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Abstract—The modular multilevel converter (MMC) based dc–
dc converters (MMDCs) are essential for voltage matching, gal-
vanic isolation, renewable integration, and other applications in
high voltage direct current systems. The trapezoidal modulation
in these converters has been a proven advantage owing to reduced
capacitive requirement and high power density. However, the exist-
ing short overlap (SO) trapezoidal modulation technique presents
significant dc-link current ripples requiring bulky dc-link filter.
This article introduces an extended overlap (EO) modulation tech-
nique in MMDC to mitigate the need of dc-link filters. The change
in overlap angle alters the conduction states, component sizing,
harmonic spectrum, and other converter parameters. Therefore, a
detailed mathematical analysis of MMDC with both SO and EO
modes of trapezoidal modulation is carried out in this article. The
effect of change in overlap duration on size of submodule capacitor,
dc-link filter is analyzed by simulation and analytical studies. A
single-stage three-phase MMC experimental setup is built to verify
the converter operation in both SO and EO modulations.

Index Terms—Capacitive energy storage, dc–dc converter, dual-
active bridge, high voltage direct current (HVdc) transmission,
modular multilevel converter (MMC), multilevel system.

I. INTRODUCTION

THE high voltage direct current (HVdc) systems have be-
come a preferred choice for efficient long-distance power

transfer, interconnection of asynchronous ac systems, collecting
power from renewables, and remotely located power generation
plants [1]. The development of HVdc links over different time
and manufacturers for different technical applications resulted
into mismatched systems in terms of voltages and technology
[2], [3]. The most of existing HVdc systems are of point-to-point
type, without a common grid code. The interconnection of these
existing point-to-point HVdc links to form a dc grid necessitates
voltage matching and power flow control devices. The voltage
transformation has always been a crucial aspect of the power

Manuscript received 4 October 2022; revised 22 December 2022; accepted 5
February 2023. Date of publication 27 February 2023; date of current version 20
April 2023. Recommended for publication by Associate Editor Y. Mohamed.
This work was supported by the R&D work undertaken in the project under
Grants TETRA (TTR/2021/000048) and CRG (CRG/2018/000926) schemes by
Science and Engineering Board, Government of India. (Corresponding author:
Anshuman Shukla.)

The authors are with the Department of Electrical Engineering, Indian Institute
of Technology Bombay, Mumbai 400076, India (e-mail: msansari@ee.iitb.ac.in;
ashukla@ee.iitb.ac.in; hjbahirat@ee.iitb.ac.in).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3249463.

Digital Object Identifier 10.1109/TPEL.2023.3249463

systems, which was accomplished by transformers in conven-
tional ac grids. However, power electronic transformers have to
be used to achieve the similar objective in the dc grids. Addi-
tionally, these power electronic transformers can also control
the amount of power transfer. The isolated dc–dc converters
consisting of two dc–ac converters connected in front-to-front
manner via an intermediate ac transformer are reported in the
literature [4], [5], [6]. The galvanic isolation is a desirable
feature for grounding flexibility and safety measures. However,
these advantages are achieved with additional cost and space
engendered by the ac transformer [7]. Thankfully, the dc–dc
converters have the liberty to choose operating frequency higher
than conventional power frequency (50 or 60 Hz) to minimize
the size of the passive components [8].

The modular multilevel converter (MMC) has emerged as the
most striking multilevel topology at high voltage levels because
of its modularity, scalability, redundancy, high efficiency, better
harmonic performance, etc. [9], [10]. However, the conventional
ac–dc/dc–ac applications of MMC in HVdc systems operate
with sinusoidal modulation, which requires bulky submodule
(SM) capacitors due to the large energy storage requirement
(ESR) [11]. The isolated MMC-based dc–dc converters contain
local ac link, which allows the converter to operate with other
modulation techniques also.

The trapezoidal modulation, also called as quasi-two-level
modulation, has been proven a superior method compared to
the sinusoidal modulation due to the reduced ESR and high
power transfer capability [12], [13], [14], [15], [16]. A quasi-
two-level operation of MMC along with pulsewidth modulation
technique was discussed in [12] to limit the branch energy
variation. However, the modularity is lost and it requires high
switching frequency, which may not be scalable to high voltage
and power application. The quasi-two-level operation of MMC
is utilized in [13] and [14] for short overlap (SO) duration. In
[14], the arm energy variation is estimated by using output
current information. However, an accurate arm current esti-
mation is required in order to accurately estimate arm energy
deviation. An accurate arm current estimation is presented in
this article to minimize the error in ESR. Similarly, trapezoidal
modulation is employed in [15] and [16], for varying dc voltage
applications, indicating the growing popularity of trapezoidal
modulation. However, all the existing literature on MMC-based
dc–dc converters adopt the SO version of trapezoidal modulation
[13], [14], [15], [16].
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In the SO version, the time duration of simultaneous conduc-
tion of both the arms of a phase leg is less than 60◦, which
imposes significant six pulse ripples on the dc side. This neces-
sitates a requirement of bulky dc-link filter arrangement. This
large dc-link capacitor may also result in the generation of high
discharge current in the event of dc-side faults. Furthermore,
the SO modulation imposes higher harmonic components on
the ac transformer making transformer design complex [13]. To
overcome these issues, this article proposes an extended overlap
(EO) operation of MMC-based dc–dc converter. In this proposed
method, the overlap duration of arm conduction is more than
60◦, which provides the necessary filtering for the dc-link current
and mitigates dc filtering requirement.

