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Abstract—This article offers an in-depth analysis of the hybrid
modular multilevel converter (MMC) working steadily under boost
ac mode and proposes an improved capacitance design approach
reducing its overall capacitance without affecting the performance.
This enables more cost-effective and space-efficient applications
of hybrid MMC in distribution networks. First, considering the
uneven energy distributions, an analytical model is established
to estimate the nonlinear capacitor energy variations of the two
different types of submodules in the hybrid MMC with higher
simplicity and adaptability. It quantitatively reveals that different
energy variations have inherently occurred between the two types
of submodules in the hybrid MMC under boost ac mode. Second, by
fully utilizing this characteristic, the submodule capacitances are
designed separately to avoid unnecessary oversize and minimize
the overall capacitance. Based on a comprehensive evaluation of
the proposed design, the overall capacitance of the hybrid MMC
can be reduced by at least 36% compared with the existing method.
Moreover, the proposed design has much lower power losses when
the same capacitance is fulfilled by full-bridge MMC. Finally, the
effectiveness of the proposed method is validated both by simula-
tions and experiments.

Index Terms—Boost ac mode, capacitance design, energy
variations, hybrid modular multilevel converter (MMC).

I. INTRODUCTION

THANKS to the excellent modularity and scalability, modu-
lar multilevel converters (MMCs) are highly recommended

for grid modernization, e.g., high-voltage direct current [1], [2].
However, the high costs and bulky volumes of the conventional
MMC hinder their potential for wider applications, especially
for medium-voltage distribution networks.

To explore whether the MMC has any untapped potential,
a revisit of its fundamentals is necessary. As shown in Fig. 1,
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the MMC has two most typical submodules (SMs), namely the
half-bridge SM (HBSM) and the full-bridge SM (FBSM). The
systems composed of either type of SM are called HB-MMC
and FB-MMC, respectively, whereas a mixture of the two SMs
forms a hybrid MMC. In existing studies, the applications of the
MMC are dominated by the HB-MMC and the buck ac mode
operation, namely, the ac voltage amplitude does not exceed half
of the dc voltage (i.e., Uac ≤ Udc/2) [3], [4]. This working mode
is inherently limited by the hardware of the HBSM, where ensur-
ing Uac ≤ Udc/2 can achieve a high-quality ac voltage without
distortions [5]. In the following, the FB-MMC and hybrid MMC
still follow the buck ac mode operation, where the inclusion of
the FBSMs only considers dc fault protection [6]. However, the
MMC with the integration of FBSMs can break through the buck
ac mode and work under the boost ac mode, namelyUac > Udc/2
or the modulation index is larger than one [7], [8]. This feasible
operating range has not been given sufficient discussion for a
long time, but it has the potential to address some limitations
and extend the application ranges of the MMC.

Some literature have already mentioned the great potential
of the boost ac mode in the applications, such as distribution
networks and power generation. Specifically, the boost ac mode
allows the MMC to directly connect to the medium-voltage ac
(MVAC) grid without bulky line frequency transformers (LFT),
as shown in Fig. 2. The low-voltage dc (LVDC) terminals can
be either various dc loads, i.e., electric vehicle (EV) charger
and power-to-hydrogen, or dc sources, i.e., storage system [9],
[10], [11], whose power integration into the MVAC networks are
realized by the hybrid MMC-based system. The hybrid MMC
is directly connected with the MVAC grid, and the medium-
voltage dc (MVDC) side is cascaded by dc/dc converters, where
the high-frequency transformers (HFT) or medium-frequency
transformers (MFT) fulfill the isolation between the medium-
and low-voltage sides. By the boost ac mode of the hybrid
MMC, the MVDC voltage can be reduced so that the number
of cascaded dc/dc converters is reduced to achieve lower cost
and complexity of the overall grid-connected system. Nakanishi
et al. [10] utilized the boost ac mode of the MMC to connect a
6.6 kV power grid to a microgrid system. By removing the LFT,
the overall volume of the MMC is reduced by 90%. Meanwhile,
Camurca et al. [11] proposed a new concept of using the boost
ac mode of the MMC to form fast EV charging infrastructures,
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Fig. 1. Different working modes of three types of MMCs. The HB-MMC, FB-MMC, and hybrid MMC all can work under the buck ac mode. Only the hybrid
MMC and FB-MMC are able to work under the boost ac mode. Hybridization ratio: Ratio of the number of FBSMs over the total number of SMs in an arm.

Fig. 2. Grid-connected system based on MMC under AC mode.

which enables the advantages of higher power density, higher
reliability, and simpler structures. However, all aforementioned
studies discuss the boost ac mode based on the FB-MMC only.
The potential application of the hybrid MMC is not given enough
attention.

Compared with FB-MMC, the hybrid MMC has more advan-
tages to realize the boost ac mode, such as fewer FBSMs, lower
costs, and lower power losses [12], [13], [14], [15]. However,
due to the different voltage outputs of the HBSM and FBSM
under the boost ac mode, their energy distributions have inherent
differences and nonlinearity [16]. This limitation does not exist
for the hybrid MMC working under the traditional buck ac mode
because two types of SMs work identically. Whereas, when
working under the boost ac mode, the FBSM must output both
positive and negative voltage while the HBSM only outputs pos-
itive voltage. Neglecting this characteristic and directly applying
the capacitor design methods developed from the traditional
buck ac mode are prone to causing overdesign. Therefore, to
better design the SM capacitance of the hybrid MMC under
the boost ac mode, further investigations are necessary to fully
understand the mechanism of this special working mode.

