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Abstract—Hybrid half-bridge (HB) and full-bridge (FB) mod-
ular multilevel converter (MMC) is recognized for its capability
to handle DC faults in high-voltage DC systems. However,
two critical challenges in the hybrid MMC (H-MMC) require
further investigation: internal switch failures and DC faults.
This paper proposes an arm average value model (AVM) for
the H-MMC to analyze DC faults and internal switch failure
conditions. In the proposed AVM, each arm comprises FB
submodules (FB-SMs), HB submodules (HB-SMs), and internal-
fault SM (IF-SM), the latter representing the SM with internal
switch failure conditions. Unlike conventional AVMs, it accurately
captures H-MMC dynamics under such failures as well as during
transitions between blocking and deblocking modes. Modeling
the internal switch failure is useful in capturing the dynamic
behavior of IF-SM required for fault-detection methods and fault-
tolerant control strategies. Furthermore, by accurate estimation
of H-MMC behavior during the recovery process after blocking,
this model is highly useful for the design and tuning of control
strategies, especially under DC fault recovery. Conventional
sorting and balancing algorithms are incompatible with this
model because they do not account for failed SMs; therefore,
a dedicated algorithm is developed to evaluate their impact
on H-MMC performance. The validity of the proposed AVM
is demonstrated through simulations in the MATLAB/Simulink
environment and experimental validation using a scaled-down
laboratory prototype.

Index Terms—Average value model (AVM), blocking and de-
blocking modes, hybrid modular multilevel converter (H-MMC),
internal switch failures, sorting and balancing algorithm

I. INTRODUCTION

ODULAR multilevel converter (MMC) has been
widely adopted in high-voltage DC systems due to its
high scalability, modular construction, and ability to transmit
high power over long distances [|1]. However, a major chal-
lenge is the high DC fault current during a DC fault, which
results from submodule (SM) capacitor discharge and the
inherently low impedance of the DC system [2]. A promising
solution to manage DC faults is the use of a hybrid MMC
(H-MMC), which offers better DC fault current controllability
than half-bridge (HB) MMCs while maintaining lower losses
and costs compared to full-bridge (FB) MMCs [3]], [4].
Given the advantages of H-MMCs under DC faults, different
strategies have been proposed to manage DC fault currents in
the H-MMC, which can generally be classified into two cat-
egories: active control [5]—[7] and blocking mode-based fault
management methods [4], [8]. In the active control approach,
the converter control system is adjusted upon fault detection
to manage the DC current [7]. However, the blocking mode
involves turning off all power switches, which significantly
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affects the DC-side voltage and current and results in loss of
control over MMC voltages and currents [9], [[10].

Apart from DC fault, another key challenge in the H-
MMC is the high number of power switches, which increases
the probability of open-circuit (OC) and short-circuit (SC)
switch failures, thereby reducing converter reliability [11]],
[12]. To improve system reliability, various fault detection and
fault-tolerant techniques have been proposed in the literature,
generally classified into two main groups: hardware-based
methods [[13]] and software-based methods [14], [15].

To study different DC fault management strategies, as well
as fault-detection and fault-tolerant techniques under switch
failure conditions in the H-MMC, high-speed and accurate
simulation models are essential [[16]. Detailed switching-based
models require a large number of SMs, which must be solved
in the discrete-time domain at each time step, which leads
to a high computational burden [[I7]. To solve this issue,
detailed equivalent models have been proposed in [18] to
reduce computational complexity.

To further increase the simulation speed in the H-MMC,
average value models (AVMs) have been developed in the liter-
ature . A constant-parameter direct-interface AVM for voltage-
source converters has been proposed in [19] that improves
simulation performance in electromagnetic transients. How-
ever, this modeling approach cannot describe the dynamics of
SM capacitor voltages and arm currents in the H-MMC. The
AVMs proposed in [20]-[22] employ equivalent circuits for
both the DC- and AC-sides of the MMC, and the reference
values are taken from the control system. These models,
however, cannot be applied to the H-MMC, which incorporates
different types of SMs in their structure. A universal blocking
module is proposed in [23|], which can be used to simulate
the H-MMC. Yet, it cannot represent the dynamic differences
between different types of SMs in the deblocking mode.