Furthermore, this work analyses converter operation in both
the SO and EO modes of trapezoidal modulation. The converter
operation in trapezoidal method introduces several challenge in
terms of converter analysis compared to sinusoidal modulation.
The time-varying equivalent states and nonlinear waveforms
require thorough mathematical approach for converter analysis
and sizing. The major parameters required for converter sizing,
such as transformer current, arm current, SM capacitor voltages,
dc-link current, power transfer, etc., are derived for different
overlap durations. The ESR in both operating modes is derived
using analytical studies and verified by simulation studies. The
effects of change in overlap angle on power flow, SM and
dc-link ESR, converter losses, and ac and dc-side harmonics
are analyzed. The existing methods use the phase output cur-
rent information for sizing the SM capacitors, which results in
inaccurate estimation [13], [14]. This article presents a more
accurate approach for capacitor size calculation by introducing
an arm current estimation method in trapezoidal modulation.
The analysis presented in this article lays a basis for analyzing
and designing of other converters structures also, which operate
with trapezoidal modulation [17], [18], [19], [20].

The rest of this article is organized as follows. The circuit
structure, operation of dc–dc converter, and modes of trapezoidal
modulation are explained in Section II. The mathematical mod-
eling and sizing of the converter are presented in Section III.
The modular-multilevel-based dc–dc converter (MMDC) is
simulated with trapezoidal modulation in PSCAD/EMTDC
and results are shown in Section IV. The hardware setup
and experimental results are discussed in Section V. Finally,
Section VI concludes this article. The operation of the con-
verter in both SO and EO modes is validated on a laboratory
prototype.

II. TOPOLOGY AND OPERATION OF MMDC

A. Circuit Structure

The dc–dc converter consisting of two MMCs connected
in front-to-front manner is shown in Fig. 1. The ac terminals
of both the converters are connected via an intermediate ac
transformer. At a time, one converter works as an inverter and
the other as a rectifier. The structure of each converter is similar
to conventional MMC having three phase legs where each phase
leg consists of two arms. An arm consists of N series connected
half-bridge SMs each with a blocking voltage of Vdc/N .

Fig. 1. Circuit diagram of MMDC.

Fig. 2. Switching functions of Sa
u,l and main Sm

u,l switches of (a) upper,
(b) lower arm SMs, and (c) upper, lower, and phase voltage in trapezoidal
modulation.

B. Switching Function

There are two switches in a half-bridge SM; auxiliary and
main switch, as shown in Fig. 1. There are three possible
switching states of a half-bridge SM. The first state is when
the auxiliary switch is ON and the main switch is OFF, called
as ON state. The second state is when the auxiliary switch
is OFF and the main switch is ON, called as OFF state. The
third state is when both switches are OFF, called as IDLE state.
The switching functions used for trapezoidal modulation are
shown in Fig. 2. The auxiliary and main switches of n SMs
of an upper arm operate in the complimentary manner except
when the output voltage is equal to ±Vdc/2 (Vdc is used instead
of ± VdcA to present a general analysis), as during this time,
SMs of nonconducting arm remain in IDLE state. The switching
functions shown in Fig. 2 can be expressed by (1) and (2) for
different time intervals over a fundamental cycle. Similarly, the
switching expressions for a lower arm can also be written. The
secondary-side converter (converter B) also follows the same
switching sequence with a certain phase angle shift (load angle),
responsible for the power transfer

Saux
u (θ) = − θ

ωTt
+ 1 0 < θ < ωTt

= 0 ωTt < θ < π
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Fig. 3. Phase voltage transition with equivalent circuits.

=
θ − π

ωTt
π < θ < π + ωTt

= 0 π + ωTt < θ < 2π (1)

Smain
u (θ) = 1− Saux

u (θ) 0 < θ < π + ωTt

= 0 π + ωTt < θ < 2π. (2)

As observable from the switching functions explained ear-
lier, SM capacitors are inserted only when the output voltage
is changing between Vdc/2 and −Vdc/2. The detailed voltage
transition process is explained in the following section.

C. Working Principle

The working principle of a dc–dc converter operated with
trapezoidal modulation is similar to the conventional two-level
operation, as the ac terminal voltages of converter toggle be-
tween positive (Vdc/2) and negative (−Vdc/2) dc bus voltages.
However, the difference lies in the transition process between
these two voltages. Unlike the two-level converters, the transi-
tion is done in multiple intermediate voltage levels (Vdc/N ) with
the help of SMs. The time duration when phase voltage is equal
to positive (Vdc/2) dc bus voltage is called positive quasi-state.
Similarly, it is called negative quasi-state when output voltage
is equal to (−Vdc/2). The duration of phase voltage transition
between two consecutive quasi-states is called as transition
state (Vdc/2 ↔ −Vdc/2). The SMs are sequentially inserted or
bypassed to provide a smooth transition, during a transition state.
The time duration of each intermediate level is called as dwell
time (Td). The minimum limit on the dwell time is governed by
allowed dv/dt stress and switch capabilities [13].

The generalized circuit operation while output phase voltage
takes transition from negative-to-positive dc bus voltage is ex-
plained in Fig. 3 with the help of different equivalent states [see
Fig. 3(a) to (e)]. The first equivalent circuit corresponds to the
negative quasi-state, as shown in Fig. 3(a). All the upper arm
SMs are in IDLE state while the lower arm SMs are OFF during
this time. The output phase current is carried by lower arm as
upper arm SMs are in IDLE state. The transition process starts
from second equivalent circuit when all the upper arm SMs are
turned ON and lower arm SMs are still OFF, as shown in Fig. 3(b).

Fig. 4. Different circuit conduction states during SO operation.

The converter operates as per the second equivalent circuit for
a duration of dwell time (Td). After this, upper arm SMs are
sequentially tuned OFF while lower arm SMs are sequentially
tuned ON, as shown in the third equivalent circuit of Fig. 3(c). The
duration for the third equivalent state is (N − 1)Td. During this
transition, both arms share phase current along with a common
mode current, which helps in balancing arm energies. When all
the lower arm SMs are turned ON, and all the upper arm SMs
are turned OFF, phase voltage reaches positive dc bus voltage.
This is shown in the fourth equivalent circuit of Fig. 3(d). This
equivalent state remains for a duration of Td. After this, upper
arm SMs still remain OFF while all the lower arm SMs are
turned into IDLE state, as shown in the fifth equivalent circuit of
Fig. 3(e). In this manner, the output voltage transition completes
in (N + 1)Td time.