Basically, there are three intertwined problems worth noticing
and to be solved. First, the hybridization ratio, which is the ratio
of the number of FBSMs over the total number of SMs in an

arm, affects the energy distributions between the two types of
SMs. Currently, the hybridization ratio of the hybrid MMC is
mainly determined by dc fault blocking requirement [8], [12].
However, considering the aforementioned distribution network
and EV charging applications with relatively low dc voltages,
a dc breaker is possibly a more efficient solution with lower
power losses. This means that the dc fault blocking may not be
a dominant factor to select the hybridization ratio. More factors,
such as the required boost ac voltage and the voltage balancing
between the HBSMs and the FBSMs, should be considered,
which requires a revisit of the hybridization ratio of the hybrid
MMC.

Second, the two different types of SMs in the hybrid MMC
have uneven energy distribution under the boost ac mode.
Specifically, the FBSMs must output both positive and negative
voltage, whereas the HBSMs only output positive voltage [17].
This nonlinear operating mode makes it more difficult to esti-
mate their energy variations. For simplification, Zhao et al. [18]
assumed that all energy variations were carried by the FBSMs,
however, this oversimplification caused an unexpected overde-
sign. To reduce the overdesign, several researchers assume that
the energy variations are evenly distributed between HBSM
and FBSM [12], [19], [20], which is correct for the traditional
buck ac mode but essentially limited for the boost ac mode.
As a result, their proposed methods seem to be errorless when
applied to a hybrid MMC under low modulation index and
high hybridization ratio, but the error becomes notable when
the modulation index is high or the hybridization ratio is low.
To address this challenge, Lin et al. [21] proposed a piecewise
analysis, which dedicatedly divides the working period into
four intervals. However, the given calculation process relies
on the accurate location of a converging point, i.e., a specific
time when the HBSM and FBSM capacitor voltages become
equal. Considering the varied operating conditions, the accurate
converging point positioning is substantially difficult and not
clarified in [21] yet. Meanwhile, additional assumptions were
made in [21] on the premise that the hybridization ratio is higher
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than 0.667, which limits its applications in the entire hybridiza-
tion ratio range. Besides, above all these studies of hybrid MMC,
the HBSM capacitor energy variations are neglected without
clear clarification. Therefore, considering the aforementioned
limitations in terms of overdesign, narrowed applicable range,
complex use, and incomplete analysis, further investigation is
important to better estimate the SM capacitor energy variations
of the hybrid MMC under the boost ac mode.

Third, due to the lack of theoretical understanding of the
capacitor energy variations, the HBSM is often designed with
identical capacitance to the FBSM for the hybrid MMC under
the boost ac mode [12], [17], [18], [21]. This design principle is
correct for the conventional buck ac mode, but it is questionable
under the boost ac mode because the FBSM and the HBSM
have inherently different energy variations. Therefore, based on
the revealed characteristics of the hybrid MMC under boost
ac mode, the capacitance design of the HBSM and FBSM
capacitors requires reconsideration and improvements.

By addressing the aforementioned three challenges, this arti-
cle proposes to utilize a hybrid MMC working under the boost ac
mode to achieve a more compact and low-cost solution, which
helps to extend the applications of the MMC. The contributions
of this article are threefold.

1) A revisit of the hybridization ratio of the hybrid MMC
is established, which more generally considers the three
demands under the boost ac mode: the required negative
output voltage, the dc fault blocking, and the voltage
balancing.

2) An improved piecewise approach is proposed to estimate
the nonlinear energy variations of the FBSM and HBSM
capacitors, which are revealed to be inherently different
when the hybrid MMC operates under the boost ac mode.
Compared with the existing studies, the established analyt-
ical model acquires higher simplicity and accuracy with-
out requiring the accurate coordinate of the converging
point, and it is valid for a wider range of hybridization
ratios.

3) By fully utilizing the inherently uneven energy variations,
this article proposes to design the capacitance for the
two types of SMs separately. Compared with the existing
method, the proposed method reduces at least 36% of
overall capacitance without degrading the performance.
The proposed concept has a better efficiency as well.

II. HYBRID MMC UNDER BOOST AC MODE

A. Basic Operation

Fig. 3 shows the configuration of the three-phase hybrid
MMC. It has six arms, and each arm consists of an arm inductor
Ls and N SMs, including NH HBSMs and NF FBSMs. CH

and CF are their corresponding capacitance, and uH and uF

are their corresponding capacitor voltage. The HBSM can only
output two nonnegative voltage levels, i.e., 0 and +UC , and the
FBSM can output three bipolar voltage levels, i.e., 0, +UC , and
−UC . UC is the nominal voltage of both HBSM and FBSM
capacitors.

Fig. 3. Three-phase hybrid MMC. Each arm is cascaded by an arm inductor
Ls, NH HBSMs, and NF FBSMs. (HBSM: Half-bridge SM. FBSM: Full-
bridge SM.)