To consider the dynamic differences between different types
of SMs in deblocking mode, a detailed analytical study of
SM capacitor charging and discharging dynamics in the H-
MMC is performed in [24]. While insightful, this method is
limited in its ability to model the converter during the DC fault
and subsequent blocking period. An improved arm AVM (I-
AAVM), introduced in [25]], considers the dynamic differences
between HB-SMs and FB-SMs in the H-MMC. Nevertheless,
it is not suitable for analyzing DC fault management strategies
using blocking mode. In [26], a new AVM (N-AVM) is
proposed that accounts for the dynamic differences between
various types of SMs during the blocking mode. The perfor-
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TABLE I
COMPARISON BETWEEN THE PROPOSED AAVM AND CONVENTIONAL
MODELS IN THE LITERATURE

Method H-MMC!  BlockingZ Recovery®  switch failure*
Ref. [19] No No No No
Ref. [24] Yes No No No
Ref. [25] Yes No No No
Ref. [10] Yes Yes No No
Ref. [26] Yes Yes No No
Ref. [27] Yes Yes No No
Proposed Yes Yes Yes Yes

1 Applicable for the H-MMC.

2 Accurate modeling of the blocking mode for the H-MMC.

3 Accurate modeling of the recovery process after the blocking mode.
4 Modeling internal switch failure conditions.

mance of the H-MMC during the blocking mode is further
analyzed in [[10]], [27]], capturing the multiple fault-current
commutations between arms. However, these studies do not
examine the arm-current and SM-capacitor-voltage dynamics
during the transition from blocking to deblocking mode. This
transition involves several phenomena, including unbalanced
SM-capacitor voltages and other transient effects that influence
system behavior. Such transients have a significant impact on
the operation and recovery of the H-MMC, yet they are often
oversimplified or entirely neglected in existing models.

In conclusion, a comparison of different models is sum-
marized in Table [II Existing models do not fully evaluate
fault management strategies for the H-MMC during the DC
fault, nor do they represent the H-MMC’s behavior under
internal switch failure conditions. Regarding the DC fault,
the recovery process after blocking is not fully addressed
in the conventional AVMs. The recovery process following
a blocking mode, particularly after a DC fault, is critical,
as it involves significant variations in arm currents and SM
capacitor voltages, including overshoot and undershoot. These
dynamics are especially important in multi-terminal MMC-
based HVDC systems, where interaction between system
components occurs, and the recovery process of one con-
verter can influence the performance of others [4]. In such
scenarios, inaccurate modeling leads to incorrect estimation
of overcurrent and overvoltage stress, which are critical for
protection goals and system design [4]]. In addition, although
different aspects of switch failures, including fault detection
and fault-tolerant techniques, have been widely investigated
in the literature [[11]], [28]], [29]], there is no AVM that can
consider different switch failure scenarios in the H-MMCs. An
AVM that accurately captures SM capacitor voltage and arm
current dynamics under such conditions would enable precise
evaluation of OC fault-detection methods and fault-tolerant
strategies while maintaining low computational time. While
conventional approaches can simulate OC and SC failures by
bypassing SMs, they cannot capture the dynamic behavior
of faulty SMs required for OC fault-detection methods and
fault-tolerant control strategies, which depend on accurate
estimation of arm current and SM capacitor voltage dynamics.
As a result, the main contributions of this study are as follows:

e A universal AAVM (U-AAVM) is presented, which can
accurately model the H-MMC behavior during the DC
fault and blocking mode conditions.

o This model accurately represents the dynamics of SMs
and arm currents throughout transitions between blocking
and deblocking modes.

e The proposed U-AAVM can be used to evaluate the
performance of the H-MMC under various internal switch
failure conditions, including OC and SC failures, while
achieving significantly lower computational time com-
pared to the detailed switching model (DSM). Moreover,
to achieve high accuracy in modeling internal switch
failure conditions, a sorting and balancing algorithm is
integrated into the U-AAVM.

o The proposed U-AAVM can be employed to study the
dynamics of the H-MMC during the transition from the
non-linear blocking mode to the linear deblocking mode,
which is useful in designing and tuning controllers for
better post-fault recovery performance [4]. Moreover, the
effect of FB-SM ratios on the H-MMC performance can
be analyzed by using the proposed U-AAVM.

o Different fault-tolerant strategies, as well as fault-
detection techniques, can be investigated by using the
proposed U-AAVM. For example, under OC failures, the
U-AAVM accurately describes SM capacitor voltages and
arm currents transients, critical signatures used for fault
detection in [11]], [28]].

