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Abstract - Modular multilevel converter (MMC) has many
advantages of scalability, reliability and easy implementation, but
suffers from large number of switching devices and capacitors.
To improve the power density and efficiency for medium voltage
applications, this paper introduces a hybrid modular multilevel
converter (HMMC) family through the combination of active
neutral-point-clamped converter (ANPC) and chain-link arm.
Three topologies in HMMC family can effectively reduce chain-
link voltage by half compared with traditional MMC. Single- and
three-phase operation principles are presented to highlight this
important features. Several critical metrics, such as component
number, sizes and semiconductor losses, are compared
between the conventional MMC and HMMC topologies at three
different medium voltage levels. The result indicates the best
topology from the HMMC family can save around 30% devices,
50% total capacitor and 32% power losses compared with
traditional MMC. A simple single-phase control method is also
mentioned to balance capacitor voltage. Finally, a single-phase
HMMC experimental prototype is built to verify the effectiveness
of three topologies.

Index Terms — Hybrid modular multilevel converter (HMMC),
active neutral-point-clamped converter (ANPC), semiconductor
losses, comparison.

I. INTRODUCTION

Modular multilevel converter (MMC) as shown in Fig. 1
has emerged as one of the promising topologies in recent years
for medium or high voltage industrial applications, such as
high voltage dc transmission (HVDC) [1]-[3], static synchro-
nous compensators [4] and offshore renewable energy
integration [5], solid state transformer (SST) [6] and medium
voltage motor drives [7-9]. Compared to the conventional two-
level or three-level voltage source converter (VSC), its
features such as high flexibility and scalability for different
voltage and power levels, low harmonics content and fault
tolerant operation capability gives MMC a competitive edge
over its counterparts [10]-[12].

However, in spite of these advantages, MMC still has some
limitations. First, the number of IGBTs is doubled with the
half-bridge (HB) sub-module (SM) and even fourfold with
full-bridge (FB) SM. This significantly increases the system
cost. Second, the use of low-voltage rating IGBTs in SM
results in higher conduction losses for medium-voltage (MV)
and high-voltage (HV) applications, leading to more devices
in parallel in order to reach efficiency target. Third, a larger,
bulky and heavy dc capacitor is required to suppress dc-link
voltage ripple of each SM [13]. According to Siemens [14], in
case of MMC converters used for different applications, about
75% of SM volume is occupied by the capacitors. As a result
of the increased semiconductor count and capacitor value, the

MMC is less compact than a two-level or three-level VSC of
the same rating.

To address these challenges, some control methods, revised
topologies and several hybrid converters have been proposed
to improve the power density of MMC [15]. Multiple
techniques are proposed to inject appropriate harmonics in the
circulating current to reduce dc-link capacitor voltage ripple
[16], [17], such as second and fourth harmonic current
components. These methods could effectively reduce required
capacitance, but the semiconductor device losses are increased
at the same time [18]. Some control methods like asymmetric
mode control [19] and switching cycle control [20] are also
employed to reduce dc-link ripple. In addition, there are many
efforts put to modify the MMC topology like FC-MMC [21],
or MMC with star-connected FB SM branches [22]. Another
method is trying to reduce the SM number directly. The
alternate arm converter (AAC) with series-connected IGBTs
and SM is proposed to implement a compact design [23-25].
However, the SM voltage balancing requires specific
operation conditions and dc-link current ripple cannot be
neglected. The modular embedded thyristor-directed converter
(METDC) proposed recently in [26] and hybrid multilevel
converter in [27], [28] adopt series interconnection of three
phases at dc side, which helps to reduce the blocking voltage
and device number. However, their ac and dc sides are
strongly coupled together, and a high common-mode voltage
insulation requirement transformer is required.

Apart from these topologies and control methods, a modular
embedded multilevel converter (MEMC) using HV thysister
isthyristor is proposed in [29], [30], which combines the
advantages of three level VSC and MMC. Based on the three-
level wave

Fig. 1 Conventional single-phase MMC Structure and arm waveforms.
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Fig. 2 Topology of (a) ANPC, (b) HMMC 1, (¢) HMMC 2, (d) HMMC 3.

created by thyristor stack, the chain-link arm generates the
multilevel waveforms to synthesize the sinusoidal output
voltage and facilitate the thyristor commutation process. In
this way, the maximum chain-link arm voltage could be
reduced to 50% of MMC, leading to smaller number of
semiconductor devices as well as total SM capacitors.
Therefore, MEMC shows great potential in some applications
which are sensitive to the converter size and power density,
such as offshore windfarm and emerging electric ship tractions
[31]. Through the same idea, [32] proposes a hybrid multilevel
dc—ac converter (HMC) with series IGBTs and SMs, and
operates the IGBT stacks to achieve soft-switching during the
commutation. But both topologies require FB SMs to achieve
thyristor commutation or IGBT soft switching under different
power factor (PF) conditions. The commutation failure and
subsequent damage on HV stacks can easily occurs in the field
operation. [33] proposed a neutral-point-clamped MMC
(NPC-MMC) which adds two dc side decoupling capacitors,
so that NPC-MMC three phases can be controlled
independently. However, using this method the sum of three-
phase mid-point currents will not be zero, which means the dc
side capacitor should be big enough to suppress the voltage
ripple.

Extending the concept of [30-33], a three-level hybrid
MMC (HMMC) family is proposed and investigated in this
paper. As shown in Fig. 2, three pairs of switches in active
neutral-point-clamped converter (ANPC) can be replaced by
the chain-link arms, respectively, while the left four switches
employs the low-speed high voltage IGBT stacks. In this way,
three kinds of dc-ac HMMC topologies (HMMC 1, HMMC 2
and HMMC 3) are derived. Different from [30] and [32],
small dc-side commutation capacitors C; and C; are added to
facilitate IGBT stack commutation under different PF
conditions, which can also enhance the firing signal fault
tolerant capability. In order to investigate the benefit of the
HMMC family, a comprehensive operational analysis and
comparison with traditional MMC are conducted in this paper.