The ratio of the number of the FBSMs is defined as the
hybridization ratio, which is given by

h = NF /N. (1)

This ratio plays a critical role in the hybrid MMC performance
and will be further discussed in the next part.

Meanwhile, the modulation index is defined as

m = Uac/(Udc/2). (2)

Whenm ≤ 1, the MMC works under the buck ac mode, in which
the FBSM and HBSM work identically. Instead, when the ac
voltage amplitude is larger than half of the dc voltage withUac >
Udc/2, namely m > 1, the hybrid MMC works under the boost
ac mode.

Considering the hybrid MMC working in an inverter mode,
the upper arm voltage and current in phase a are expressed as

{
uap = Udc

2 − Uac sin(ωt)

iap = Idc
3 + Iac

2 sin(ωt+ ϕ)
(3)

where uap and iap are the upper arm voltage and current, respec-
tively. Idc and Iac are the dc current and ac current amplitude.
Udc and Uac are the dc voltage and ac voltage amplitude. ϕ is the
power factor angle. ω is the fundamental angular frequency.

The total number of SMs should support the peak arm voltage,
which is expressed as

N = max (uap)/UC = (Uac + Udc/2)/UC . (4)

The typical waveforms of the arm voltage and current of a hybrid
MMC working under the boost ac mode are shown in Fig. 4.
The FBSMs output negative voltage to extend the arm voltage
into a negative part, which helps the hybrid MMC to have a
higher ac voltage. The waveforms have four zero-crossing points
t1(t2) and t3(t4), which mark the zero-crossing instants of the
arm voltage and current in each cycle, respectively. They are
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Fig. 4. Arm voltage and current of hybrid MMC under boost AC mode.

expressed as⎧⎪⎪⎨
⎪⎪⎩
ωt1 = arcsin (1/m)
ωt2 = π − arcsin (1/m)
ωt3 = arcsin (m · cosϕ/2)− ϕ+ π
ωt4 = 2π − arcsin (m · cosϕ/2)− ϕ.

(5)

With these zero-crossing points, the fundamental period can be
divided into four intervals. The corresponding energy variations
of the SMs are also divided into four intervals, where ΔEF1,
ΔEF2, ΔEF3, and ΔEF4 are for the FBSMs, whereas ΔEH1,
ΔEH2, ΔEH3, and ΔEH4 are for the HBSMs. The four inter-
vals are introduced as follows.

1) [t1, t2]: The FBSMs output negative voltage to extend the
arm voltage below zero. Here, the number of FBSMs must be
able to support the maximum negative value of the arm voltage,
which is

NF,neg =
|min (uap)|

UC
=

Uac − Udc/2

UC
. (6)

Meanwhile, the HBSMs are all bypassed within [t1, t2], and
the FBSM capacitors are discharged. As a result, the FBSM
capacitor voltage uF and the HBSM capacitor voltage uH have
at uF < uH at t2.

2) [t2, t3]: Both the arm voltage and current are positive, so
the SMs with lower voltages will be inserted in a higher priority
to achieve the balancing of the capacitor voltages. BecauseuF <
uH at t2, the FBSMs should be inserted and charged first at the
beginning of [t2, t3]. When all the FBSMs are inserted achieving
UFm = UCNF , a virtual time point tF1 is defined as ωtF1 =
π − arcsin(1/m− h(m+ 1)/m).

3) [t3, t4]: Due to the negative arm current within this pe-
riod, the SMs with higher capacitor voltage should be inserted
in higher priority for the capacitor voltage balancing.

4) [t4, t5]: This interval is similar to [t2, t3] with ωtF2 =
arcsin(1/m− h(m+ 1)/m). The rest is not repeated.

In a summary, the FBSMs are working during the entire
period, whereas the HBSMs can only work within [t2, t5]. This
difference leads to uneven energy distributions between the

two types of SMs and the nonlinearity of the capacitor energy
variations.

B. Impact Factors of Hybridization Ratio

In existing work, the hybridization ratio of the MMC is only
determined by the required dc fault blocking, which is typically
a high ratio [18]. However, considering the application of the
distribution network, e.g., the EV charging station [11], dc fault
blocking might be not mandatory. The short dc cables have
much lower possibilities of point-to-point short circuit faults.
Moreover, the existing dc breaker might be more cost effective
and efficient for the lower dc bus voltage in this case. Thus,
a more general hybridization ratio is studied here. It considers
not only the fault protection but also the impact of the required
negative output of the arm voltage and the capacitor voltage
balancing.

First, considering the conventional dc faults blocking, the
corresponding hybridization ratio hdcf is expressed as

hdcf =
(√

3m
)
/(2 (m+ 1)) (7)

which is determined by the minimum required number of FB-
SMs for the dc fault blocking capability [18].

Next, under the boost ac mode of the hybrid MMC, a more
critical requirement is to maintain the voltage balancing between
the HBSM and the FBSM capacitors, which requires that the
SM capacitor voltage varies stably around the nominal value.
According to the imbalance mechanism of the capacitor energy
in [6], the prerequisite of the voltage balancing should satisfy

2

∫ t3

tF1

((uap −NFUC) · iap) dt

= −
∫ t4

t3

((N −NF )UC · i) dt (8)

which ensures the zero net energy increase of the HBSM or
FBSM capacitors during one fundamental period.