The SM capacitors conduct current only for this duration of
time, which results in low energy deviation in SM capacitors
compared to sinusoidal modulation [12]. Moreover, selection
of medium operating frequency in ac link further helps in size
reduction of SM capacitors and ac transformer and hence, the
overall size of converter reduces. The duration of transition state
differs for different applications. The trapezoidal modulation can
be categorized on the basis of transition duration as SO and EO
modes. The detailed circuit behavior of converter for SO and
EO modes is analyzed in the following section.

D. Modes of Operation

1) SO Operation: The dc–dc converters used in high-voltage
applications operate with trapezoidal modulation instead of
square wave modulation to avoid high dv/dt stress. Therefore,
the minimum duration of transition state can be chosen such that
thedv/dt rate remains within the allowable limits. If the duration
of transition state is less than one-sixth of the fundamental time
duration, i.e., less than 60o, then it is called SO operation. As
illustrated in Fig. 4, from 0o to θo0 ( θo0 = ωTt ∗ 180/π) and
180o to (180 + θ0)

o, phase-a operates in transition state. The
equivalent circuit of the converter for the first transient state
of phase-a [i.e., from 0o to θo0 , shown in Fig. 4(a)] illustrates
that both arms of phase-a are conducting while in phase-b only
lower and in phase-c only upper arm is conducting. So, in this
transition state, dc current has a path to flow through dc link
and phase-a leg, which is independent of ac side, as shown in
Fig. 4(a). However, during θo0 to 60o, all three phases are in
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Fig. 5. Different circuit conduction states during EO operation.

quasi-state; hence, there is no independent path for dc current to
flow, as shown in Fig. 4(b).

Similarly, there are total 12 different intervals of circuit con-
duction in a fundamental cycle. During six out of 12 intervals
(2, 4, 6, 8, 10, 12, see Fig. 4), all phases work in quasi-states. So,
there is no independent path for dc-link current during these six
intervals. Hence, this results in nonnegligible six pulse ripples
in dc-link current and increases dc-side filtering requirement. It
is one of the downsides of SO mode operation. Moreover, in the
transition state, common mode current flows through the upper
and lower arms of a phase, which helps in balancing the arm
energies. The short duration of overlap may create challenges in
arm energy balancing and current commutation between arms
[21]. These issues can be resolved by extending the conduction
period of MMC arms, as explained in Section III-B.

2) EO Operation: This mode of operation uses EO duration
of the upper and lower arms of a phase leg. In this operation, the
duration of transition state is more than one-sixth of fundamental
cycle, i.e., more than 60o, as shown in Fig. 5. Similar to the SO
operation, EO mode also experiences 12 different conduction
intervals over a fundamental cycle. The first interval of transition
state of phase-a is shown in Fig. 5(a). At this time, phase-a and
phase-b are working in transition state. During the first interval
of quasi-state of phase-a (interval 4), phase-c is working in
transition state, as shown in Fig. 5(b).

Similarly, there is always at least one phase leg working in
transition state during all the 12 intervals providing circulating
path for dc-link current and maintaining dc-link voltage. Hence,
in EO mode, the dc-link voltage can be maintained even without
dc-side filters. However, to filter out the ripples present in dc-link
current, a filter is required but size of this filter is less compared
to that in the SO mode of operation. Although, the EO mode
requires more energy storage in SMs as the conduction period
of SM capacitors is larger than SO mode. The harmonics content
in the transformer current in EO mode is less compared to SO
mode, which is a desirable feature at very high power levels. The
detailed analysis of effect of overlap angle on overall converter
sizing is presented in next section.

III. MATHEMATICAL MODELING AND SIZING OF THE

CONVERTER

The mathematical analysis of MMC operating in the trape-
zoidal modulation is presented in this section. The waveforms

Fig. 6. Per unit rms value of AC trapezoidal voltage.

of phase-a voltages of converter A (vaA) and referred B (v′aB) are
shown in Fig. 6. The time-varying expressions of these voltages
with respect to the dc neutral point for a half cycle can be
expressed by (3a) and (3b) and the rms values are provided
in (4a) and (4b), respectively. The variation in rms value of
ac voltage with overlap angle is illustrated in Fig. 6. The ac
voltage rms value of EO (70◦) is 0.86, which is lower than 0.96
rms value of SO (20◦) mode. Nonetheless, it is still higher than
0.707 rms value of sinusoidal modulation, which verifies the
higher power transfer capability of trapezoidal modulation than
sinusoidal modulation

vaA (θ) =
VdcA

ωTt
θ − VdcA

2
0 < θ < ωTt

=
VdcA

2
ωTt < θ < π

= −VdcA

ωTt
(θ − π) +

VdcA

2
π < θ < π + ωTt

= −VdcA

2
π + ωTt < θ < 2π

(3a)

vaB (θ) = − VdcB

2
−π + ϕ+ ωTt < θ < ϕ

=
VdcB

ωTt
(θ − ϕ)− VdcB

2
ϕ < θ < ϕ+ ωTt

=
VdcB

2
ϕ+ ωTt < θ < π + ϕ

=
VdcB

2
− VdcB

ωTt
(θ−π−ϕ) π+ϕ<θ<π+ϕ+ωTt

(3b)

VaA =
VdcA

2

√
1

π

(
π − 2ωTt

3

)
(4a)

VaB =
VdcB

2

√
1

π

(
π − 2ωTt

3

)
. (4b)

A. Transformer Voltage and Current

The dc–dc converter regulates power flow by controlling
the phase angle difference (ϕ) between the ac voltages of
the converters. The phase-a ac-side voltages measured w.r.t.