The remainder of this paper is organized as follows: Section

IT presents the overall structure and control system of the H-
MMC. The U-AAVM and the associated balancing algorithm
are introduced and explained in detail in Section III. Sections
IV and V evaluate the model’s performance through simulation
and experimental results, respectively, and finally, Section VI
concludes the paper.

II. CONVENTIONAL AAVM IN THE H-MMC

Fig. [1| shows the structure of the three-phase H-MMC,
which consists of two arms in each phase. Each arm contains
a series connection of N SMs, including Ny HB-SMs, Ny
FB-SMs, and an arm inductor. In the H-MMC, the upper and
lower arm voltages of each phase, represented as v, and v,
respectively, are derived as

VDC dzzu
zu — o — Uz — Le ) 1
U 9 v 9 gt (D
Vbe diz)
— DG | — L 2
Vgl D) + vy eq” g ()

where v, (x € {a,b,c}) refers to the AC-side voltage,
and Vpco represents the DC-side voltage of the H-MMC.
Additionally, i, and ¢, are the upper arm and lower arm
currents, respectively, while L., denotes the sum of the AC-
side inductance and half of the arm inductance.

On the basis of the H-MMC structure, the configuration of
the conventional AAVM is illustrated in Fig. [2] In this mod-
eling approach, all SMs of the same type are assumed to be
identical, and the algorithm operates under the assumption of
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Fig. 1. Structure of the H-MMC.
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Fig. 2. Conventional AAVM of the H-MMC [25].

equal capacitor voltages [25]]. The conventional AAVM, shown
in Fig. [2| cannot account for the blocking condition, during
which all power switches are turned off, and the current flows
through anti-parallel diodes [25]]. Furthermore, this modeling
approach faces limitations in representing the behavior of the
H-MMC under internal switch failure conditions, since it rep-
resents all SMs of each type with a single voltage source under
the assumption of identical behavior. However, this assumption
is not valid under such failures, particularly in the context
of the sorting and balancing algorithm. To overcome these
limitations, this paper proposes a U-AAVM that accurately
represents the converter behavior under different operating
conditions, including deblocking mode, blocking mode, and
internal switch failure conditions.

III. PROPOSED ARM AVERAGE VALUE MODEL

The structure of the proposed U-AAVM is illustrated in
Fig. [3] This model comprises three parts in each arm: 1) The
AVM of FB-SMs, 2) The AVM of HB-SMs, and 3) The AVM
of an internal-fault SM (IF-SM). The IF-SM model represents
the behavior of the H-MMC under internal switch failure
conditions. It should be noted that the current model considers
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Fig. 3. Proposed U-AAVM of the H-MMC.

only a single switch failure per arm but can be extended to
handle multiple failures by incorporating additional IF-SMs
in each arm. In such cases, the sorting and capacitor voltage
balancing algorithm must also be adapted to maintain voltage
balance among the FB-SMs, HB-SMs, and all IF-SMs.

With this configuration, two parameters are used to define
different operating modes. The first parameter, BL K, indicates
whether the H-MMC is operating in the blocking mode (it
is one when the H-MMC is blocked, whereas it is zero
in the deblocking mode), while the second parameter, IF,
denotes whether the modification criteria for the IF-SM under
switch failures are met. This modeling approach enables seam-
less transitions between different operating modes, including
deblocking, blocking, and switch failure conditions. Conse-
quently, it serves as a valuable simulation tool for analyzing
diverse transients in the H-MMC, such as the recovery process
following a blocking event, and for evaluating fault-detection
and fault-tolerant control strategies.

The following sections describe the methodology for de-
termining the reference values for the controlled voltage and
current sources under various operating conditions.

A. U-AAVM in the Deblocking Mode

To model the capacitor voltages of HB and FB-SMs, first,
(@) is considered to show the relationship between the SM
capacitor voltage and arm current [25].

d’UC’i
dt

OSM = Siiarm (3)
where 7 is the SM index, and Cgy and vé represent the
SM capacitance and capacitor voltage, respectively. Moreover,
iarm denotes the arm current, and S; indicates the switching
command.