Submitting into (1), a hybridization ratio hbal for voltage
balancing is obtained as

2

∫ t3

tF1

(∣∣∣∣1−m sin (ωt)

1 +m
− hbal

∣∣∣∣ · (m− 2 sin (ωt))

)
dt

+(1− hbal)

∫ t4

t3

(m− 2 sin (ωt))dt = 0. (9)

Last, combining (1) and (6), the corresponding hybridization
ratio hneg for the negative output capability is obtained as

hneg = (m− 1)/(m+ 1). (10)

In a summary, the three hybridization ratios hdcf, hbal, and
hneg represent three different requirements of the hybrid MMC
under the boost ac mode. Their relationship is shown in Fig. 5.
Generally, the required negative voltage capability is the weakest
constraint. Whenm < 1.4, the requirement of voltage balancing
is almost identical to that of the negative output, but then in-
creases rapidly under m > 1.4, even exceeding the requirement
of dc fault blocking. In practice, the hybridization ratio should be



14922 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

Fig. 5. Hybridization ratios for different operating requirements. (hneg: nega-
tive voltage output. hdcf: DC fault blocking. hbal: voltage balancing.)

selected according to Fig. 5 based on different operating require-
ments. Compared with the existing literature only considering
the hybridization ratio of h ≥ hdcf, the following analysis in
this article will cover a wider range of hybridization ratios, i.e.,
h ≥ hbal.

III. PROPOSED METHOD TO ESTIMATE CAPACITOR ENERGY

VARIATIONS BY AN IMPROVED PIECEWISE APPROACH

Generally, the accurate calculation of energy variations over
an entire fundamental period is a prerequisite for sizing ca-
pacitance, but it is complicated for the hybrid MMC working
under the boost ac mode. Apart from the aforementioned uneven
energy distributions and nonlinearity of the capacitor energy
variations, an additional converging point exists for the hybrid
MMC under the boost ac mode. As shown in Fig. 6, the converg-
ing point indicates the time that uF and uH become equal within
a fundamental cycle, which is varied under different conditions
and can be categorized into three different cases. To obtain
accurate energy variations, Lin et al. [21] discussed the three
different cases where each case is divided into four intervals.
While this method is dedicated, there are still two remaining
issues. First, the intensive categories under three different cases
are complicated for engineering. Second, obtaining the accurate
position of the converging point is substantially difficult, which
is not only related to the operational conditions but also the
sorting algorithm for balancing. Although the converging point
is the prerequisite of determining the categories and calculating
the energy variations in [21], its exact location has not been
sufficiently elaborated.

Since it is difficult to calculate the unified energy variations
over a whole fundamental cycle, this article takes the viewpoint
that the maximum capacitor energy variations are enough to
size the proper capacitance of the two types of SMs. Moreover,
in contrast to obtaining the accurate location of the converging
point, this article proposes to distinguish the three different cases
simply and directly by comparing the derived energy variations.
The entire method is named as an improved piecewise approach,
which is introduced as follows.

A. Obtaining Maximum Energy Variation Instead of
Calculating the Unified Energy Variation Across Entire Period

First, according to the four different time intervals and the
corresponding energy fluctuations in Section II, the maximum
energy variation of the FBSMs ΔEF is expressed as

ΔEF = max
( |ΔEF1| , |ΔEF2| , |ΔEF3|

)
(11)

where ΔEF4 is ignored since the maximum energy variation
always has |ΔEF2| ≥ |ΔEF4| [21]. Similarly, the HBSMs have
only one discharging interval [t3, t4] in each fundamental cycle,
which determines the maximum energy variation. Thus, the
HBSM capacitor energy variation is expressed as

ΔEH = max (|ΔEH3|) . (12)

By this way, the original problem of calculating the energy
variations over a fundamental cycle is simplified into the calcu-
lation of four discrete energy variations, namely, ΔEF1, ΔEF2,
ΔEF3, and ΔEH3 and finding their maximum values.

Taking case 1 in Fig. 6(a) as an example. The FBSMs un-
dertake all the negative arm voltage during [t1, t2], while all
the HBSMs are bypassed. Then, the energy variation is only
distributed into FBSMs and ΔEF1 is expressed as

ΔEF1 =
1

NF

∫ t2

t1

(uap · iap) dt. (13)

Next, the energy variations during [t2, t3] are affected by the
converging point tc. In the existing method, a piecewise method
is implemented to obtain the energy variations of [t2, tc] and
[tc, t3], respectively. However, obtaining the accurate location of
the tc is substantially difficult. To address this issue, this article
proposes to utilize the energy balancing feature to obtain ΔEF1

indirectly. Specifically, the FBSM capacitors must have zero
energy increase during [t1, t5] for a hybrid MMC with voltage
balancing, the energy variation of the FBSMs during [t2, t3] is
thus obtained indirectly as

ΔEF2 = −ΔEF1 −ΔEF3 −ΔEF4. (14)

This method avoids the need for the precise calculation of tc.
Moreover, due to the capacitor voltages having uH = uF after
tc, the energy variations of the FBSMs during [t3, t5] can be
easily obtained as

ΔEF3 +ΔEF4 =
1

N

∫ t5

t3

(uap · iap) dt. (15)