7260 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

TABLE I
ARM CURRENT IN SO MODE

TABLE II
ARM ENERGY VARIATION IN SO MODE

Fig. 7. Primary (vaA), referred secondary v′aB , and equivalent transformer
voltages (vaT ).

transformer neutral of primary (vaA) and referred secondary
(v′aB) along with the resultant voltage applied across the
transformer (vaT ) for different overlap angles are shown in
Fig. 7. The resultant transformer voltage is equal to the difference
between the primary and referred secondary voltages, as given
in the following:

vaT (θ) = vaA (θ)− v′aB (θ) . (5)

The transformer current (primary side) can be calculated
from transformer voltage, as specified in (6). As transformer
resistance is negligibly small, it is neglected while finding the
transformer current

iaA (θ) =
1

LT
∫θ0 vaT (θ) d (θ) . (6)

The expression of voltage applied across transformer varies
across the fundamental cycle and, hence, the transformer current
also varies. The transformer current is derived for a half cycle
duration for SO and EO modes. There are 12 distinct time
intervals in a half cycle, out of which only transient state intervals
are listed in Tables I and VI (in the Appendix due to space
constraint).

Fig. 8. Actual arm current (blue), existing (pink), and proposed (black) esti-
mated arm current for (a) SO and (b) EO mode of operation.

B. Arm Current, Power, and Energy

The phase output currents flow through corresponding upper
and lower arms alternatively as one of the arms is disconnected
during quasi-states. The upper arms are supposed to conduct
during the positive quasi-states and similarly lower arms conduct
during the negative quasi-states. Hence, during a transition state,
it is expected that complete phase current commutation would
take place between the arms. At the time of a transition state,
the SM capacitors are inserted in the circuit and the arm current
flows through the SM capacitors. Therefore, the arm energy
variation takes place during the transition states. The sizing
of SM capacitors is done based on the maximum arm energy
variation over a fundamental cycle. The arm energy variation
can be calculated once the arm current is determined.

For simplicity, in existing the literature, it is assumed that
whole phase current is carried by one arm during transition
state [12], [14]. However, the actual current carried by the
arm differs from the phase current, as shown for a simulated
case in Fig. 8. Thereby, this assumption may lead to inaccurate
estimation of the ESR in SMs. Additionally, the error in arm
energy estimation derived using the existing method increases as
the overlap duration increases. To evaluate arm energy variation
more accurately, detailed analysis of arm current behavior during
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Fig. 9. (a) Factors (Gu) and (Gl) for upper arm and lower arm. (b) Upper
and lower arm voltages.

a transition state is carried out. It is observed that the current
commutation between arms is almost linear. The outgoing arm
current decreases from io(θ) to zero while the incoming arm
current increases from zero to io(θ)during transition period (Tt).
Following this analysis, the upper (iuaA) and lower (ilaA)
arm currents of converter-A can be expressed as in (7a) and
(7b), respectively. These estimated arm currents are plotted in
Fig. 7(a) and (b), it is noticeable that proposed arm estima-
tion provides more accurate estimation compared to existing
methods

iuaA = GuaA iaA (7a)

ilaA = GlaA iaA. (7b)

As observed from (7a) and (7b), the arm currents iuaA and ilaA
are related with phase current iaA by the factors of GuaA

and GlaA, respectively. These factors for upper and lower arm
currents of phase-a of converter A are expressed as (8a) and
(8b), respectively, and plotted in Fig. 9. The similar calculation
is valid for other phases also considering the appropriate phase
difference

GuaA (θ) =
θ

ωTt
0 < θ < ωTt

= 1 ωTt < θ < π

= −θ − π

ωTt
+ 1 π < θ < π + ωTt

= 0 π + ωTt < θ < 2π (8a)

GlaA (θ) = − θ

ωTt
+ 1 0 < θ < ωTt

= 0 ωTt < θ < π

=
θ − π

ωTt
π < θ < π + ωTt

= 1 π + ωTt < θ < 2π. (8b)

After finding the arm current, the arm power (puaA) can be
calculated by using (9)

puaA = vuaA iuaA (9)

where (vuaA) is the upper arm voltage of phase-a of converter-A.
The instantaneous arm energy (euaA) can be obtained from

arm power, as given in (10)

euaA (θ) = ∫θθo puaA (θ) d (θ) + EuaA (θo) (10)

Fig. 10. Arm energy variation (earm) per unit of power (MW) for different
overlap angles.

where EuaA(θo) is initial value of stored energy in arm at θo.
The instantaneous energy expressions for SO and EO modes are
calculated according to (10), as expressed in Tables II and VII (in
the Appendix). The variation in arm energy occurs only during
transition state of a fundamental cycle. Hence, the arm energy
is calculated only for a transition period. If the maxima and
minima of arm energy are equal to ΔÊuaA and ΔÊuaA, then
the maximum arm energy variation over a fundamental cycle is
given by (11)

Δ Earm = Δ EuaA = ΔÊuaA −Δ
�

EuaA. (11)

The energy variations of the converter with different over-
lap angles for SO and EO modes of operation are plotted in
Fig. 10. It is observable that energy deviation increases with
increase in overlap angle as the duration of the arm current
conduction through SM capacitors increases with the overlap
angle.

C. SM Capacitor Voltage and Sizing

The arm energy deviation obtained in (11) determines the size
of SM capacitor. The size of SM capacitor for given arm energy
deviation can be calculated using (12) [22]

CSM =
αΔEarm

2NSMV 2
SMΔVSM

(12)

where NSM is number of SMs in an arm, VSM is the average
voltage of an SM, ΔVSM is the allowed per unit ripple in SM
capacitor voltage, andα is the safety factor, generally considered
as equal to 1.1.