The outline of this paper is as follows. In Section II, the
single-phase working principles and three-phase configuration
are illustrated to highlight the features of reduced maximum

arm voltage. The trapezoidal type arm current allocation is
also presented for three topologies. Section III presents a
comparison of studied three converters with HB-MMC and
discusses the number of semiconductor and SM capacitor
requirement in several specific MV cases. Besides, the
semiconductor losses are approximated and calculated to
compare the efficiency performance. Finally, section IV
briefly describes the single-phase control scheme that was
employed for studied converters, and experimental results are
also provided to validate the effectiveness of three topologies.

Note that this paper focuses on steady-state analysis and
hence the evaluation of the transient of the discussed converter
will be addressed in separate papers.

II. TOPOLOGY AND BASIC OPERATION PRINCIPLES
A. Operation Principles of HUMC 1

In order to reduce the voltage stress and generate the basic
three-level waveform, the IGBT stacks need to act according
to the polarity of AC side voltage. Take phase @ as an
example, when V, is positive, Q1, and Qs, are turned on, Qs
and Qg are turned on as Fig. 3 (a). This phase works on P
state, which means this phase is connected to the positive
terminal and the midpoint. Therefore, the upper arm voltage
Vpa" and lower arm voltage V" could be calculated by dc
voltage Va and ac voltage V,,

Vi= ViV,
@
Voe=Ve= Vo

On the contrary, when output voltage V, is negative, O,
and Qy, are turned on, Qi, and O3, are turned off as Fig. 3(b).
This phase works at N state, which means it is connected to
the midpoint and the negative terminal. Then arm voltage is,

V;n, =Voia — V.

2
Vii= SVit Vi @
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Fig. 3 Two working states of HMMC 1.
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Fig. 4 Three-phase HMMC 1 structure.

Fig. 5 Three-phase configuration of HMMC 1 during one fundamental period.

In addition, there is a Z state as the transition between P and
N state with O, and Q3, turned on, which is not used in this
paper. Compared to the original topology proposed in [24] and
[26], the biggest difference in this topology are two dc side
capacitors. It can help to commutate the IGBT when the state
change happens at the zero crossing point of output voltage.
Otherwise, the IGBT may have the problem of arm current
conflict. As shown the three-phase HMMC 1 in Fig. 4, when
phase a is at P state, the midpoint current of three phases Zuida,
Iniav and Iiqe without dc capacitors should satisfy
Lida + Tniav + Tniage = Imida + Dnias — 1o =0 3)
But if phase a changes to N state suddenly, the midpoint
becomes,
Lida T Tiaw + Tonize = Toniaa + Doniay + 1pa “4)
It means during the transient of IGBT action, the upper arm
current /,, should be opposite to the lower arm current /,,.
Otherwise, sum of three-phase midpoint current is not zero
and will cause voltage spike. Since each arm can be
considered as a current source with individual inductor, it is

very realize this requirement. Thus [30] utilizes Z state as a
transition between P and N states to commutate the thyristors.
While [32] uses similar method to realize soft-switching of
IGBT stacks. However, Z state needs extra FB SMs to achieve
current commutation between upper and lower arm, which
increases semiconductor number and system volume. In this
paper, two small commutation capacitors are placed across dc
side to compensate upper and lower arm current difference. In
this way, the P state can be changed to N state directly.
Besides, it can protect the system when the IGBT firing signal
is lost suddenly and the hard-switching is unavoidable.
Compared to the MMC, whose three phases are always
connected in the fixed way, HMMC 1 has variable structures.
Applying the working principle of phase a to all three phases
could obtain all working states during one fundamental period,
which can be divided into six segments. Then the three-phase
structures in six segments are depicted in Fig. 5. It can be
observed that in each segment, two phases are connected to
positive (or negative) terminal in parallel to share the dc bus
current. While the third phase is connected to another terminal
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(a) Upper and lower arm voltage
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Fig. 6 HMMC 1 phase a arm and three-phase midpoint currents.

and needs to support the whole dc bus current.

There are several methods to allocate the current between
two parallel arms, which can be either half of dc bus current
[30] or trapezoidal [32]. Different shape of arm current and
power factor will influence the arm current RMS value. For
simplicity, this paper selects a trapezoidal wave with current-
overlap duration of /6 and the expression of arm current ,q is
given in Appendix. If the midpoint voltage is zero, the arm
waveforms of HMMC 1 could be plotted as Fig. 6. It can be
observed that the maximum arm voltage is reduced by half
compared to MMC. In another word, only half of SM will be
needed to build HMMC 1 of same power rating, which means
the power density can be increased a lot. Besides, even if SM
number is reduced by half, the output voltage quality is not
deteriorated with same voltage level number, because the
output voltage is calculated by

V,= ij" sgn (sin(wt)) + % (Vna — Vpa) (5)

where wt is output voltage phase angle, sgn() represents the
sign function. Due to the insertion of fundamental frequency
square wave, the ac voltage level will be doubled based on the
chain-link output. And the sum of three-phase midpoint
currents keeps zero, which means the dc voltage ripple does
not exist in theory, and the dc side capacitor could be small
enough for only IGBT commutation functions. Considering
the small value, it is neglected in the capacitance comparison
of next section.

B. Operation Principles of HMMC 2

The IGBT stacks of HMMC 2 have a similar operation
principle to minimize the arm voltage stress. Two working
modes are presented as Fig. 7. When V, is positive, Qs and
QOs, are turned on, Q. and Qg, are turned off. This P state
voltage is

V;a =V —Viia

6
Vin= 2Vt Vi ©

=

1
) Ve

(a) P state
Fig. 7 Two working states of HMMC 2.
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(a) Buck-boost dc-ac inverter (b) Buck-boost bidirectional converter

Fig. 8 Buck-boost type HMMC 2.