Substituting (13) and (15) into (14), ΔEF2 is thus derived as

ΔEF2 = − 1

N

∫ t2

t1

(uapiap) dt− 1

N

∫ t5

t3

(uapiap) dt. (16)

In addition, the arm energy variations are evenly distributed
among each SM during [t3, t4]. The energy variations of the
HBSM and FBSM capacitors are thus given by

ΔEF3 = ΔEH3 =
1

N

∫ t4

t3

(uapiap) dt. (17)

By this method, the four required energy variations of case 1
are obtained. The required estimations of cases 2 and 3 can
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Fig. 6. Three cases with different locations of the converging point tc. (a) Case 1: t2 < tc ≤ t3. (b) Case 2: t3 < tc ≤ t4. (c) Case 3: t4 < tc ≤ t5. uH and
uF are the HBSM and FBSM capacitor voltages, respectively. Converging point tc is the instant where uH and uF become equal.

TABLE I
SM CAPACITOR ENERGY VARIATIONS WITHIN FOUR INTERVALS IN DIFFERENT CASES: CASE 1, CASE 2, AND CASE 3

be analyzed similarly. Finally, the results of all three cases are
summarized and listed in Table I. Notably, the accurate position
of tc is not required in Table I to derive the energy variations ac-
curately, which significantly simplifies the calculation process.

B. Determine Different Cases by Simply Comparing Three
Estimated ΔEH3

Although the aforementioned analysis relieves the need of ob-
taining the exact location of the converging point, determining its
interval is still necessary to distinguish the three cases in which
the hybrid MMC is operating. As listed in Table I, the calculation
of ΔEH3 is different in the three cases. This is caused by the
different locating intervals of the converging point. Therefore,
this article proposes a simple method of comparing the three
calculated ΔEH3 to decide the case. To describe them clearly,
the three expressions of ΔEH3 in the three cases are denoted as
ΔEH3,case 1, ΔEH3,case 2, and ΔEH3,case 3, respectively.

For case 1, the energy variations are evenly distributed be-
tween HBSMs and FBSMs at the interval of [t3, t4],ΔEH3,case 1

is thus expressed as (17). Whereas, the HBSMs are inserted
in a higher priority in case 2 or 3 due to the negative arm
current and uF < uH . When wrongly applying ΔEH3,case 1 to
case 2 or 3, the obtained energy variations of the HBSMs are
underestimated, which are described as

{
Case 2 : |ΔEH3,case 1| ≤ |ΔEH3,case 2|
Case 3 : |ΔEH3,case 1| ≤ |ΔEH3,case 3| . (18)

Similarly, ΔEH3,case 2 is only valid for case 2. Since the
converging point makes it difficult to directly calculate the
energy variations at [t3, t4] in case 2, the value of ΔEH3 is
obtained indirectly according to energy balancing, which is

ΔEH3,case 2 = −ΔEH2 −ΔEH4. (19)

When wrongly applying ΔEH3,case 2 to case 1, the value of
ΔEH2 in (19) would be underestimated, leading to the under-
estimation of |ΔEH3|. This is because the HBSMs are charged
less during [t2, t3] in case 2, than in case 1. Similarly, the value
of ΔEH4 would be overestimated when using ΔEH3,case 2 in
case 3, leading to the overestimation of |ΔEH3|. Therefore, the
relationships are given as{

Case 1 : |ΔEH3,case 2| ≤ |ΔEH3,case 1|
Case 3 : |ΔEH3,case 3| ≤ |ΔEH3,case 2|. (20)

In case 3, the HBSMs are always discharged in higher priority
at [t3, t4]. When wrongly applying ΔEH3,case 3 to case 1 or 2,
the HBSM capacitor energy variations would be overestimated,
which is denoted as{

Case 1 : |ΔEH3,case 1| ≤ |ΔEH3,case 3|
Case 2 : |ΔEH3,case 2| ≤ |ΔEH3,case 3|. (21)

In summary, the validity of the aforementioned ΔEH3,case 1,
ΔEH3,case 2, and ΔEH3,case 3 in Table I has their respective
prerequisites. Wrongly applying the three expressions will cause
either overestimation or underestimation of the HBSM capacitor
energy variations. Combining (18), (20), and (21), the following
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TABLE II
SPECIFICATIONS AND PARAMETERS OF THE STUDIED HYBRID MMC

Fig. 7. Influence of power factor angle on the obtained energy variations.
(a) FBSM capacitors. (b) HBSM capacitors (h = 0.5).

criterion is derived to distinguish the three cases:⎧⎨
⎩
Case 1 : |ΔEH3,case 2| ≤ |ΔEH3,case 1| ≤ |ΔEH3,case 3|
Case 2 : |ΔEH3,case 1| ≤ |ΔEH3,case 2| ≤ |ΔEH3,case 3|
Case 3 : |ΔEH3,case 1| ≤ |ΔEH3,case 3| ≤ |ΔEH3,case 2|.

(22)
Without knowing the exact location of the converging point, the
three different cases can be determined by simply comparing the
three expressions.

