reduction in fault clearing time by 7% and 15%.
Furthermore, the overvoltage on FB-SMs decreases by 13%
and 26%, respectively. Additionally, the peak power
dissipated by MOVs is reduced by approximately 21% and
44%, respectively.
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Fig. 9. Limiting overvoltage on FB-SMs of the H-MMC through a
change in operating mode (bypass of critical arm).

As the overvoltage on FB-SMs may reach critical values
during the fault-clearing process, the voltage of the FB-SMs
in each arm is compared to a critical threshold. When this
limit is reached, the operating mode of the FB-SMs switches
from blocking to bypass mode. Bypassing the FB-SM
prevents further charging of the SM capacitor. The
effectiveness of this method is demonstrated in Fig. 9.

Similar to the previous study, a pole-to-pole short circuit
occurs at t=0.4s, and after the trip signal, the H-MMC is
blocked and the H-CB initiates its operation. Fig. 9 shows the
key waveforms of the system's behavior with the blue line
representing the state before applying the bypass mode. To
further clarify the overvoltage issue, the insertion of MOVs
has been deliberately chosen to match the conventional
approach, which results in higher overvoltage on the FB-
SMs. In the second simulation, the voltage of the FB-SMs is
limited to 1.15 pu through bypass mode, as shown by the
dash-dot red line in Fig. 9.

It is evident that the bypass mode effectively limits the
overvoltage on FB-SMs to 1.15 pu, providing a safe operating
margin for the FB-SMs. However, when FB-SMs are
bypassed, the energy absorption by their capacitors is
stopped, and therefore, the MOV's must dissipate more energy
(approximately 54% in this investigation) to compensate for
the elimination of the FB-SMs' impact. This effect is clearly
seen as the fault-clearing time increases by 0.7 ms, and the
MOVs remain in the circuit for a longer duration. It is also
worth noting that the bypass mode can impact the MMC arm
currents, potentially increasing them. Therefore, to ensure
reliable operation of the FB-SMs, it is recommended to
combine the sequential turn-off of MB sections (or MOV
insertion) during UFD contact opening with bypassing of FB-
SMs upon reaching a critical voltage threshold. Fig. 10
presents the system waveforms when this strategy is applied,
with sequential MOV insertion starting at 1 ms and an FB-
SM bypass threshold set to 1.15 p.u.

According to the simulation results in Fig. 10, the peak
fault current is limited to 2.1 kA, the fault clearing time is
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reduced by 15%, the peak power dissipation in the MOVs is
lowered by 44%, and the FB-SM voltage is limited to 1.15 pu.

V. CONCLUSIONS

In this paper, the coordinated operation of H-MMCs with
a lower number of FB-SMs per arm and H-CBs is
investigated. Once a fault is detected, the H-MMC is blocked,
and the CB initiates its opening process. However, due to the
insertion of FB-SMs in the opposite direction to the AC
source, they become charged, and their voltage increases
rapidly. To limit the voltage increase on FB-SMs, the
sequential insertion of MOVSs in the main breaker branch was
applied while avoiding voltage breakdown in UFD contacts.
In addition, the bypass approach for FB-SMs was used to
clamp the overvoltage on the FB-SMs to a specific limit,
maintaining a safe operating range for the FB-SM and its
components. The simulation results for a case study at 320
kV system (with four sections in the main breaker of the CB)
show satisfactory outcomes: a peak fault current limit of 2.1
kA, a 15% reduction in fault clearing time, a 44% reduction
in peak power dissipation by MOVs, and a voltage clamp for
the FB-SMs at 1.15 pu.
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