When V, is negative, Q1, and Qs, are turned on, Qs, and QOsq
are turned off. This N state voltage is

Vii= 5Vi Vi
@)

V:a =Voia—Va
In HMMC 1, arm voltage is always synthesized by dc and ac
side voltage simultaneously. However, the arm voltage of
HMMC 2 is determined by them alternately. In each phase,
one arm provides the whole output ac current, while another
arm should support half dc bus voltage. Therefore, dc and ac
sides are totally decoupled. In another word, the limitation of
modulation index no longer exists now. So if Q1. and Qu, are
replaced by reverse-block IGBT (RB-IGBT) as Fig. 8(a), this
HMMC 2 becomes a buck-boost type inverter. If they are
changed to bidirectional switches as Fig. 8(b), HMMC 2
becomes directional buck-boost type converter. In addition,
this kind of HMMC 2 possesses dc fault clearance capability
due to the block of RB-IGBT or directional switches.
Compared to the FB type MMC of same power rating, the
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Fig. 10 HMMC 2 phase @ arm and three-phase midpoint currents.

device number will be reduced further. In this paper, only
HMMC 2 topology in Fig. 7 is compared with other family
members and MMC in next section.

The three-phase working states of HMMC 2 are shown in
Fig. 9. It can be seen that this configuration is different from
the HMMC 1 with six arm always connected to the mid-point.
But the common point is that there are two parallel arms to
share DC bus current. Therefore, the trapezoidal waveform
could still be used here to allocate current distribution. The
corresponding arm waveforms are shown as Fig. 10. It should
be noted that the SM number of HMMC 2 is reduced half
compared to MMC, but unlike HMMC 1 its output voltage
level is also reduced. So the switching frequency should be
increased to guarantee same output quality.

C. Operation Principles of HMMC 3
HMMC 3 looks like AAC in [23-25], but it adds two more

IGBT stacks and uses HB SMs instead of the FB SMs in AAC.

The IGBT stacks of HMMC 3 acts according to the ac side
voltage polarity, too. Two working states are presented in Fig.
11. Neglecting midpoint voltage, P and N state arm voltages
could be derived as,

Quiiy #
Vinia

Qad '<

=c, §

| Ve
- 5 1/(14'
Ot

(a) P state
Fig. 11 Two working states of HMMC 3.

\|

(b) N state

Vie= Vi —VaVie = 3 Vi Vst (Ve > 0)

1 1 ®)
V;u = §Vd<» - VmuhV:m = §Vdc + Va:(Vu < 0)

Similar to HMMC 1, HMMC 3 has arm voltage determined
by dc and ac voltage simultaneously during half fundamental
period. Therefore, the ac voltage amplitude is still limited by
the dc source.

The three-phase working states of HMMC 3 are shown in
Fig. 12. Its configuration is also different from HMMC 1 and
HMMC 2. Three upper arms are connected to positive bus
while three lower arms are always connected to negative bus.
So this configuration looks more similar to the conventional
MMC. During each segment, four arm current could be
determined easily. For example, when wt¢e[0, n/3), six arm
currents should satisfy,

Ipa = Imlpb =1, + Ib7Ipz: =1

Ly=-1,,l,,+1.=1,+1
A similar trapezoidal allocation could be used here to
allocate the dc part ;. sharing between I, and I, and an

©
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Fig. 12 Three-phase configuration of HMMC 3 during one fundamental period .
(a) Upper and lower arm voltage TABLE II
Ve Vo Designed Converter’s Specifications at 6.9-, 13.8- and 23- kV.
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Fig. 13 HMMC 3 phase a arm and three-phase midpoint currents.

TABLE 1

Electrical Parameters of Designed Converter
Description Symbol Value
Output voltage Vir ms (KV) 6.9, 13.8 and 23
Output current Lpi_rms (A) 250
Load phase angle ¢ (rad) 0~2m
Output frequency /o (Hz) 60
Modulation index M 2/v/3
SM capacitor ripple € 10%

example of phase a waveforms are plotted as Fig. 13. It can be
observed that HMMC 3 arm voltage is continuous instead of
the discontinuous wave of HMMC 1 and 2, so the dv/dt should
be smaller. But the voltage level of HMMC 3 is same with
HMMC 2.

II. TOPOLOGY COMPARISON

In order to identify parametric trends and strength and
weaknesses of each topology, designing the converters at
different operating conditions is more reasonable for a fair
comparison. The design scenarios and criteria of medium
voltage inverter are shown in Table I. A fundamental rms
current Iy ms of 250 A with frequency of f,=60 Hz was used,
and the load phase angle was varied in the range from 0 ~ 2n
to analyze all four quadrants.

A. Number of Power Semiconductors

The first action is determining the magnitude of the voltage
on the dc side. Voltage drops across the series inductor is
neglected and the output voltage reference of phase a is,

V. :MV;C sin(w,t +¢) + % V;" sin[3(w,t +¢)]  (10)

Considering the third harmonic injection with a 4% margin,
the nominal dc voltage is calculated using the line-to-line
voltage,

Vie=1.04X V2V s (n
So for three cases, the dc source voltage should be 10.15
kV, 20.3 kV and 33.8 kV, respectively. In this paper, Infineon
IGBT module is used for SM power devices, which features a
maximum collector-emitter voltage of 1.7 kV and continuous
DC collector current of 300A. It is worth noting that 1.7 kV Si
IGBT (FF300R17KE4) [34] is superior to 3.3 kV and 4.5 kV
IGBT module of similar current rating, mainly due to lower
switching loss. However, 6.5 kV IGBT module is better for
the three-level IGBT stacks because of the low fundamental
switching frequency, and a 250A Infineon module FZ250R65-
KE3 [34] is selected here.
The number of SMs N in each arm is selected so that dc link
capacitor voltage Vsy” does not exceed 1.1 kV, which means
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Fig. 14 Number of power semiconductors (1.6 kV and 6.5 kV IGBT) used in
MMC and HMMC at different voltage ratings.

NMMC:%u NHMMC:%7 Veu=1.1kV (12)
SM SM

While the voltage stress for three-level IGBT stacks is
0.5V4. Since all three HMMCs have same maximum arm
voltage, the number of SM, IGBT and capacitor should be
same. Then the corresponding figure of required IGBTs
number at different voltage ratings are given in Fig. 14. It can
be seen HMMC can save 30% device number.