C. Maximum Energy Variations Estimated by Proposed
Method and Simulation Verification

Based on the parameters listed in Table II, Fig. 7 illustrates the
influence of the power factor on the piecewise energy variations,
where the absolute value is used. It shows that the maximum
values of |ΔEF1|, |ΔEF2|, |ΔEF3|, and |ΔEH3| occur when
ϕ = 0, ϕ = −π/6, ϕ = ±π/6, and ϕ = ±π/6, respectively.
Finally, the piecewise approach in (11) and (12) can be further
given as

ΔEF = max

⎛
⎝ |ΔEF1| (ϕ = 0) ,
|ΔEF2| (ϕ = −ϕm) ,
|ΔEF3| (ϕ = ±ϕm)

⎞
⎠ (23)

ΔEH = |ΔEH3| (ϕ = ±ϕm) (24)

where ϕm denotes the maximum power factor angle and is set
as π/6 in this article.

So far, the analytical model of the energy variations is es-
tablished for both the HBSM and FBSM capacitors in the
hybrid MMC under the boost ac mode, where the uneven en-
ergy distributions are fully considered under an extensive range
of modulation indexes and hybridization ratios. This lays the
theoretical foundation for further capacitance design.

Furthermore, Fig. 8 reveals the energy variations of the HBSM
and FBSM capacitors under different modulation indexes and
hybridization ratios. First, the simulated and calculated energy

Fig. 8. Simulation verification of the obtained maximum energy variations by
the proposed method. (a) h = hbal, which is the minimum hybridization ratio to
achieve voltage balancing and (b) h = 0.5. The energy variation of the FBSM
capacitor is inherently higher than that of the HBSM.

variations match well for both the HBSM and FBSM, which
verifies the proposed method. Second, the energy variations of
the HBSM and FBSM capacitors have inherent deviations. As
shown in Fig. 8(a), when the hybridization ratio is selected as
h = hbal, the maximum energy variation of the FBSMs ΔEF is
multiple times higher than that of HBSMs ΔEH . Meanwhile,
when the hybridization ratio is fixed at h = 0.5, the difference
between the HBSM and FBSM becomes larger with the increase
of the modulation index. These inherent energy differences
between the two types of SMs are ignored or not fully exploited
in the existing methods [18], [21], but this article will utilize
this characteristic to further reduce the capacitance, which is
discussed in the next section.

IV. REDUCE CAPACITANCE BASED ON INHERENT DIFFERENCE

OF ENERGY VARIATIONS AND EVALUATE BENEFITS

In contrast to the existing method ignoring the different energy
variations of the two types of SMs, this article proposes to fully
utilize this inherent characteristic to reduce the requirement of
the capacitance in the hybrid MMC. A comprehensive evaluation
is also provided to quantify the benefits of the proposed method.

A. Capacitance Design Considering the Inherently Different
Energy Variations

According to [22], the design of the SM capacitance of the
MMC follows the below expression, that is

CSM =
ΔESM

εU2
C

(25)

where CSM and ΔESM are the required capacitance and the
energy variation of the SM, respectively. ε is the voltage ripple
coefficient that is often around 10%. In the existing method, the
different energy variations of HBSMs and FBSMs are ignored.
ΔESM is determined by the maximum energy variation, that is
ΔEF . The HBSM capacitance is sized to be identical to the
FBSM.

In this article, the established model of the energy variations
reveals an inherent difference between the FBSM and HBSM.
The existing efforts without considering this inherent character-
istic will lead to an overdesign. Therefore, this article proposed
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Fig. 9. Sorting algorithm based on peak voltage balancing control of SM
capacitors. (a) Peak voltage balancing control of SM capacitors. (b) Sorting
algorithm.

to size the capacitance of the two types of SM independently,
which is given by {

CH = ΔEH

εU2
C

CF = ΔEF

εU2
C

(26)

where CH and CF are the capacitance of the HBSM and FBSM
capacitors, respectively. The estimation of ΔEH and ΔEF is
analyzed in detail in Section III. The benefits of this proposed
capacitance design method are evaluated below.

B. Control of Hybrid MMC With Proposed Capacitance
Design

The control of the hybrid MMC with the proposed capacitance
design is mainly composed of the following several parts. The
active/reactive power control, phase energy balancing control,
arm energy balancing control, and circulating current control
are similar to that of HB-MMC [1], [23], [24]. In terms of the
modulation approach, the particular carrier phase-shift modula-
tion was proposed in [25] for the medium-voltage hybrid MMC
under boost ac mode.

Moreover, the sorting algorithm of the hybrid MMC in this
article, is conducted based on the peak voltage balancing ap-
proach in [12], as shown in Fig. 9. x indicates the phase x,
and i, j indicate the numberings of the HBSMs and FBSMs in
each arm, respectively. In Fig. 9(a), the peak value of uH,xp

Fig. 10. Capacitance comparison of different MMCs under different modula-
tion indexes and hybridization ratios. The total capacitance of the HB-MMC is
seen as the benchmark (1 p.u.).

and uF,xp are collected and compared to maintain the peak
voltage balancing of the HBSM and FBSM capacitors, where the
difference is input into a PI controller to get the voltage deviation
ΔUxp. Finally, the voltage (uHi,xp +ΔUxp) and uFj,xp are used
in the sorting algorithm in Fig. 9(b). In this way, the voltage
of the HBSM capacitors have the same peak voltage to the
FBSM capacitors. Fig. 9(b) presents the principle of the sorting
algorithm. Only the FBSM capacitor voltage uFj,xp needs to be
sorted under the negative arm voltage of u∗

xp < 0, and all the SM
capacitor voltage, (uHi,xp +ΔUxp) and uFj,xp, should be sorted
simultaneously under the nonnegative arm voltage of u∗

xp ≥ 0.
The SMs with lower voltage should be charged in higher priority
and discharged in lower priority, and the SMs with higher voltage
should be discharged in higher priority and charged in lower
priority.