By using (@), the dynamics of the equivalent model of FB
capacitors can be derived as

dvg, Jr

NpCy—2 =i S;. 4

FYsmMm dt arm Z 7 ( )

i=1

Based on (@), the SM capacitor of FB-SMs is modeled as

an equivalent capacitor with C&); in parallel with a current

source, where the reference value of the current source is
derived as

1 &
ip = dam 5= S )
i=1

From (3)), the sum of the switching commands divided by
Nr can be approximated by the modulation signal. There-
fore, (©) can be rewritten as

iF = mFiarm7 (6)

where, in @ my is the reference modulation signal of FB-
SMs and is derived as

mp = —28 (7N

here nf  denotes the number of FB-SMs to be inserted, and
is assumed to be a continuous value in the range [-Ny, Np]
[16]. It should be noted that, in AVMs, the number of inserted
SMs is not an integer value but a continuous value. Therefore,
instead of turning SMs on or off discretely, the model uses a
continuous variable to represent the fraction of time the related
SM is inserted [16].

Regarding the AC side of SMs, it is important to derive
the relationship between SM capacitor voltages, the reference
modulation signal, and the AC-side voltage of FB-SMs, which
is determined as

Vg = TI’LFNFUE. (8)

Similarly, applying the same procedure used for the FB-SMs
to the HB-SMs yields the U-AAVM parameter. Accordingly,
the equivalent capacitance of HB-SMs is C&\;, and the other
parameters are derived as

iy = mHiarmz (9)
H
Mins

— _1ns 10

my Ny’ (10)

vy = mu Npvg. (11)

Consequently, the equivalent AVM of each type of SM
in the deblocking mode can be represented as a controlled
voltage source to describe the AC-side voltage and a controlled
current source in parallel with a capacitor to represent the SM
capacitor dynamics. The reference values for these sources are
obtained from (6) and (§) for FB-SMs and similarly from (9)
and (TI) for HB-SMs.
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Fig. 4. Current flow in an arm of the H-MMC during blocking mode: (a)
iarm < 03 (b) iarm > 0~
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Fig. 5. U-AAVM in blocking mode: (a) FB-SMs, (b) HB-SMs.
B. U-AAVM in the Blocking Mode

Having established the deblocking-mode representation, the
blocking mode in the U-AAVM can be described by using the
equivalent circuit of the FB-SMs and HB-SMs under different
arm current directions. Fig. [] illustrates the current flow in
positive and negative arm current directions in the blocking
mode. From Fig.[4] it can be observed that the AC-side voltage
of HB-SMs is zero when the arm current is positive, while all
FB-SMs produce negative voltage. Conversely, when the ¢4,
is negative, both HB and FB-SMs generate positive voltages.
Therefore, the reference values for the controlled voltage and
current sources of FB-SMs and HB-SMs during the blocking
mode can be expressed as

Ub _ *NFU& iarm >0 (12)

Pl Np0E, e <0
2113‘ = ‘iarm|: (13)

0> ’arm >0
vh = . (14)

Nygvg, farm <0

07 2 rm > 0
% = ~iaem H (~iarm) = {_i S ay
arm- arm

where |iam| and H(—i,.m) denote the absolute value of the
arm current and the Heaviside step function of the negative
arm current, respectively.

Based on the circuit analysis of the FB-SMs and HB-SMs
under blocking mode, the AVMs of HB and FB-SMs under the
blocking mode are depicted in Fig. [5] The figure shows that
HB-SMs produce Nyvd in the negative arm current direction
and zero voltage in the positive arm current direction, whereas
FB-SMs generate vag when the arm current is negative and
—Npvg, when the arm current is positive.

As a result, the U-AAVM can be represented by employing
the H-MMC model described in (6) to (TT) for the deblocking
mode and the equivalent model derived in (I2) to (I3)) for
the blocking mode, and it enables instantaneous transitions
between blocking and deblocking modes while accurately cap-
turing the dynamics during mode changes. Unlike conventional
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Fig. 6. Current path in an FB-SM for different SM reference voltages when
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Fig. 7. Current path in an FB-SM for different SM reference voltages when
tarm > 00 (@) vrer,sM = ¢, () Vrer,sm = 0, (€) vrer,sm = 0, (d)
Uref,SM = —VC-

methods, this modeling approach can be effectively used to
analyze the recovery process following DC fault clearance,
during which the H-MMC operating mode transitions from
blocking to deblocking.

C. Internal Switch Failure in the U-AAVM

In addition to DC-fault transients, the proposed U-AAVM
can accurately represent the dynamics of the H-MMC under
internal switch failure. To do so, it is essential to examine
the behavior of an IF-SM under various voltage and current
conditions. This IF-SM can be either an HB-SM or FB-SM;
however, since the HB-SM can be represented as a specific
case of the FB-SM, the AVM of an FB-SM is analyzed as the
representative AVM of an [F-SM. However, the model can be
extended to model such failures for the HB-SMs.