The switching frequency of MMC refers to [35] as the
benchmark. As explained earlier, HMMC 1 has same ac
voltage level with MMC even if the SM number is reduced by
half, so the switching frequency is selected the same. While
the ac voltage of HMMC 2 and HMMC 3 is only synthesized
by single arm, so their switching frequency should be higher
to make sure the output THD is close. The related information
is summarized in Tables II.

B. Capacitance Requirement

Capacitors in MMC are one of the important factors directly
affecting the power density and cost. HMMC could reduce
half of capacitor number successfully, but the capacitance
value is still unknown. It is directly related to the energy
fluctuation and limited by the capacitor voltage ripple
coefficient &, which is defined by

£= Vripple/QV;M (13)

Where Viipie is the peak-to-peak amplitude of capacitor
voltage ripple. Suppose the arm energy balancing is controlled
well, then the capacitance Csys could be calculated by,
éCSM (V;M + EV;M) 2 — %CSM (V.;'M - EV;‘M) 2= %

AE (14)
2NeVs?

Where 4E is the maximum energy difference of each arm
over one fundamental period. Multiplying voltage and current
yields the arm output power, and the integration of power
indicates the energy fluctuation of this arm.

wt
E:/ Vpalpa (15)
0

= Cou =

(a) Arm voltage v,, [kV]

— MMC

----HMMC 1
——- HMMC 2
—--HMMC 3

t/s
(@) =0
(a) Arm voltage v,, [kV]

(b) ¢ =n2
Fig. 15 Arm Waveforms of 6.9 kV MMC and three HMMC topologies at
different output power factor.

3n/2

Fig. 16 Variation of arm capacitance of MMC and three HMMC topologies at
different power factors.
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Three HMMC topologies have different instantaneous arm
power, which also varies at different power factors. Due to the
symmetric characteristics of four topologies, only upper arm
waveforms of phase a are discussed here. According to the
aforementioned math expressions, arm voltage, current and
energy variations of four topologies are plotted in Fig. 15. It
can be seen the integration of arm power during one
fundamental period is zero, which proves the natural arm
energy balancing of four topologies.

If the capacitor voltage ripple coefficient ¢ is designed as
10%, the corresponding total capacitance in one arm NCsy is
calculated and plotted in Fig. 16. It can be observed the
HMMC 1 has the smallest arm capacitance, which means it
will possess the highest power density. And HMMC 3 has
similar arm capacitance at high power factor range (¢ = 0 or
7). While HMMC 2 has relative smaller arm capacitance at
low power factor range (¢ = 7/2 or 37/2).

C. Semiconductor Losses

In order to compare the converters from efficiency point of
view, conduction and switching losses for semiconductors are
calculated here. Considering the conductivity modulation
effect in IGBT and diode, the on-state voltage drop is not
linear with conducted current. Therefore, the conduction
characteristics of IGBTs and diodes can be expressed as an
exponential function with coefficients a, b and ¢ [36], [37],

v =a+b-i° (16)

Where the loss coefficients of 1.7 kV and 6.5 kV IGBT
modules at junction temperature can be obtained from the
IGBT module datasheet [34]. It should be noted that these
coefficients are affected by temperature, and could be
expressed by linear interpolation of junction temperature 7;.

o(T) = [a(125) —a25)) L2 1 a(2) (17

SM conduction power loss distribution is mainly related to
the operation sates and current flowing direction. Since the
SM output voltage and current waveform are known, the
conduction loss of one SM during one fundamental period
could be derived. As shown in Fig. 17(a), the SM output
voltage vyu is expressed as v,./N, which means the duty-cycle
of upper IGBT dyr and lower IGBT dir is (neglecting
capacitor voltage ripple),

Vsm Usm
Vi’ dir=1 Vo 18)

The upper arm current 7,, flows out of the IGBT stacks and
flows in to the SM, which has four parts: the upper IGBT iyr
and diode iup, lower IGBT i.r and diode izp. Compared to the
HB SM, the three-level IGBT stacks only acts twice in a
fundamental period, but the current direction also influences
the conduction loss distribution. Fig. 17(b) only demonstrates
the current distribution for upper arm and IGBT stacks of
HMMC 1 phase a because all other five parts are symmetrical.
It is obvious that the current distribution and power loss of
IGBT and SM is unequal. For example, the conduction loss of
upper IGBT in SM could be calculated by,

dyr =

current [A]
'

current [A]
I}
s 2
T T
—
=

|n|\ ansAT N

w
B
3

current [A]
=)
S
T

oo Ll aen

8 12 16
t/ms
(b)
Fig. 17 (a) Current and voltage definition of HMMC 1 IGBT stacks and SM,
(b) Current distribution waveforms.

1" 1" .
Pyr= E/ Gyr - Vprdt = F/ ipr s (@+b-ipr”)dt (19)

0 oJ 0
Then the total conduction loss P,,, can be given as,
P = G(P'n + Ppy+ Py + sz)

+6N(PUT + PUD + PLT + PLD)

In addition to the conduction loss, the switching loss should
be calculated from the IGBT turn-on, turn-off and diode
reverse recovery process. The datasheet of IGBT usually
provides the turn-on and turn-off energies (E,, and Eqy) curves
related to the switching current at certain voltage. In practice,
it can be approximated with quadratic function fitting as,

Con,off,ree = O8>+ Bi + A 1)

From the datasheets, the loss coefficients of 1.7 kV and 6.5
kV IGBT modules at junction temperature 7;=125°C_-—are
approximated. Similarly, these coefficients are related to the
junction temperature 7. Any SM operation state change
corresponds to one time turn-on, turn-off loss of IGBT and
reverse recovery loss of diode. Then the switching losses
within one fundamental period are added together. For the
three-level IGBT stacks, the action time is only twice per
cycle and can be calculated in the same way.