C. Benefits Evaluation of Proposed Capacitance Design
Method

The benefits of the proposed design method are quantitatively
evaluated based on the parameter listed in Table II. The case
study aims to design a 10 MVA system where the ac voltage
amplitude is 28 kV (line-to-line ac voltage is 35 kV). The capac-
itor volume, power losses, voltage balancing, and active/reactive
capabilities are evaluated comprehensively.

1) Capacitor Volume: The overall capacitance is evaluated
in Fig. 10, where the total capacitance of the HB-MMC is set
as the benchmark [1 per unit (p.u.)] and the rest of the cases
are normalized. First, ignoring the inherently different energy
variations between the HBSM and FBSM in the hybrid MMC,
the existing method of the hybrid MMC in [18] causes severe
overdesign of the HBSM and FBSM capacitances due to the
oversimplified calculation, especially for the condition with a
low hybridization ratio (h ≤ 0.5). It reveals that the existing
design method does not fully unlock the benefits of the hybrid
MMC working under the boost ac mode. On the contrary, the
established model in this article reveals the inherent differences
between the two types of SMs in the hybrid MMC. Then, by
fully utilizing the characteristic of different energy variations
and designing the HBSM and FBSM capacitance separately, the
total capacitance can be reduced by around 50% compared with
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Fig. 11. Comparison of power losses under (a) different hybridization ratios
and (b) different capacitance design methods.

the existing method and by 28% compared with the benchmark.
Meanwhile, in the FB-MMC, all the SMs can generate negative
output voltage and the required capacitance is the minimum.
However, when the modulation index is high (i.e., m = 1.6), the
hybrid MMC with h = 0.5 can achieve a similar capacitance
reduction as the FB-MMC. Since only half of the SMs are
FBSMs withh = 0.5, the hybrid MMC is expected to have better
efficiency and lower hardware costs, which will be evaluated in
the following.

2) Power Losses: The power losses are compared based on
simulation with the IGBT FF450R33T3E3, and the estima-
tion method refers to [26], [27]. As shown in Fig. 11(a), the
comparison is carried based on three different hybridization
ratios, i.e., h = 1, h = hdcf, and h = hbal. When h = 1, it is
essentially an FB-MMC and the power losses are the largest. By
reducing the hybridization ratio to h = hbal, the hybrid MMC
working under the boost ac mode can reduce power losses around
15%–25% compared with the FB-MMC. Meanwhile, as shown
in Fig. 11(b), the proposed capacitance design considering the
inherently different energy variations does not affect the power
losses, although the existing method causes overdesign of the
capacitance.

3) Voltage Balancing: Since the proposed method leads to
different capacitances for the HBSMs and FBSMs of the hybrid
MMC, the voltage balancing needs further confirmation. The
simulation results are provided in Fig. 12 to verify that the pro-
posed method does not affect the voltage balancing. As shown in
Fig. 12(a), although both the HBSMs and FBSMs have identical
capacitance, the capacitor voltage imbalance occurs due to the
insufficient hybridization ratio (h = 0.39), which is less than the
requirement of h ≥ 0.41. As the hybridization ratio increases
to 0.435 in Fig. 12(b), the voltage balancing of the HBSM
and FBSMs is achieved. Also, due to the inherently different
energy variations between them, the capacitor voltage ripple of
the HBSM is obviously less than that of the FBSM. Based on the
proposed method, different capacitances are selected for the two
types of SMs as CF = 2.3 mF and CH = 0.53 mF, which can
also achieve voltage balancing well, as shown in Fig. 12(c). The
reduced HBSM capacitance enlarges the corresponding voltage
ripple but is still within a safe margin, which improves the
utilization of the capacitor.

4) P/Q Capability: This article discusses the operating range
with full power within [−π/6, π/6] but it can be extended to the
full range. The energy variations of the HBSM and the FBSM un-
der different power factor angles are shown in Fig. 13. The solid

Fig. 12. Influence of the voltage balancing. (a) Identical capacitances of both
HBSM and FBSM under h = 0.39. (b) Identical capacitances of both HBSM
and FBSM under h = 0.435. (c) Proposed method with separate capacitance.