To investigate the behavior of an FB-SM, eight operating
modes are identified based on the direction of the arm current
and the reference voltage of the SM (vrer,sm). Figs. @ and
illustrate these modes, showing four operating modes cor-
responding to negative and positive arm current, respectively.
For instance, when both the reference voltage and arm current
are positive, S; and Ss conduct the current. However, with
the same reference voltage but opposite current direction, the
current flows through diodes D; and Dy.

Healthy Faulty Healthy

Faulty

Sy
4 X
i Q ~
¢ 5, 0C S5 OC
vt +8.0C N 2 OC
s, S Rt | s, + failure
1 u 4 Dyt w
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(a) (b)

Fig. 8. Change in the current path and generated AC-side voltage under: (a)
The S; OC failure during a positive reference voltage, (b) The S, OC failure
during a negative reference voltage.

Considering these eight operating modes, the IF-SM loses
the ability to operate on certain intended modes during an
internal switch failure condition, thereby disrupting its normal
operation. For example, consider positive voltage generation
under the positive arm current in an FB-SM. As illustrated
in Fig. [§(a), under healthy operation, turning on S; and S4
produces positive voltage when the arm current is positive.
However, when an OC failure occurs in S;, the current can
no longer flow through S; and instead flows through diode
D;. In this case, the SM fails to generate positive voltage,
and this change in the current path must be reflected in
the modeling. Similarly, Fig. [B[b) shows the case of an S,
OC failure during negative voltage generation. Under healthy
conditions, S, and S; generate a negative voltage when the
arm current is negative. In the event of an S, OC failure, S,
is unable to conduct, and the current flows through diode D,
again resulting in zero voltage.

To reflect the limited controllability of the IF-SM under
switch failure conditions, the reference value for the controlled
voltage and current sources in the IF-SM must be updated.
Table defines the modification criteria that specify the
conditions under which the reference values of the controlled
voltage and current sources for each internal switch failure
condition should be modified. The modification criteria are
used to define operational limitations of an FB-SM under
switch failure conditions (OC and SC). These criteria are
derived from the physical behavior of the FB-SM, particularly
its inability to generate specific voltage levels or conduct
current under such failure scenarios. For example, in the S;
OC failure scenario shown in Fig. [§[(a), the faulty SM cannot
generate a positive voltage when the arm current is positive. In
this case, the modification criteria are expressed as nl, > 0
and %, > 0.

Considering the modification criteria defined for each inter-
nal switch failure condition in Table [II a binary parameter,
IF, is introduced, which is set to 1 when the modification
criteria during internal failures are satisfied and O otherwise.
Using IF, the inserted number of IF-SM, ni _, is applied
under switch failure conditions to update the reference value
for the controlled voltage and current sources. The rounding
operations applied to nl in Table [[I| are used to modify the
reference values for the controlled voltage and current sources
in the U-AAVM. This modified n . under the internal switch
failure is defined as niln‘iF, which may be either a continuous or
an integer value. These modifications account for the change
in the conduction paths and voltage-generation capabilities
during switch failures. For example, during an S; OC failure,
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the current flows through diode D, in the positive direction
of the arm current, preventing positive voltage generation, as
shown in Fig. [§[a). The U-AAVM models this by modifying
the n! . using nill’g =[-1+4nl,]|

To illustrate the application of Table |lIl under an internal
switch-failure condition, an example of an OC switch failure
in Sy is considered. In this case, the IF-SM cannot produce
a positive voltage when the arm current is positive, and the
reference value for the controlled voltage source must be set
to zero under this condition. As a result, the /F under OC

failure in S; is determined as

1 ! d .arm
o b s> 0 and  iaem >0 (16)
0, Otherwise

Based on I'F defined in (I6), the reference values for the
controlled voltage source, v, and the current source, iy, when
IF =0, are derived as

a7
(18)

_ 1 1
UL = NipsVes
N
11 = Mipglarm-

However, in the case where IF = 1, the reference values

are obtained as
LIF 1

IF
U = Nypg Voo (19)
IF _  LIF,
11 = Nypg tarm, (20)
where v{¥ and " represent the reference values for the

controlled voltage and current source, respectively, when the
modification criteria are met under switch failure conditions.