(20)



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

88.2°C
OP.. !
—300 P,
@0
(5]
@
Z200 e
=
Q
=)
|51
k|
2 100
Q
.2
E 83.7°C 87.3°C 81°C
2 81.7°C
——

ur UD LT LD T1 T2
Fig. 18 Semiconductor losses distribution in HMMC 1.
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In order to simulate the loss coefficients precisely, the
junction temperature of the IGBTs should be calculated
iteratively. And the thermal resistance of the heat-sink is
selected so that its temperature 7} is kept at 80 °C. Then the
precise semiconductor losses could be derived through the
iterative approach at thermal steady state.

In this way, the semiconductor losses distribution of
HMMC 1 at ¢ = 0 is calculated and presented as Fig. 18.
Obviously, LT takes most losses in inverter mode, and the
results should be opposite in rectifier mode. Fig. 19 shows
total losses variation of one arm (including IGBT stacks in
HMMC) under different power factors. The conduction losses
are strongly related with the arm RMS current. Benefiting
from the high voltage 6.5 kV IGBT, the conduction losses of
HMMC 1 are reduced a lot from MMC, especially in high
power factor range. Similar to the capacitor voltage ripple
tendency, HMMC 2 has smaller losses at low power factor,
while HMMC 3 is more efficient under high power factor. As
for switching losses, the SM switching losses are similar to
guarantee same average switching frequency. While the high
voltage IGBT stack switching losses are negligible at zero
current crossing point at high power factor.

D. Arm Inductor and Redundant Operation

The arm inductors in HB-MMC have two functions, which
can help suppress circulating current and limit the rate of rise
of the current in the case of a dc-side fault [38]. The later one
dominates and could be sized at 0.1 pu. Similar to the HB-
MMC, HMMC 1 and 3 do not have the dc fault ride-through
capability, so the arm inductor to limit fault current could
follow the same design principle. While for HMMC 2, the
fault current doesn’t flow through the arm inductor. Then the
arm inductors could be reduced to 0.02 p.u., and the topology
in Fig. 8 should be used.

The redundant operation is also very important for this kind
of modular topology. The series IGBT stack part can use the
press-pack IGBT construction, whose short circuit failure

6000 —

(] P.. BMMC [ ] HMMC 2
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Fig. 19 Power losses per arm in four topologies.

TABLE III
Overall converter comparison between HMMC and MMC
HMMC
Topology MMC 1 | 2 | 3
Device 1 pu 0.5 p.u. (chain link, 1.7 kV) +
| o 0.2 p.u. (IGBT stack, 6.5 kV )
Capacitor 1 p.u. 0.5 p.u. 2 p.u. 0.6 p.u..
Arm current 1 pu. 0.98 p.u. 1.48 p.u. 1.12 p.u.
Device losses 1 p.u. 0.68 p.u. 1.29 p.u. 0.85 p.u.

mode allows for the design of redundancy. And researchers
from GE have proposed self-powered high voltage IGBT
switch for the AAC topology, using the energy stored in a
capacitive clamp snubber circuit [39]. So the series IGBTs is
not a big issue in this application. As for the chain-link part,
the redundant SMs in hot reserve or cold reserve operation
modes have been proposed [40], [41], thus not discussed here.

Above all, the converter parameter of three HMMC
topologies based on per-unit of MMC are listed in Table III.
This table clearly shows that HMMC 1 has the best
performance, especially under high power factor. It can save
around 30% devices, 50% total capacitor and 25% power
losses compared to the conventional MMC.

IV. EXPERIMENTAL VERIFICATION
A. Single-phase Control Scheme

The basic control scheme of MMC has been extensively
explained [1-3] and will not be discussed in this paper. The
structure of cascaded control strategies of HMMC is presented
as the block diagram in Fig. 24. It consists of four parts, SM
capacitor voltage control, current loop, arm voltage feed
forward and individual SM capacitor balancing. Generally, the
average and the differential voltage across the SM capacitors
are regulated by two pair of PI controllers Gay. and Gy The
former generates a dc current reference i.,” to maintain the
average of SM capacitor voltage in one phase at the rated
value Vsy,". While the latter is employed to balance the upper
and lower arm capacitor energy. Similar to MMC, HMMC 1
has continuous circulating current flowing through both upper
and lower arms. So a fundamental frequency reference can be
used for arm capacitor voltage balancing. However, there is no
circulating current in HMMC 2 and HMMC 3 upper and lower
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Fig. 20 Block diagram of cascaded control system for single-phase HMMC.
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Fig. 21 Block diaam of cascaded control system for single-phase HMMC.

TABLE IV

Electrical parameters of single-phase HMMC system
Parameters Symbol Values
DC bus voltage Vae 400 V
AC voltage amplitude (phase) v, 180 V
AC voltage frequency fo 60 Hz
AC load R 24Q
Arm inductance Lam 3 mH
Arm equivalent resistance Rom 0.02Q
SM voltage Vim 70V
SM capacitance C 1.32 mF
Number of SM per arm N 3
Carrier (sampling) frequency e 14.4 kHz

arms, because the ac output current is determined by one arm
current. Therefore, the midpoint voltage V,.is" is adopted here
and is added to the output of current loop.

The voltage feed-forward control is added to improve the
dynamic response performance. Fig. 20 only gives the vgpa
block diagram of HMMC 1, but other two topologies can be
derived easily from the previous operation principles. The
reference of output current I," is either directly given or
calculated according to the output power command. It should
be noted that the current loop reference ,," is not the sum of
three components 1,", iua” and icir,” directly. This synthesis
should use the information of working states to generate the
waveforms shown in Fig. 6.