Fig. 13. Capacitor energy variations under different power factors. The solid
lines indicate the full power, whereas the dash lines indicate the maximum energy
variations of ϕ ∈ [−π/6, π/6].

lines indicate the energy variations under the full power, whereas
the dash lines are the thresholds within the range of [−π/6, π/6].
The value of ΔEH under ϕ = ±π/2 is about three times of that
under ϕ = ±π/6. Operating with full power at ϕ = ±π/2 will
lead to a large capacitance requirement. Thus, a possible way to
work under ϕ = ±π/2 is to limit the reactive power below Q=
0.35 p.u., which still remains within 10% voltage ripple of the
HBSM capacitor. It also reveals that the hybrid MMC with the
boost ac mode is more suitable for the applications with a high
power factor, such as the aforementioned EV charging stations,
renewable hydrogen production, and data center.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulations

The MATLAB/Simulink simulations of a three-phase hybrid
MMC are carried out to verify the proposed design approach,
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TABLE III
SIMULATION PARAMETERS OF HYBRID MMC

Fig. 14. Simulation result of hybrid MMC with CF = CH =1.92 mF.
(a) ϕ = 0, (b) ϕ = −π/6. The voltage ripple of the FBSM capacitor is much
higher than that of the HBSM capacitor. (Top to Bottom: SM capacitor voltage,
SM capacitor energy, AC output voltage, arm currents, and circulating current.)

with the parameters listed in Tables II and III. Fig. 14 shows that
the HBSM and the FBSM of the hybrid MMC have identical
capacitance, i.e., CF = CH = 1.92 mF. In the two cases of ϕ
= 0 and ϕ = −π/6, the maximum voltage ripple of the FBSM
capacitor is within 200 V (around 10% of the nominal capacitor
voltage). Whereas, the voltage ripple of the HBSM capacitor
is much smaller, only around 30 V. This result verifies the
established theory of the inherently different energy variations
of the hybrid MMC.

On the contrary, based on the proposed design method, the
capacitances of the FBSM and the HBSM have CF = 1.92
mF and CH = 0.53 mF, respectively, and the corresponding
waveforms are shown in Fig. 15. By simply reducing the HBSM
capacitance, the overall capacitance is reduced by 36%. The
voltage ripple of the HBSM capacitor is enlarged to the same
level as the FBSM, which is 200 V. Meanwhile, the voltage
balancing is still well maintained. The total harmonic distortion
(THD) of the ac output voltage and the arm current are not
significantly affected since all the capacitor voltage ripples are
within 10%.

B. Experiments

A down-scale single-phase hybrid MMC prototype is built in
the laboratory, as shown in Fig. 16. The experimental parameters
are listed in Table IV. It includes two arms, namely the upper arm
and lower arm, where each arm includes two FBSMs and two

Fig. 15. Simulation result of hybrid MMC with the proposed method, i.e.,
CF = 1.92mF,CH = 0.53mF. (a)ϕ = 0. (b)ϕ = −π/6. The voltage ripples
of the HBSM and FBSM capacitors are almost the same by the proposed method.
(Top to Bottom: SM capacitor voltage, SM capacitor energy, AC output voltage,
arm currents, and circulating current.)

Fig. 16. Experimental setup of single-phase hybrid MMC.

HBSMs. Each HBSM consists of a capacitor, a half-bridge cir-
cuit, a driver board, and a heatsink. The MicroLabBox dSPACE
is used to control the single-phase hybrid MMC.

Fig. 17 shows the experimental results of the hybrid MMC
under m = 1.6, where the hybrid MMCs with different HBSM
capacitances are compared. In Fig. 17(a), the capacitances of the
FBSM and the HBSM are identical, which is CH = CF = 2.2
mF. The voltage ripple of the HBSM capacitor is smaller than
that of the FBSM capacitor. In Fig. 17(b), the FBSM capacitance
is sized asCF = 2.2 mF but the HBSM capacitance is reduced to
CH = 0.65 mF by adopting the proposed method. The capacitor
voltage ripple of the HBSM is enlarged but still within 10% of
the nominal voltage. Besides, the THD of the hybrid MMC is not
degraded by the proposed method, strengthening the advantage
of the proposed capacitance design method.
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TABLE IV
EXPERIMENTAL PARAMETERS

Fig. 17. Experimental results of the hybrid MMC: (a) Unified capacitance with
CF = CH = 2.2mF, the voltage ripple of the HBSM capacitor is much smaller
than that of the FBSM capacitor. (b) Proposed method with CF = 2.2 mF and
CH = 0.65 mF, the total capacitance is reduced by 36%, and the voltage ripple
of the HBSM capacitor is increased but still limited within 10%.

VI. CONCLUSION

This article proposes a hybrid MMC working under the boost
ac mode with reduced capacitance, which has great potential of
being applied to the distribution networks. Apart from directly
connecting to ac grid without bulk line transformers by the boost
ac mode, the proposed hybrid MMC has additional benefits in
terms of reducing capacitance and better efficiency. Based on the
comprehensive evaluation in this article, the total capacitance
of the hybrid MMC can be reduced by at least 36% compared
with the existing concept. Although the capacitance reduction is
similar to the FB-MMC, the proposed concept is able to reduce
15%–25% power losses and has less hardware.

To achieve this new concept, this article has three theoretical
contributions. First, the hybridization ratio of the hybrid MMC
is revisited. A more general principle of hybridization ratio
selection is established considering dc fault blocking, voltage
balancing, and negative output capability. Next, an improved

piecewise approach is proposed to estimate the uneven and non-
linear energy variations of both FBSM and HBSM in a simple
way, which avoids the complex calculation of the exact location
of the converging point. Finally, this article fully utilizes the
inherently different energy variations of the two types of SMs to
design the capacitance separately. The proposed simple method
helps to reduce capacitance without affecting the performance
of the hybrid MMC.
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