D. Balancing Algorithm in the U-AAVM

The proposed U-AAVM needs a sorting and balancing algo-
rithm between FB-SMs, HB-SMs, and IF-SM to consider their
different dynamics. In the conventional sorting and balancing
strategies, only two types of SMs are considered: FB-SMs and
HB-SMs. These methods assume that the capacitor voltages
and the AC-side voltages of each type of SM are identical.
These assumptions are no longer valid in the presence of a
switch failure, which introduces a third operational category:
the IF-SM. This IF-SM must be considered separately in
voltage balancing processes. Therefore, a dedicated sorting and
balancing algorithm is needed to integrate with the proposed
U-AAVM. Without this sorting and balancing algorithm, the
model loses its capability to capture the dynamics of the H-
MMC during internal switch failure conditions.

Taking into account this requirement, the flowchart of the
sorting and voltage balancing algorithm used in this study is

Sorting algorithm used in the capacitor voltage balancing of the U-AAVM.

illustrated in Figs.[9]and [I0] The sorting method shown in Fig.
[)is consistent with common sorting techniques; however, this
flowchart is included to integrate it into the developed voltage
balancing strategy and to evaluate its impact on the H-MMC
performance. As shown in Fig. 0] eight states are defined
based on the capacitor voltage of the equivalent FB-SMs, the
capacitor voltage of the equivalent HB-SMs, and the capacitor
voltage of the IF-SM, as well as the current direction and
the number of SMs to be inserted (n;,s). From these signals,
a parameter, ki, is introduced to identify the corresponding
state. After deriving ky, it is used in the balancing algorithm
to specify the priority of the SMs for insertion, as illustrated
in Fig. [I0] To determine the quantity of each type of SM to
be inserted, the total number of SMs to be inserted in each
arm, njyg, is required and formulated as
Varm,ref
Vo

where varm ref 1S the reference voltage of the arm, and Vg
represents the average SM capacitor voltage. From n;,s and
kb, the type and quantity of SMs to be inserted from each
category are derived. For example, when k, = 1, three
different cases are identified, as described below:

2

Nins =

o If nins < Ny, only n;,s HB-SMs are inserted.

o If niyps > Ny and nj,s < (Ng + 1), all HB-SMs and

(nins — Nyu) IF-SM is inserted, while all FB-SMs are
bypassed.

o If nips > (Ng + 1), all HB-SMs, the IF-SM, and (nips —
Ny — 1) FB-SMs are inserted.

With these different operating modes (deblocking, blocking,
and internal switch failure conditions) and the developed
sorting and balancing algorithm, the overall U-AAVM exe-
cution sequence is summarized in Fig. In this flowchart,
the total number of inserted SMs is determined using (2I).
Subsequently, this value is used in the sorting and balancing
strategy shown in Figs. 0] and [I0] to determine the intended
number of inserted SMs for each type. From this point, the
H-MMC operation is classified into three different modes:

e Deblocking mode (BLK = 0, IF = 0): During the
deblocking mode, the reference values for the controlled
voltage and current sources are determined using (6)-(8)
for the FB-SMs, (O)-(T1) for the HB-SMs, and (T7)-(18)
for the IF-SM.

e Blocking mode (BLK =1, IF = 0): During the block-
ing mode, reference values for the controlled voltage and
current sources are derived from (I2)-(I3) for both FB-
SMs and the IF-SM, and from (14)-(15) for HB-SMs.
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under different operating modes
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Fig. 11. Model’s execution in the proposed U-AAVM.

o Internal switch failure mode (BLK = 0, [F' = 1): In this
state, (T9)-(20) are used to derive the reference values
for the sources in the IF-SM, while (6)-(TT)) are used to
determine reference values for other types of SMs.

IV. SIMULATION RESULTS

To evaluate the performance of the proposed U-AAVM, an
H-MMC-based DC system with the parameters listed in Table
[0 was simulated in MATLAB/Simulink. As shown in Table
III, each arm of the H-MMC consists of 16 SMs, including 12
HB-SMs and 4 FB-SMs. It is worth noting that the H-MMC
parameters were designed based on the procedure explained in
[10], where the initial value of the SM capacitance is chosen
based on an energy-to-power ratio of 50 kJ/MVA. A 40%
margin was then considered in the experiment to limit the
SM capacitor overvoltage during the blocking mode of an
H-MMC with an FB-SM ratio of 25%. In the experimental
setup, the SM capacitance was chosen as the closest available
commercial value, since the scaled-down prototype allows a
higher voltage margin compared to a real HVDC system.