The energy stored in SMs of a single-stage converter (i.e., six
arms) can be calculated as follows:

ESM = 6NSM
CSMV 2

SM

2
. (13)

The ESR of a converter is generally given in terms of kJ/MVA
units. Therefore, the power processed by the converter needs
to be calculated. The power processed through one converter
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Fig. 11. Per unit power transfer (Pconv) variation with overlap angle for a given
load angle.

Fig. 12. Per unit SM capacitor voltage ripple variation for different overlap.

can be derived from the output voltage and current expressions,
as given in (14) and plotted in Fig. 11. It is observed that as
overlap angle increases, the amount of power transferred for
same load angle decreases. This is due to the reduction in
rms value of the transformer voltages with increase in overlap
angle

Pconv =
3

π
∫π0 v (θ) i (θ) dθ. (14)

The second parameter associated with SMs is the SM capac-
itor voltage profile, which can be obtained after finding the SM
capacitor current. The current flowing through SM capacitors
can be derived from the arm currents, as given in (15). The SM
capacitor voltage derived from the SM capacitor current is given
in (16). The SM capacitor voltages are calculated for both the
SO and EO modes for different overlap angles, as shown in
Fig. 12. The increase in voltage ripple with the overlap angle is
observable from Fig. 12. This is due to the increment in current
conduction time of SMs

icap
uaA = (1− SuaA )iuaA (15)

vcap
uaA =

(
1

ωCSM

)
∫ icap

uaAdt. (16)

D. Arm Inductor Selection

The arm inductors are chosen to establish the current com-
mutation between upper and lower arms during an overlap
period. The voltage across the arm inductor is defined by the
difference of dc-link voltage and sum of inserted SM capacitor

Fig. 13. Arm currents for different overlap angles (triangle markers represent
the corresponding Δiarm).

voltages. Therefore, the maximum arm inductor voltage and
corresponding maximum arm inductance can be defined by (17)
and subsequently by (18)

Δ V max
Larm

= v̂dcA − Σ
�

vSM =
�

vdcA − Σv̂SM (17)

Δ V max
Larm

= Lmax
arm

Δiarm

Tt
. (18)

The average voltage across the arm inductor (VLarm ) across
overlap duration is less than the maximum voltage defined in
(18), therefore an appropriate arm inductor size can be selected
as

Larm < ΔV max
Larm

Tt

Δiarm
. (19)

It is noticeable from (19) that the arm inductance value is
proportional to overlap duration (Tt) and inversely proportional
to Δiarm. Here, Δiarm is the change in arm current value occur-
ring across the overlap duration. The arm current values plotted
in Fig. 13 illustrate that the value of Δiarm does not increase
in proportion to the overlap angle. Therefore, the required size
of arm inductor (Larm) increases with overlap angle. Hence,
different size of arm inductors is required for SO and EO
modulations.

E. DC-Link Capacitor Sizing

The dc-link capacitor can be sized once the current flowing
through dc-link capacitor is obtained. The positive dc pole
current at the converter side (idccA) is the sum of three upper
arm currents, as given in (20a). This current contains ripples
riding on the dc mean value. The dc-link capacitor is assumed
to bypass all these ripples. Hence, it is assumed that dc-link
current at the grid side (idcgA) is the mean value of dc cur-
rent at the converter side (idccA) and all the ripples (idcuA)
are by passed to the dc-link capacitor, as given in (20b).
angles

idccA = iuaA + iubA + iucA (20a)

idcuA = idcgA − idccA. (20b)

The positive dc pole current (idccA) is plotted for different
overlap angles in Fig. 14. The energy associated with the dc-link
capacitor can be calculated using (21)

edcu (t) = ∫ idcuvdcu dt. (21)
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Fig. 14. Per unit DC-link current at the converter side (idccA) for different
overlap angles.

Fig. 15. DC-link energy deviation (Edc) per unit of power (MW) for different
overlap angles.

The dc-link capacitor can be sized after finding the energy
deviation (ΔEdcu), as given in (22)

Cdcu =
βΔEdcu

2V 2
dcuΔVdcu

. (22)

Here, Vdcu is the upper dc-link capacitor voltage, ΔVdcu is
the p.u. voltage ripple, and β is the safety factor. The dc-link
capacitor is approximated by assuming that it absorbs all the
dc-link current ripples, as mentioned in (20b). The dc-link
current is determined from the approximated arm currents, as
given in (20a). To account for practical operating conditions, it
is observed that a safety factor of 1.5 is a good approximation
for both SO and EO modes.

Similar to (13), the energy stored in dc-link capacitor can be
calculated as per (23). The total dc-link energy is sum of the
energy stored in upper and lower dc-link capacitor, as given in
(24). The energy deviations of dc-link capacitor for SO and EO
modes are shown in Fig. 15

Edcu =
CdcuV

2
dcu

2
(23)

Edc = Edcu + Edcl. (24)

Fig. 16. SM, DC, and total ESR per unit of power transfer (kJ/MVA).

Fig. 17. RMS value of transformer current and mean value of arm current with
respect to overlap angle (ωTt).

The ESR per unit of power transferred, for SMs (ESM/Pconv)
and dc link (Edc/Pconv), is calculated using (13) and (24)
and plotted for different overlap angles, as shown in Fig. 16.
The values plotted in Fig. 16 are calculated for a fundamental
frequency of 250 Hz and voltage ripple of ±1%. The ESR in
SMs increases with the increment in overlap angle because the
SMs conduct the arm current for a longer time duration. On the
other side, the ESR at dc side does not change in linear manner
with overlap angle. The ESR at the dc side can be understood
by the wave shape of dc-link current shown in Fig. 14. The
ripple in dc-link current depends on the magnitude and duration
of dc current ripple. The minimum ESR at dc side occurs near
70◦–80◦ of overlap angle, as illustrated in Fig. 16. However, the
total ESR increases with the increment in overlap angle as the
major energy requirement lies in SMs.