B. Experimental Results

In order to verify the effectiveness of proposed control
scheme, a HMMC system with 3 HB SMs per arm was built
and the electrical parameters are given in Table IV. Single-

I,, [4A/div]

I, [4A/div
v, *[ div]

V,, [300V/div]

V.. [300V/div]

Vepa [5V/div] Vena [5V/div]

5ms/div
Fig. 22 Voltage and current waveforms of single-phase MMC.

phase HMMC 1 configuration is presented in Fig. 21. HMMC
2 and 3 could be obtained easily by changing the wire
connection of IGBT stacks and chain-link. The converter is
controlled by a central DSP TMS320F28388d running with a
sampling frequency of f.. The SM uses 300 V MOSFET while
three-level stack utilizes 450V discrete IGBT. The sampling
circuit employs an 8-channel ADC to measure 6 capacitor
voltages and 2 arm currents every period of 7, and sends them
back to the controller through SPI communication. Different
phase offset values are assigned to the PWM registers to
generate phase-shift carriers.

The steady state waveforms of traditional HB-MMC are
shown as Fig. 25. It should be noted that the dc bus input
voltage of MMC is the same as HMMC, but the maximum
arm voltage is twice of HMMC, which means the dc link
capacitor voltage should be doubled to 140_V, so the chain-
link arm voltage level number is 4. From the experimental
waveforms, the differential current with dc and ac frequency
components is regulated well to balance upper and lower arm
capacitor voltage. Due to the limitation of scope channels,
only one SM capacitor voltage from upper and lower arms is
measured, and the dc bias is added to highlight the ripple
amplitude. It can be seen the voltage ripple is 4 V due to
higher dc link capacitor voltage.

Different load characteristics experiments are conducted to
verify the effectiveness of HMMC 1. Resistive, resistive-
inductive and resistive-capacitive loads are connected to the
output of HMMC 1 while the output voltage amplitude are
kept the same. Fig. 23(a) depicts the pure load test results,
which have only half of arm voltage compared to MMC in Fig.
22. It can be seen arm currents are regulated smoothly as the
reference in Fig. 6 and output current is satisfactory with low
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Fig. 23 Voltage and current waveforms of single-phase HMMC 1, (a) resistive
load, (b) resistive-inductive load, (c) resistive—capacitive load.

THD. This phase works at P and N state alternately, so that the
arm voltage stress is only half of the MMC of same dc bus
voltage, which verifies the benefit of this topology. The

P state N state |

I
1
|
|
|
|
|
|
|

Ipo [4A/div] I, [4A/div]
T v

V. [100V/div]

L.[8A/dv] 5ms/div
Ve [150V/div]

..'-_.-- P
V.. [150V/div]
N

Vepe [5V/div]

5ms/div]
Fig. 24 Voltage and current waveforms of single-phase HMMC 2.

differential current contains not only dc component and first
order harmonics but also higher order harmonics because of
trapezoidal current allocation. The SM voltage ripple is 7.5V,
lager compared to MMC owing to the lower dc voltage bias
based on Eq. (12). Fig. 23(b) presents the results when a 15
mH inductor is connected in series with load resistor, whose
arm currents have a step in the voltage zero crossing point.
Since the point overlaps with the arm voltage step, it will
introduce ac output current distortion due to the arm voltage
out of range. Fig. 23(c) shows the waveforms of a 100 uF
capacitor paralleled with the load resistor. Similarly, there are
arm current step and ac current distortion as well.

The experimental results of HMMC 2 are presented in Fig.
24. Tt matches the previous analysis that this—tepelegiesthis
topology has the highest capacitor voltage ripple among three
HMMC family members, because the capacitor keeps
charging or discharging during half cycle. And it is found the
current loop regulator is more difficult to design due to bigger
capacitor voltage ripple. The four-level arm voltage output can
also indicate the capacitor voltage variation. Due to the larger
arm current accompanied with higher arm voltage, the power
losses of HMMC 2 are also higher compared with HMMC 1
and 3.

The experimental results of HMMC 3 are shown in Fig. 25.
Compared to last two topologies, there is no voltage step
observed at the output voltage zero-crossing point, which
means the high gv/dt can be avoided. HMMC 3 has similar

arm voltage waveform to AAC, but does not have the ‘sweet-
spot’ operation limitation. Besides, the dc bus inductor is
unnecessary because the sum of three phase dc current keeps
stable naturally. The SM capacitor voltage ripple magnitude is

[Formatted: Font: Italic
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similar to HMMC 1. But other inductive or capacitor load
experiments are omitted here.
VN state VP state |
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Fig. 25 Voltage and current waveforms of single-phase HMMC 3.

vy

e [4A/div]

[2A/div]

!',”?\'%‘.
_t!‘uw‘ul_
IRBRRRRE
HW«MH

40ms/div

]‘.
|

EHL'\‘"H V

Fig. 26 Voltage and current waveforms of single-phase HMMC 1 when there
is a step of output voltage reference.

In order to evaluate the dynamic response of HMMC 1, the
amplitude of the output voltage reference is changed from 90
V to 180_V, and the corresponding arm waveforms are
presented in Fig. 26. The differential current average value
represents the dc input current, and settles at larger point after
Va" steps. Obviously, the HMMC 1 system is stable and the
response is fast due to good control parameters design.

V. CONCLUSION
In this paper, a family of HMMC with higher power density
and efficiency is introduced. Through the combination of low
speed high voltage device in three-level stacks and high speed
low voltage device in SMs, three HMMC topologies with only
half of arm voltage stress are derived. Since three topologies

have different connection method, different arm references are
used for them to make sure dc bus current is stable. In order to
evaluate the performances of three HMMC topologies, several
criteria including semiconductor number, capacitor size and
power losses are calculated and compared comprehensively. It
can be concluded that HMMC 1 possesses the superior
performance among three topologies. Under high power factor,
this topology can save around 30% devices, 50% total
capacitor and 32% power losses compared to conventional
MMC. And the output voltage quality does not have any
deterioration due to same voltage level. In this way, the power
density, efficiency, and construction cost could be improved a
lot and HMMC will have greater potentials in various MV and
HV power conversion applications.

APPENDIX
The trapezoidal current allocation is shown in Fig. 6, and
the equation of arm current /,, could be expressed as,

- wt ( ), wte{ g)

7r27r)
3’3

L Idc*[dc'(wtfz?ﬂ)/(%), wte {2?7",77) (l)
! Idc~(wt77r)/(§)+ia, wte {ﬂ', 4%)

An 5w
3’3 )

et (o= 5)/(5) i wre [ 2n)

Similar formula could be derived easily for HMMC 2 and
HMMC 3.