TABLE III
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameter Symbol  Simulation  Experiment
Nominal DC-link voltage  Vpc 320 kV 125V
Peak of phase voltage Ve 160 kV 50V
SM capacitance Csm 1.2 mF 2 mF
Arm inductor Larm 43 mH 4.5 mH
DC reactor Lpc 100 mH 10 mH
Operating frequency f 50 Hz 50 Hz
Number of HB-SMs Nu 12 3
Number of FB-SMs Np 4
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Fig. 12. DC-side current of the H-MMC under a DC fault scenario in the
DSM and different AVMs.

To evaluate the accuracy of the proposed U-AAVM un-
der representative parameters and conditions presented in
Table [} different case studies were considered, and the
performance of the proposed model was compared with the
conventional models, as well as the DSM, which serves as
the reference model. To quantify the accuracy, the deviation
between the waveforms in different AVMs and those from the
DSM during transient periods was calculated. This deviation
served as a metric to assess how closely the AVMs capture
the dynamic response of the DSM [_25]]. In the following, the
performance of the proposed U-AAVM is compared with the
DSM and conventional models used in the H-MMC.

A. Performance Evaluation of U-AAVM Under a DC Fault

In this case study, a DC fault is assumed to occur on the
DC side of the H-MMC at t; = 1 s, with a fault resistance
of Ry = 100 (2. The blocking mode is then activated after 3
ms, and at t,,, = 1.01, the fault is cleared by operating the
DC circuit breaker, after which the H-MMC returns to normal
operation [10]].

To investigate the performance of the proposed U-AAVM
and conventional ones in describing the H-MMC dynamics
under the DC fault scenario, the discussed DC fault scenario is
considered, and the DC-side currents under this case study are
shown in Fig. [I2} Following the DC fault, the current increases
to 2.9 kA and is then reduced once the blocking technique
is applied, until the DC breaker operates at t,, = 1.01 s.
It can be seen that both N-AVM and U-AAVM accurately
model the DC-side current dynamics, achieving an accuracy
higher than 99% during the fault and blocking mode, whereas
the accuracy drops to 98.8% for the U-AAVM and 96.7% for
the N-AVM during the recovery process. Moreover, [-AAVM
fails to accurately represent the DC current behavior after
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Fig. 13. FB-SM capacitor voltages of the H-MMC under the DC fault scenario
in the DSM and different AVMs.

2
| 0.04 kA 0.25 kA
T

Tau (kA)

0

“DSM-U-AAVNE-N-AVM ~T-AAVM

tau (kA)

> AN

-2

0.9 0.95 1 1.05 1.1

Time (s)
Fig. 14. Upper arm current of the H-MMC under the DC fault scenario in
the DSM and different AVMs.

blocking the H-MMC. These dynamics, including the recovery
process after blocking, are especially important in multi-
terminal H-MMC-based HVDC systems, where interaction
between MMCs occurs, and the recovery behavior of one
converter can influence the performance of others. In such
scenarios, inaccurate modeling leads to incorrect estimation
of overcurrents and overvoltages, which are essential for
protection and control design [4].

Studying SM capacitor dynamics is also important under
the DC fault scenario, as they experience overvoltage and un-
dervoltage under such transients. Fig. [I3]illustrates the FB-SM
capacitor voltages, showing a 21% increase after activating the
blocking mode due to capacitor charging during the blocking
process [10]. Both U-AAVM and N-AVM accurately estimate
this overvoltage, while [-AAVM fails to do so, reaching an
accuracy of below 40%. Additionally, U-AAVM effectively
predicts the dynamics of SM capacitor voltages after fault
clearance with an accuracy of 99%, whereas N-AVM demon-
strates significant errors in modeling these dynamics during
the recovery process, reducing its accuracy to 84.4%.

The transient DC current and FB-SM capacitor voltage
dynamics during the DC fault cause significant oscillations
in the arm current Fig. [I4] presents the upper arm current of
the H-MMC before and after the DC fault, during blocking
mode, and after DC fault clearance. It can be observed that U-
AAVM accurately describes the arm current dynamics across
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Fig. 15. SM capacitor voltages before and after an S, OC failure in the DSM

and U-AAVM.
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Fig. 16. Arm currents before and after the S, OC failure in the DSM and
U-AAVM.
all three time intervals with an error lower than 7%. However,
both N-AVM and I-AAVM fail to accurately represent the
H-MMC arm current dynamics during the system recovery
process, which is crucial for analyzing post-fault behavior.
Based on the simulation results for the discussed case study,
it can be concluded that although the blocking mode can be
analyzed using a diode-series model, as discussed in [26] and
[1Q], these approaches are limited in their ability to describe
the dynamics of the transition from blocking to deblocking.
This limitation arises from the unbalanced capacitor voltages
among different types of SMs during blocking, which lead
to significant oscillations during the transition. The proposed
U-AAVM overcomes this issue by accurately modeling the
dynamics of the transition between blocking and deblocking.

B. Performance Evaluation of U-AAVM under Switch Failures

To evaluate the model’s accuracy under internal switch
failures, the dynamics of SM-capacitor voltages and arm
currents are investigated in two internal switch failure case
studies. In the first case study, an S, OC failure occurs in one
of the FB-SMs in the upper arm of phase a. The SM capacitor
voltages of the upper arm before and after the fault occurrence
are shown in Fig. [T3] illustrating that the SM capacitor voltages
decrease after OC failure due to the loss of a bypass path when
the arm current is negative. As a result, this failure causes
fluctuations in the upper arm current, as presented in Fig. [T6
From Figs. [I5] and [T6] it can be concluded that the U-AAVM
accurately estimates the dynamic behavior of SM capacitor
voltages and arm currents during the S, OC failure with less
than 2% error.

Unlike the first case study, the second case study examines
an SC failure condition. In this scenario, an S, SC failure
occurs in one of the FB-SMs in the upper arm of phase a. As a
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result, the faulty SM’s capacitor remains at a constant voltage,
and the remaining SM capacitors experience increased volt-
ages, as demonstrated in Fig.[I7} Consequently, as described in
Fig.[I8§] this condition induces fluctuations in the arm currents.
Similar to the first scenario, the U-AAVM accurately captures
the transient behavior of both the SM capacitor voltages and
the arm currents with an accuracy higher than 97.2%.

To show how the proposed U-AAVM supports the evalu-
ation of fault-detection and fault-tolerant techniques, an OC
failure is considered, and the results are illustrated in Fig. @
In this scenario, an S; OC failure occurs in one of the FB-SMs
of the upper arm in phase a at ty = 1 s, and the faulty SM is
detected after 50 ms by monitoring the SM capacitor voltages
and arm currents using the method described in [28[]. After
fault detection, the faulty SM is bypassed, and a cold-reserve
redundant SM is inserted [29]. The newly inserted SM then
requires 330 ms to become fully charged. This case study
highlights the practical value of the proposed U-AAVM in
enabling a detailed investigation of fault-detection techniques
and fault-tolerant operation in the H-MMCs.

To provide a comprehensive comparison between the pro-
posed U-AAVM and conventional models in the literature,
Table [IV] presents the evaluation of different models with
respect to the DSM, showing that the U-AAVM can describe
the behavior of the DSM during blocking, the recovery process
after blocking, and internal switch failure conditions with
an accuracy higher than 93%. However, I-AAVM exhibits a
significant error (its accuracy is lower than 40%). Furthermore,
the accuracy of N-AVM in modeling the dynamics of the H-
MMC during the recovery process is lower than 85%, and it
cannot model switch failure conditions.

Other aspects evaluated in Table are model complexity
and computational burden. From these two perspectives, the
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Fig. 19. Performance of the U-AAVM under an S; OC failure and using
a cold-reserve redundant SM in the H-MMC: (a) SM capacitor voltages, (b)
Arm currents.

Fig. 20. Experimental setup and test environment.

Fig. 21. Experimental results under DC fault scenario: (a) DC current, (b)
SM capacitor voltages and DC fault flag, (c) Arm currents.

U-AAVM exhibits higher complexity and computational time
than the I-AAVM and N-AVM, owing to its three-source
representation per arm. To obtain the computational time of the
different models, each was simulated over a fixed duration of
2 seconds using a constant simulation time step of 50 ps in the
MATLAB/Simulink environment. The hardware configuration
used was a Windows 10 64-bit system equipped with an Intel
Core i7 processor. The timing includes the complete execution
duration from the start to the end of the simulation for the
specified test scenario.

V. EXPERIMENTAL RESULTS

A scaled-down laboratory prototype of an H-MMC, shown
in Fig. 20] is used to verify the effectiveness of the proposed
U-AAVM. The parameters of the H-MMC setup are listed in
Table [Tl where each arm consists of one FB-SM and three
HB-SMs. In addition, the H-MMC operates in rectification
mode, with its AC-side connected to an auto-transformer.