The dc–dc specific applications require limited range of power
factor [12], [14]. Hence, it is found that the ESR of MMDC with
sinusoidal modulation is approximately equal to 22 kJ/MVA. It is
noticeable from Fig. 16 that the total ESRs of SO and EO modes
are much lesser than the sinusoidal modulation. Although, the
SM capacitor size is more in EO mode, the dc current ripples
and, hence, the size of dc-link capacitors is less than SO mode.
Thus, the EO modulation could be useful in the applications
where bulky dc-link capacitor is not desired to limit the fault
feed during dc-side faults.

F. Converter Loss Estimation

The converter ac voltages in the EO modulation contain less
harmonics content than SO modulation, as also apparent from
Fig. 17 . Therefore, the EO modulation employs comparatively
higher transformer rms current than SO modulation for a given
transferred power. Accordingly, the arm current and, hence, the
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Fig. 18. Converter losses for different values of overlap angle.

Fig. 19. Block diagram of MMDC control with trapezoidal modulation.

conduction losses also vary with a change in overlap angle. The
following analysis is carried out to explicate the dependence of
converter currents and losses on the value of overlap angle.

The losses occurring in the converter switches are governed
by the current carried by the switching devices, as given in (25)

Ploss =
6

2π
∫2π0 NSMVf iuaAdθ (25)

where NSM is the number of SMs in an arm, Vf is the forward
voltage drop across a switch, and iuaA is the upper arm current of
phase-a. NSM and Vf are decided at the design stage based on
the converter application. It is evident from (25) that the conduc-
tion losses of the converter depend on the average/mean value
of the arm current, which itself depends on the overlap angle
value, as illustrated in Fig. 17. The rms value of the transformer
current is also plotted in Fig. 17 for a comparison purpose. It is
noticeable that the increment in the mean value of arm current is
less than the increment in the rms value of transformer current for
a constant power throughput. An increment of 4.2% in the mean
value of arm current was observed from SO to EO modulation, as
shown in Fig. 17. Thus, the losses presented in (25) also increase
by 4.2% in EO modulation compared to the SO modulation.

The losses occurring in the MMDC for the simulation case
presented in the manuscript ( Pconv = 15 MW) are analyzed by
using (25) and plotted in Fig. 18. It is observed from Fig. 18 that
the converter loss increases with an increment in overlap angle,
which is consistent with the aforementioned explanation. How-
ever, it is also noticeable that the increment in the conduction
losses in EO mode is not very significant.

IV. SIMULATION RESULTS

The MMDC operated with trapezoidal modulation is simu-
lated to validate the working principle of converter in SO and EO
modulation schemes. The circuit diagram of simulated system is
shown in Fig. 1. The simulations are done in PSCAD/EMTDC.

TABLE III
SIMULATION PARAMETERS FOR SO

TABLE IV
SIMULATION PARAMETERS FOR EO

The circuit consists of two MMCs connected in front-to-front
manner with an ac transformer in intermediate ac link. The dc
sides of MMCs are connected to their respective dc sources. The
internal ac stage is represented by an ac transformer with 10%
impedance. The SMs are utilized to achieve smooth transition
in output voltage from one dc pole voltage to another.

An overview of converter control is explained by the block
diagram shown in Fig. 19. A harmonic oscillator is used to
generate the reference angle (θ) since there is no ac grid reference
available for the dc–dc converters. This reference angle is di-
rectly sent to the arm reference generation blocks of converter-A.
The reference angle of converter-B is generated using a power
controller similar to the control scheme discussed in [13]. The
power controller calculates the dc-link current reference using
the reference power and respective dc-link voltage, followed
by a rate of change limiter. A look table is produced based
on the required overlap angle value (ωTt). The arm reference
generator blocks use these look tables and generate the switching
functions of the arms. These switching functions are used by
the sorting and selection program to produce the final insertion
indices of upper (nuA) and lower (nuB) arms of converter-A
and converter-B. The simulation result employing these control
steps for trapezoidal modulation is discussed below.
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Fig. 20. Simulation results in SO mode of operation: (a) DC-link voltage,
(b) DC-link currents, (c) phase voltages, (d) phase currents, (e) arm currents,
and (f) SM capacitor voltages.

A. SO Mode

The MMDC working in SO mode is simulated in this section.
The simulation parameters are listed in Table III. The simulation
results are shown in Fig. 20. The dc-link voltage measured before
dc filter contains 6n ripples, as shown in Fig. 20(a). Similarly, the
dc-link currents before (IdcA) and after the dc-link filter (IdccA)
are illustrated in Fig. 20(b). Apparently, the ripples present in
IdccA are significant, which require dedicated filtering. The
ripple in filtered dc-link current is maintained well within the
limit by using dc-side filters. The voltages of both the dc links are
almost ripple free, as shown in Fig. 20(a). Similarly, the dc-link
currents are also constant, as shown in Fig. 20(b). The ripple
in dc-link voltages and currents is maintained well within the
limit by using the dc-side filters. The trapezoidal output voltages
of phase-a of both the converters measured with respect to the
midpoint of respective dc link are shown in Fig. 20(c). The power
is getting transferred from converter A to B and the required
phase difference between these voltages (ϕ) is determined using
(14).

It is observed from the phase voltage waveforms that transition
between two quasi-states is done with a controlled slope. The
transition or overlap duration is chosen at 15 ◦ (less than 60◦) as
it is the SO mode operation. The output currents of phase-a of
both the converters are shown in Fig. 20(d). The upper and lower

Fig. 21. Simulation results in EO mode of operation: (a) DC-link voltage, (b)
DC-link current, (c) phase voltages, (d) phase currents, (e) arm currents, and (f)
SM capacitor voltages.

arm currents of phase-a of converter-A are shown in Fig. 20(e).
The wave shape of arm currents is consistent with the analysis
presented in the previous section. The reduced switching sorting
and selection method are used for less computational burden and
faster simulation. In this method, the SMs are sorted and selected
only when there is a change in output level rather than at every
sample period. The SM capacitor voltages of upper arm of phase-
a of primary converter are shown in Fig. 20(f). It is observed
that the SM capacitor voltages are very well maintained around
their mean value. The calculated and simulated peak-to-peak
SM voltage ripple is around 0.6%, which validates the accuracy
of the analysis presented in this article.