I, wte {

Lo+, wte {

ACKNOWLEDGMENT
This material is based upon work supported by the National
Science Foundation (NSF) under Grant No. 2022397. Any
opinions, findings, and conclusions or recommendations
expressed in this material are those of the author(s) and do not
necessarily reflect the views of the NSF.

REFERENCES

[1] M. N. Raju, J. Sreedevi, R. P Mandi and K. S. Meera, "Modular
multilevel converters technology: a comprehensive study on its
topologies, modelling, control and applications," in IET Power
Electronics, vol. 12, no. 2, pp. 149-169, 20 2 2019.

[2] S. Ali, Z. Ling, K. Tian and Z. Huang, "Recent Advancements in
Submodule Topologies and Applications of MMC," in IEEE Journal of
Emerging and Selected Topics in Power Electronics, early access.

[3] L.Zhang et al., "Modeling, control, and protection of modular multilevel
converter-based multi-terminal HVDC systems: A review," in CSEE
Journal of Power and Energy Systems, vol. 3, no. 4, pp. 340-352, Dec.
2017.

[4] T. H. Nguyen, K. A. Hosani, M. S. E. Moursi and F. Blaabjerg, "An
Overview of Modular Multilevel Converters in HVDC Transmission
Systems With STATCOM Operation During Pole-to-Pole DC Short
Circuits," in IEEE Transactions on Power Electronics, vol. 34, no. 5, pp.
4137-4160, May 2019.

[5] J.Lyu, X. Cai, and M. Molinas, “Frequency domain stability analysis of
mmc-based hvdc for wind farm integration,” IEEE Journal of Emerging



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

[6]

[7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

and Selected Topics in Power Electronics, vol. 4, pp. 141-151, March
2016.

J. Liu, S. Yue, W. Yao, W. Li and Z. Lu, "DC Voltage Ripple
Optimization of a Single Stage Solid State Transformer Based on
Modular Multilevel Matrix Converter," in I[EEE Transactions on Power
Electronics, early access.

Y. S. Kumar and G. Poddar, "Balanced Submodule Operation of
Modular Multilevel Converter-Based Induction Motor Drive for Wide-
Speed Range," in IEEE Transactions on Power Electronics, vol. 35, no.
4, pp. 3918-3927, April 2020.

J. Pan et al., "7-kV, 1-MVA SiC-Based Modular Multilevel Converter
Prototype for Medium-voltage Electric Machine Drives," in IEEE
Transactions on Power Electronics, early access.

D. Ronanki and S. S. Williamson, "Modular Multilevel Converters for
Transportation Electrification: Challenges and Opportunities,” in IEEE
Transactions on Transportation Electrification, vol. 4, no. 2, pp. 399-
407, June 2018.

S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa,
“Operation, control, and applications of the modular multilevel
converter: A review,” IEEE Transactions on Power Electronics, vol. 30,
pp. 37-53, Jan 2015.

R. L. Sellick and M. Akerberg, "Comparison of HVDC Light (VSC) and
HVDC Classic (LCC) site aspects, for a 500MW 400kV HVDC
transmission scheme," 10th IET International Conference on AC and DC
Power Transmission (ACDC 2012), Birmingham, 2012, pp. 1-6.

H. Akagi, "Classification, Terminology, and Application of the Modular
Multilevel Cascade Converter (MMCC)," in IEEE Transactions on
Power Electronics, vol. 26, no. 11, pp. 3119-3130, Nov. 2011.

K. Ilves, S. Norrga, L. Harnefors, and H. Nee, “On energy storage
requirements in modular multilevel converters,” IEEE Transactions on
Power Electronics, vol. 29, pp. 77-88, Jan 2014.

M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular
multilevel converters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp.
4-17, Jan. 2015.

Z. Wang, J. Chen, K. Liao, J. Xiong and K. Zhang, "Review on low-
frequency ripple suppression methods for MMCs for medium-voltage
drive applications," in IET Power Electronics, vol. 11, no. 15, pp. 2403-
2414, 18 12 2018.

J. Pou, S. Ceballos, G. Konstantinou, V. G. Agelidis, R. Picas, and J.
Zaragoza, “Circulating current injection methods based on instantaneous
information for the modular multilevel converter,” IEEE Transactions on
Industrial Electronics, vol. 62, pp. 777-788, Feb 2015.

S. Kolluri, N. B. Y. Gorla and S. K. Panda, "Capacitor Voltage Ripple
Suppression in a Modular Multilevel Converter Using Frequency-
Adaptive Spatial Repetitive-Based Circulating Current Controller," in
IEEE Transactions on Power Electronics, vol. 35, no. 9, pp. 9841-9851,
Sept. 2020.

X. Li, Q. Song, W. Liu, S. Xu, Z. Zhu and X. Li, "Performance Analysis
and Optimization of Circulating Current Control for Modular Multilevel
Converter," in [EEE Transactions on Industrial Electronics, vol. 63, no.
2, pp. 716-727, Feb. 2016.

R. Yang, B. Li, G. Wang, C. Cecati, S. Zhou and D. Xu, "Asymmetric
Mode Control of MMC to Suppress Capacitor Voltage Ripples in Low-
Frequency, Low-Voltage Conditions," in IEEE Transactions on Power
Electronics, vol. 32, no. 6, pp. 4219-4230, June 2017.

J. Wang, R. Burgos and D. Boroyevich, "Switching-Cycle State-Space
Modeling and Control of the Modular Multilevel Converter," in IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol. 2,
no. 4, pp. 1159-1170, Dec. 2014.

Du, S., Wu, B., Zargari, N. R., et al.: ‘A flying-capacitor modular
multilevel converter for medium-voltage motor drive’, IEEE Trans.
Power Electron., 2017, 32, (3), pp. 2081-2089.