B. EO Mode

The dc–dc converter structure is simulated in the EO mode
with the parameters given in Table IV. In the EO mode, the
overlap duration could be chosen as any value greater than 60◦.
Therefore, the overlap duration for the simulation is kept at 70◦,
where dc-link ripples are low. The simulation results are pre-
sented in Fig. 21. The converter is operated without dc-link
filter and it is noticeable that the dc-link voltage and current
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Fig. 22. Simulation results in SO mode of operation: (a) DC-link power,
(b) phase currents, and (c) SM capacitor voltages.

are maintained constant, as shown in Fig. 21(a) and (b). Thus,
the analysis presented in previous section regarding low dc-link
ripple in EO mode is verified with simulation results. The
phase-a voltages of both the converters with respect to their
dc-link neutral are shown in Fig. 21(c). The phase difference
between these voltages is determined using (14), to transfer 15
MW of power. The extended duration of overlap can be observed
from the phase voltage waveforms.

The phase-a output current is shown in Fig. 21(d). The
wave shape of currents tends more toward sinusoidal shape
as compared to SO mode. This is due to the decrement in
harmonic components in phase voltages, as harmonics decrease
with increase in overlap angle. The upper and lower arm currents
are shown in Fig. 21(e). The SM capacitor voltages are shown
in Fig. 21(f), which are balanced by reduced switching sorting
method. The calculated and simulated SM voltage ripples are
around 0.6% and 0.7% of average value, which validates the
accuracy of presented analysis.

C. Closed-Loop Control of SO and EO Modes

The closed-loop control illustrated in Fig. 19 is implemented
for both the simulation cases of SO and EO modes. The re-
sults obtained for the SO modulation case are illustrated in
Fig. 22. Three different power set points are tested in the
simulation run. Initially, the converter is transmitting 15 MW
of power, as shown in Fig. 22(a). The first transition is exercised
at 0.2 s by reducing the power set point from 15 to 5 MW. The
second transition is exercised at 0.4 s by again ramping up the
power transfer from 5 to 10 MW. The phase currents and their
zoomed views illustrating the current envelope during transition
periods are illustrated in Fig. 22(b). The dc-link voltages are
held constant during both the transitions with the help of dc-link
capacitors. The similar transition studies as of the SO mode are

Fig. 23. Simulation results in EO mode of operation: (a) DC-link power, (b)
phase currents, and (c) SM capacitor voltages.

Fig. 24. Percentage harmonic spectrum of transformer/AC current (IaA)
normalized against the fundamental component in EO and SO operations.

employed for the EO mode as well, and the results are presented
in Fig. 23. It is conspicuous from Fig. 23 that the converter
effectively follows the reference power command. The dc-link
voltage ripple depends proportionally on the converter’s power
throughput. However, it is well maintained around the mean
value throughout the simulation run without using the dc-link
capacitors, as evident from Fig. 23(c).

D. Harmonic Analysis and Comparison

The total harmonic distortion (THD) and harmonic spectrum
analysis of the transformer current are carried out to compare
the harmonics content of SO and EO modes. It was observed
that the harmonic content imposed on the transformer voltage
decreases with increment in overlap angle. This phenomenon is
noticeable from the harmonic spectrum of transformer current
presented in Fig. 24. The THD of phase current in SO mode
is approximately equal to 24%, which is significantly higher
than the typical ac gird-tied applications. On the other hand, the
THD of the phase current in EO mode is equal to 4.3%, which is
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Fig. 25. Percentage harmonic spectrum of DC-link current normalized against
the average/DC component in EO and SO operations.

Fig. 26. Three-phase MMC hardware setup.

of the similar order as of sinusoidal modulation. Therefore, the
conventional coupling transformer design used for the sinusoidal
modulation could also be adopted for the MMC operated with
EO modulation scheme, which may not be consistent with the
SO mode.

The harmonic spectrum of the dc-link current without dc-side
filter is also studied and the results are presented in Fig. 25
. This study is carried out to substantiate the need of dc-link
filter in SO mode and to support the analysis presented in
Section II-D. It is apparent that the magnitudes of harmonics
content present in SO modulation are higher compared to the EO
modulation. In the EO modulation, at least one of the phase-legs
works in the transition state, providing the filtering path for
the dc-link current. On the other hand, in SO modulation, six
out of total 12 conduction states has no phase-leg working in a
transition state, as illustrated in Figs. 4 and 5. Therefore, during
these states, the dc-link current has no independent path and
has to flow through the ac side resulting in significant dc-link
ripples. Likewise, in the SO modulation, the ac voltages and
currents of the converter contain more harmonics content than
EO modulation. Consequently, these harmonics content reflect at
the dc side as well, resulting in a polluted dc-link current profile.
It is observed that the EO modulation experiences around 3.6%
ripple in the dc-link current. This small amount of ripple can be
filtered by the dc transmission lines or by using small dc-link
capacitors. However, in the SO modulation, the dc-link current
experiences a significant ripple amount of 28%. Apparently,

TABLE V
HARDWARE PARAMETERS

Fig. 27. Hardware results for step load change (50 to 100 Ω) in SO mode of
operation: (a) Output voltages, (b) upper and lower arm voltages of phase-a, (c)
upper arm currents, (d) output currents, (e) DC-link voltage, (f) DC-link current,
and (g) SM capacitor voltages. Time base is 2 ms/div.

dedicated dc-link filter is required to filter out these ripples and
to maintain a constant dc-link current profile flowing through
the transmission line.

V. EXPERIMENTAL VERIFICATION

A three-phase seven-level laboratory prototype of MMC is
built to verify the operation of MMC with both SO and EO modes
of trapezoidal modulation for different loading conditions. The
developed prototype is shown in Fig. 26 and key parameters are
listed in Table V. The three-phase setup is controlled by a master
controller and three dedicated slave controllers, one for each
phase. The TMS320F28335 digital signal controller is used as a
master controller while three separate field-programmable gate
arrays are used to implement sorting control for three phases.

The hardware results obtained for the SO mode of oper-
ation are shown in Fig. 27. The seven-level output voltages
with 15 ◦ overlap angle are shown in Fig. 27(a). The seven-
level trapezoidal upper and lower arm voltages are presented
in Fig. 27(b). The three-phase arm and output currents with
different loading conditions are shown in Fig. 27(c) and (d).
The output and arm current envelops follow a similar wave
shape, as illustrated in simulation results. The dc-link voltage
and current are shown in Fig. 27(e) and (f). As the load changes
from 50 to 100 Ω at a time instance ta, the magnitudes of all
converter currents decrease. The dc-link current contains six
pulse ripples due to the trapezoidal modulation, as shown in
Fig. 27(f). An arbitrary upper and lower arm capacitor voltages
are shown in Fig. 27(g), which are balanced by sorting and
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Fig. 28. Hardware results for step load change (50 to 100 Ω) in EO mode of
operation: (a) Output voltages, (b) upper and lower arm voltages of phase-a, (c)
upper arm currents, (d) output currents, (e) DC-link voltage, (f) DC-link current,
and (g) SM capacitor voltages. Time base is 2 ms/div.

selection technique. Here, the capacitors used in the setup are
obtained from off-the-shelf SM stacks, which are oversized.
The experiment is conducted to verify the basic operating prin-
cipal of converter in trapezoidal modulation and the obtained
results match with the simulation and analysis presented in this
article.

The developed hardware prototype is also tested for the EO
mode of operation with different loading conditions and the
results are presented in Fig. 28. The three-phase output voltages,
upper and lower arm voltages are shown in Fig. 28(a) and (b),
respectively. The overlap angle for the trapezoidal modulation
is selected as 70◦. The harmonic components present in output
voltages are less compared to that in the SO mode. The upper
and lower arm currents of phase-a are shown in Fig. 28(c)
and three-phase output currents shown in Fig. 28(d). The ac
currents are further smoothened by the coupling transformer.
Hence, the harmonic components carried by the transformer
are less compared to that in the SO mode. The loading of
the converter is changed at time instance tb, the change in
magnitude of output current and arm currents can be noticed
in Fig. 28(c) and (d). The dc-link voltage and current are shown
in Fig. 28(e) and (f). The SM capacitor voltages of an upper and
lower arm of phase-a are plotted in Fig. 28(g). Here, the basic
experimental studies were conducted to observe the converter
operation for different overlap angles and the results presented
in Figs. 27 and 28 verify the satisfactory operation of the
converter for both SO and EO modes with different loading
conditions.

The hardware results presented in Fig. 29 illustrate the tran-
sient operation of MMC from SO to EO mode by changing the
overlap angle from 15◦ to 70◦ at a time instant tc. The change
in overlap angle is observable in the three-phase output voltages
and arm voltages, as shown in Fig. 29(a). As discussed earlier,
the harmonic components in the output voltage decrease with
increment in overlap angle, which is also replicated in arm and
output currents, as shown in Fig. 29(c) and (d). The output
current is carried by the upper arm in the positive half cycle
and by the lower arm in the negative half cycle, as explained
earlier in the working principle of the converter operation. The
dc-link voltage and current are shown in Fig. 29(e) and (f). The

Fig. 29. Hardware results during transition from SO to EO mode: (a) Output
voltages, (b) upper and lower arm voltages of phase-a, (c) upper arm currents, (d)
output currents, (e) DC-link voltage, (f) DC-link current, and (g) SM capacitor
voltages. Time base is 2 ms/div.

dc-link current ripple decreases slightly in EO mode compared
to SO mode, as shown in Fig. 29(f). The balanced SM capacitor
voltages are illustrated in Fig. 29(g). Thus, it can be concluded
that the presented experimental results validate the converter
operation in both the SO and EO trapezoidal modulation. It was
observed that the harmonic content in ac currents and dc-link
current reduces in EO mode. Finally, all the experimental wave
shapes are in decent accord with the simulation and analytical
results.

VI. CONCLUSION

The MMC working with trapezoidal modulation was ana-
lyzed and discussed in this article. The converter behavior in
SO and EO modes of operation was explained. A generalized
mathematical analysis considering the trapezoidal modulation
was presented. An arm current estimation is presented to ac-
curately derive the arm energy deviation. The key converter
parameters, such as transformer current, arm current, power
flow, and SM capacitor voltage, were derived and illustrated
for different operating conditions. The trapezoidal modulation
of multilevel converters is finding application in other converter
structures also and hence, the analysis presented in this work
can also be adopted for other converters. The operation in
trapezoidal modulation reduces the energy storage burden on the
SM capacitors compared to that with the sinusoidal modulation.
However, this is achieved at a cost of additional dc-link filter.
The distribution of ESR between SMs and the dc-link filter varies
with the change in overlap angle. The estimation of ESR in SMs
and dc-link capacitor for different overlap angles was derived
in this work. The mitigation of dc-link filter by the proposed
EO mode was analyzed and verified by simulation results. The
simulation studies of MMC-based dc–dc converter, including
harmonic analysis, were presented, which are in agreement with
the proposed mathematical analysis. An experimental setup was
also developed and the operation of MMC with both the SO and
EO modes was verified.

APPENDIX

See Tables VI and VII.
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TABLE VI
ARM CURRENT IN EO MODE

TABLE VII
ARM ENERGY VARIATION IN EO MODE
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