Du, S., Wu, B., Zargari, N. R.: ‘A star-channel modular multilevel
converter for zero/low-fundamental-frequency operation  without
injecting common mode voltage’, IEEE Trans. Power Electron., 2018,
33, (4), pp. 2857-2865.

M. Merlin et al., “The alternate arm converter: A new hybrid multilevel
converter with DC-fault blocking capability,” IEEE Trans. Power Del.,
vol. 29, no. 1, pp. 310-317, Feb. 2014..

M. M. C. Merlin et al., “The extended overlap alternate arm converter: A
voltage source converter with dc fault ride-through capability and a

[25]

[26]

[27]

[28]

[29]

[30]

compact design,” IEEE Trans. Power Electron., vol. 33, no. 5, pp. 3898—
3910, May 2018.

H. R. Wickramasinghe, G. Konstantinou, S. Ceballos and J. Pou,
"Alternate  Arm Converter Energy Balancing Under Parameter
Variation," in IEEE Transactions on Power Electronics, vol. 34, no. 4,
pp. 2996-3000, April 2019.

S. K. Patro and A. Shukla, "Highly Efficient Fault-Tolerant Modular
Embedded Thyristor Directed Converter for HVDC Applications," in
IEEE Transactions on Power Delivery, vol. 35, no. 1, pp. 349-363, Feb.
2020.

E. Amankwah, A. Watson, R. Feldman, J. Clare and P. Wheeler,
"Experimental validation of a parallel hybrid modular multilevel voltage
source converter for HVDC transmission," 2013 Twenty-Eighth Annual
IEEE Applied Power Electronics Conference and Exposition (APEC),
Long Beach, CA, 2013, pp. 1607-1614.

R. Feldman et al, "A Hybrid Modular Multilevel Voltage Source
Converter for HVDC Power Transmission," in IEEE Transactions on
Industry Applications, vol. 49, no. 4, pp. 1577-1588, July-Aug. 2013.

D. Zhang, R. Datta, A. Rockhill, Q. Lei and L. Garces, "The modular
embedded multilevel converter: A voltage source converter with IGBTs
and thyristors," 2016 IEEE Energy Conversion Congress and Exposition
(ECCE), Milwaukee, WI, 2016, pp. 1-8.

D. Zhang, D. Dong, R. Datta, A. Rockhill, Q. Lei and L. Garces,
"Modular  Embedded Multilevel ~Converter for MV/HVDC
Applications," in IEEE Transactions on Industry Applications, vol. 54,
no. 6, pp. 6320-6331, Nov.-Dec. 2018.

Y. Chen, Z. Li, S. Zhao, X. Wei and Y. Kang, "Design and
Implementation of a Modular Multilevel Converter With Hierarchical
Redundancy Ability for Electric Ship MVDC System," in IEEE Journal
of Emerging and Selected Topics in Power Electronics, vol. 5, no. 1, pp.
189-202, March 2017.

J. Yang, Z. He, J. Ke and M. Xie, "A New Hybrid Multilevel DC-AC
Converter With Reduced Energy Storage Requirement and Power
Losses for HVDC Applications," in IEEE Transactions on Power
Electronics, vol. 34, no. 3, pp. 2082-2096, March 2019.

[33] R. Hasegawa, S. Tashiro and D. Suzuki, "A Proposal of Control Method

for Regulating Capacitor Voltages of Neutral Point Clamped Modular
Multilevel Converter," PCIM Asia 2017; International Exhibition and
Conference for Power Electronics, Intelligent Motion, Renewable
Energy and Energy Management, Shanghai, China, 2017, pp. 1-6.

[34] Infineon IGBT Module Manuals, 2020. [online] Available: https://www.

[35]

infineon.com/cms/en/product/power/igbt/igbt-modules/

A. Marzoughi, R. Burgos, D. Boroyevich and Y. Xue, "Design and
Comparison of Cascaded H-Bridge, Modular Multilevel Converter, and
5-L Active Neutral Point Clamped Topologies for Motor Drive
Applications," in IEEE Transactions on Industry Applications, vol. 54,
no. 2, pp. 1404-1413, March-April 2018.

[36] S. Rohner, S. Bernet, M. Hiller and R. Sommer, "Modulation, Losses,

[37]

[38]

[39]

[40]

[41]

and Semiconductor Requirements of Modular Multilevel Converters," in
IEEE Transactions on Industrial Electronics, vol. 57, no. 8, pp. 2633-
2642, Aug. 2010.

L. Yang, Y. Li, Z. Li, P. Wang, S. Xu and R. Gou, "A Simplified
Analytical Calculation Model of Average Power Loss for Modular
Multilevel Converter," in IEEE Transactions on Industrial Electronics,
vol. 66, no. 3, pp. 2313-2322, March 2019.

M. M. C. Merlin et al., "The Extended Overlap Alternate Arm Converter:
A Voltage-Source Converter With DC Fault Ride-Through Capability
and a Compact Design," in IEEE Transactions on Power Electronics, vol.
33, no. 5, pp. 3898-3910, May 2018.

A. Marzoughi, R. Burgos, D. Boroyevich and Y. Xue, "Design and
Comparison of Cascaded H-Bridge, Modular Multilevel Converter, and
5-L Active Neutral Point Clamped Topologies for Motor Drive
Applications," in IEEE Transactions on Industry Applications, vol. 54,
n0. 2, pp. 1404-1413, March-April 2018.

G. Konstantinou, J. Pou, S. Ceballos and V. G. Agelidis, "Active
Redundant  Submodule Configuration in Modular Multilevel
Converters," in IEEE Transactions on Power Delivery, vol. 28, no. 4, pp.
2333-2341, Oct. 2013.

B. Li, Y. Zhang, R. Yang, R. Xu, D. Xu and W. Wang, "Seamless
Transition Control for Modular Multilevel Converters When Inserting a
Cold-Reserve Redundant Submodule," in IEEE Transactions on Power
Electronics, vol. 30, no. 8, pp. 4052-4057, Aug. 2015.



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE




