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Abstract- Medium voltage (MV) and high voltage (HV)
rectifiers demonstrate lower cost and volume as well as reversal
power protection compared to the bidirectional counterparts in
the unidirectional AC/DC applications, such as HVDC
transmission, MVDC shipboard system, subsea oil and gas
production power systems, etc. Traditional modular multilevel
converter (MMC) is good candidate, but suffers from large
number of submodules (SMs) and capacitor size. Recently, the
hybrid multilevel rectifiers (HMRs) consisting of the HV diode
and MMC structure have evolved and gained significant
interests. The HV diode could replace the SMs in MMC, implying
improved power density and efficiency. In this paper, three
typical HMR topologies are selected, and each of them uses a
different configuration and offers unique advantages. Therefore,
this paper presents the operation principles and comparative
performance evaluation of these HMRs based on key metrics
such as device number, capacitor energy storage requirement,
and semiconductor losses. In this way, the favorable working
conditions of these HMRs could be identified, and the most
suitable applications for each configuration could be suggested.
The presented analysis can provide a point of reference and a
useful framework for the future developments of HMRs.

Index Terms- Unidirectional rectifier, hybrid modular
multilevel rectifier (HMMR), flying-capacitor HMMR,
asymmetrical alternate arm rectifier, operation principle,

performance comparison.

I. INTRODUCTION

The use of unidirectional high-voltage (HV) and medium-
voltage (MV) rectifiers is preferred in applications where
power only flows from the AC to the DC side. These
applications include the point-to-point HVDC transmission for
renewable energy [1, 2] and the active front-end (AFE)
converters in variable speed drive systems [3, 4]. In addition,
some non-conventional applications such as subsea oil and gas
production power systems [5] as well MVDC shipboard [6]
require rectifier topologies with higher power density and
efficiency. Bidirectional converters are more complex and
expensive than unidirectional ones in these non-regenerative
systems. Furthermore, unidirectional rectifiers are more
favorable for protecting the primary power source against

This work was supported by the National Science Foundation under
Grant 2022397. (Corresponding author: Dong Dong.)

Jian Liu is with Delta Electronics Inc., Durham, NC 27709 USA,
(email: jian.h.liu@deltaww.com).

Jayesh Kumar Motwani and Dong Dong are with the Center for Power
Electronics Systems, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24060 USA, (e-mail: jayeshkmotwani@vt.edu;
dongd@vt.edu).

Di Zhang is with the Naval Postgraduate School, Monterey, CA 93943-
5155 USA (e-mail: zhangdi@jieee.org).

power flow reversals.

The simplest and most well-known solution for the
unidirectional medium-voltage rectifier is the passive diode
rectifier (DR) and the multi-pulse rectifier based on phase-
shifting transformer arrangements [7]. This method features a
simple structure, lower cost, and smaller volume, which makes
it promising for offshore wind power transmission [8].
However, the use of passive devices in DR also presents some
challenges. First, the low-frequency transformers (LFT) used
on the grid side are quite bulky. Second, harmonic
compensation equipment is necessary to meet the total
harmonic distortion (THD) requirement. Third, the DR is
unable to operate in weak grids and cannot ride through the
low voltage on the AC side.

Multilevel converters have become a competitive
alternative to passive diode rectifiers due to their ability to
decrease harmonics and provide fully controlled active and
reactive power. Some typical multilevel converters include the
neutral point clamped (NPC) converter, the flying capacitor
converter (FCC), and the cascade H-bridge (CHB) converter.
In the case of unidirectional power flow, the rectifier version
of the five-level active neutral point clamped (ANPC)
converter using SiC MOSFET and Si diode was proposed in
[12-14]. However, to increase the voltage rating, more voltage
levels are needed, which can make busbar design difficult due
to the larger parasitic inductance of the commutation loop.
The CHB could avoid this issue by using series connected
submodules (SMs), whereas the back-end high frequency
isolated DC/DC converters are required to interface MVDC
with series output or LVDC with parallel output [15-17]. This
kind of structure is usually referred to as solid-state
transformer (SST). SST can provide higher power density and
efficiency over traditional line-frequency transformer (LFT)
based rectifier. Therefore, SST is very promising for isolated
rectifier applications. Similarly, the modular multilevel
converter (MMC) has same benefit of CHB, but can be used in
transformerless applications [18], [19]. Although the MMC
offers good scalability and natural redundancy, it requires a
large number of low-voltage devices and SM capacitors with a
large volume [20].

Various hybrid multilevel converters (HMCs) have been
proposed by combining the HV switch and chain-link (CL)
structure in MMC, to achieve a trade-off between traditional
multilevel converters and MMC [21-25]. The typical
topologies include the alternate arm converter (AAC) [23],
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and three-level hybrid modular multilevel converter (HMMC)
[24]. They can address one or more issues of traditional MMC.
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Fig. 1 Three typical HMR topologies, (a) HMMR, (b) FC-HMMR, (c) AAAR.

However, these converters are bidirectional using the active

HV switch, which still has the concern of voltage sharing

based on low voltage device. To further reduce the cost and

construction difficulty of the HV switch, the hybrid multilevel
rectifiers (HMRs) are proposed by replacing the active HV
switch with the HV diode. Because diode does not need the
gate driver unit and the simple passive snubber based voltage
balancing is sufficient. The most representative topologies

include the hybrid modular multilevel rectifier (HMMR) [26-

28], the flying-capacitor HMMR (FC-HMMR) [29], and the

asymmetrical alternate arm rectifier (AAAR) [30] as shown in

Fig. 1. The combination of HV diode and CL structure gets rid

of the harmonic and voltage upregulation concerns of

traditional DR, while reducing the SM requirement of pure

MMC. However, diode does not have the current interruption

capability, which means non-unity power factor (PF)

operation is different from HMCs, which may bring more
penalty and limit the suitable applications.

Up to now, there is a significant gap in the available
literature about the comparative evaluation of these HMRs to
identify the suitable applications. Therefore, this paper aims to
fill this gap by providing such a comparison, and the main
contributions of this paper are summarized as below.

e Introduce three MV and HV unidirectional HMRs. Both
the unity and non-unity power factor (PF) operation
principles are explained.

e The control scheme and CL energy balancing strategy of
three topologies are illustrated.

e A detailed analysis of the performance of three HMRs is
provided to identify their advantages and limitations. This
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Fig. 2 Four working states of single phase HMMR, (a) PN state, (b) PZ state,
(c) ZZ state, (d) ZN state.

will help people to choose the most appropriate topology
for their specific application.

e The simulation and experimental results are provided to
validate the effectiveness of these topologies.

The paper is structured as follows. Section II gives an
overview of three unidirectional HMRs, along with their
corresponding operation principles. In Section III, a
performance comparison between the traditional MMC and
three other considered topologies at different PFs is
conducted. Based on the analysis, the benefits and limitations
of each HMR are highlighted, which will help to identify their
suitable applications. Section IV presents the simulation and
experimental results of a scale-down prototype, which is used
to validate HMMR and FC-HMMR. Finally, the concluding
remarks based on the findings of our study are given in
Section V.

II. OPERATION PRINCIPLES AND CONTROL METHOD
This chapter introduces and discusses the basic working
principle of three HMRs. Firstly, the AC side voltages and
currents are defined as follows,

v, = Vyesin(wt), i, = I sin(wt + ¢) (1)

where V, and I, represent the amplitude of AC voltage and
current, respectively. The angular frequency is denoted by w,
whereas the phase angle difference between current and
voltage is given by ¢, which determines the PF value. The
modulation index M is defined as 2Vao/Vie.
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A. Operation of HMMR
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Fig. 4 Single-phase CL current and voltage waveforms of HMMR at non-
unity PF.

The topology of the three-phase HMMR is given in Fig.
1(a). Four series-connected HV diodes are connected between
the DC terminals, and two CLs are connected between the AC
side and the HV diodes, respectively. Three phase midpoints
are connected as the voltage potential Vpig. It should be noted
that each CL contains M, half-bridge (HB) SMs and N full-
bridge (FB) SMs. Besides, each SM has a floating capacitor
Csn at voltage Vim. The total voltages across the upper and
lower CLs are denoted by vpa and vy, respectively, while the
upper and lower arm currents are denoted as ipa and ina,
respectively.

Considering the symmetrical structure of HMMR, phase a
is taken as an example to illustrate the operation. Fig. 2
demonstrates the four working states (PN, PZ, ZZ, and ZN) of
a single-phase HMMR, which are determined by the current
polarity of ip, and ina. Then the corresponding upper and lower
CL voltages can be calculated based on the connection
structure.

Vpe = 0.5V, — ¥y, U = 0.5V + v, (1,0 >0,%,, >0,PN)
(ipa > 0,4, < 0,P2)
(4pa < 0,4, < 0,Z2)
(4pa <0,4,,>0,ZN)

Vpa = 05.[/dc T Vay Upg — Vg — szd

2)

VUpa = Vmid — Vay Una — Vg — Vmid
Vpa — Vmid — Vay Una = 0. 51/:& + Vg
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Fig. 5 Two working states of single-phase FC-HMMR.

The trapezoidal arm current allocation in Fig. 3 is designed
to enable natural switching between PZ and ZN states, which
helps to achieve minimum CL voltage stress and 50% SM
reduction compared to traditional MMC. To ensure the arm
current polarity for the corresponding states, a modulation
index limitation is calculated at the unity PF, as shown in (3).
This indicates that the HMMR is feasible for the most
common boost rectifier operation.

M*2Vac<l%1.15 (3)

Vie ~4/3
As for the non-unity PF, the PN or ZZ states could be used
during the non-overlap period to reduce the extra SM number.
The detailed current allocation has been introduced in a
previous study [26], so it will not be discussed here. An
example with the transition of ZZ states is presented in Fig. 4.

Then, the corresponding CL voltage stress should be
calculated as follows:
Vmax_cl = O . 5%0 + Vac Siﬂ (’Y) )
N 7
0 :asm<li>,y:9+<p*§ 4)

Vminﬁcl =~ Va,; SiIl(p

B. Operation of FC-HMMR

Fig. 1(b) shows the topology of FC-HMMR, which utilizes
two CLs, two HV diodes, and one HV flying capacitor per
phase. The currents flowing through them are defined as ipa,
ina, IDla, ID2a, IFca, Tespectively. The rated flying capacitor
voltage Vrca is set as 0.5Vg. According to the conduction of
two diodes, there are two working states of FC-HMMR as
shown in Fig. 5. The corresponding CL voltages and currents
can be calculated using (5) and (6).

Vpa = 0.5Vie — Vs Ve = Vite — Ve (G410 > 0,049, =0, P)

) . 5

vpa == vFC’aa Una = 0 . 5Vi¢ + Vg (Zdlu, = O’ZdZ(l > 0 )N) ( )
Z.pa - ia? Z.na - Z:FCa - Z:Dla - Z.a (P Sta‘te)
S S (6)
Zpa = ~1rca = 'D2a + Yoy tna — 2 (N State)
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It is important to note that two diodes cannot be turned on
simultaneously to prevent voltage fluctuations in the flying
capacitor. Moreover, if the switching point between the P and

N states coincides with the zero-crossing point of the AC
voltage, the maximum voltage across the CL is effectively
reduced to only 0.5 V..

p1s LD1c

Fig. 6 Three-phase configuration of FC-HMMR at unity PF.

By applying these two states to three phases, we can obtain
a three-phase configuration with six segments in a single line
cycle, as illustrated in Fig. 7. It can be observed that the
positive DC bus current is equal to the D; current of one phase
or two parallel phases in each segment, as shown in (7).
7;Dla + ich) wt e [0,7T/3)
ip1e, WEE [7/327/3)
ip1a T tp1p, WEE [271'/3,71’)
ile, wte [7T, 471'/3)
ip1s + ipre, Wt € [47/3,57/3)
ipie, wte [bm/3,27)

1 dep — (7)

To maintain a constant total positive DC bus current with
minimal ripple, a trapezoidal current allocation could be used
here to design the current distribution among three phases, as
shown in the bottom of Fig. 6. For example, ipia could be
expressed in (8).

Ipe - 3wt/m, wte [0,7/3)

. Ipc, wte [7/3.271/3)
1p1la — (8)
Ipc - 3(m —wt)/m, wte [27/3,7)

0, wte [m,2m)

Based on the power transfer, the amplitude of the DC side
current can be easily derived using (9). It is noteworthy that
the shape of ipia, ipib, and ipic remains trapezoidal even as the
modulation index and PF vary, except for the variable
amplitude /4.

MI, cosp
= et ©

As a result, when the modulation index and PF changes, FC-
HMMR could always maintain the P (or N) and when AC
voltage is positive (or negative). Compared to HMMR, which
is affected by non-unity PF, the CL voltage stress of FC-
HMMR does not change when PF varies. Additionally, there
is no modulation index limitation for FC-HMMR, making it a
feasible option for a buck rectifier with the FB SM. In this

Idc

case, the voltage stress can be expressed in (10). Combining
the current relationship given in (6), the corresponding CL and
FC currents can be plotted as shown in Fig. 7.
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Fig. 7 Current pattern of CLs and flying capacitor at (a) unity PF and (b) PF =
0.8.

Vmazfﬂl =0. 51/:107 Vminﬁcl =0. 5‘/110 - Vac (10)
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D. Operation of AAAR

In Fig. 1(c), AAAR is derived with three HV diodes
replacing three upper CLs in the traditional MMC. This
asymmetrical design can reduce the total number of SMs. The
diode conducts when the respective instantaneous phase

voltage is highest among the three phases. Therefore, there are
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Fig. 8 Three working states of AAAR in one line cycle.

Fig. 9 Three-phase CL voltages and currents waveforms of AAAR.

three different working states for AAAR in one line cycle, as
shown in Fig. 8. The three-phase CL voltages and currents in
state 1 could be expressed in (11) and (12), respectively.

/Ucla:Vdc 5
ey = Ve — v, + v, ,wt € [%%) (11
/Uclc:Vdcivu+vc
icla:iaijDC
. T bm
=i wte [22) (12)
Yetp = e

Unlike HHMR and FC-HMMR, the common-mode voltage
Vem between the DC side midpoint and the three-phase neutral
point of AAAR is non-zero. For instance, in state 1, it can be
calculated using (12).

Vo =0.5V,, —v,, wte [7/6, 57/6) (13)

The expressions for the other two states can be derived
similarly, which can plot the three-phase CL voltages and
currents in Fig. 9. It can be observed that the maximum
voltage stress remains the same as the traditional MMC at V..
However, there is a large third-order harmonic in the common
mode voltage. This means that AAAR cannot operate in
single-phase mode, and a three-phase transformer with the
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Fig. 10 (a) Basic control schemes of HMRs, (b) AC side power control block
and sum energy balancing.

neutral point insulation reinforcement, as shown in Fig. 1(c),
is necessary to block such common mode voltage.

D. Control Schemes of Three HMRs

Despite the different configurations and operation principles
of the three HMRs, their basic control schemes remain the
same. The only difference between them is the method used to
balance the CL energy.

As illustrated in Fig. 10, the control scheme comprises the
AC side control, the DC side control, and the CL energy
balancing, which generate different components of the CL
current reference. For instance, the AC side control, as shown
in Fig. 10(b), computes the AC input current reference based
on the active and reactive power demand. The active current
should be adjusted to regulate the total energy stored in HMR
as well. On the other hand, the DC side control generates the
DC output current reference.

The CL energy balancing for HMMR is achieved by
injecting circulating current, whereas for FC-HMMR and
AAAR, the DC current amplitude for each phase can be
independently regulated for balancing purposes.

After synthesizing the CL current reference based on the
operation principle in each state, the current loop regulator is
responsible for tracking the reference using repetitive control.
The resulting output, combined with the feedforward CL
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voltage calculation, generates the CL reference output voltage,
denoted as vq". The low-level control, on the other hand, is
responsible for multilevel modulation and balancing of
individual capacitor voltages.

With the increasing number of SMs, traditional centralized
control limit the modularity and expandability due to the
heavy computational burden [31]. Therefore, the distributed
control has been discussed a lot in MMC family [32-34],

TABLE I
Specifications of MV AFE
Description Symbol Value
Input three-phase Line-voltage (RMS) Vie rms (KV) 13.8
Input frequency fiw (Hz) 60
Output DC bus voltage Vpe (kV) 24
Rated power S (MVA) 5
PF PF 0tol
SM capacitor voltage Vsm (KV) 1.1
SM capacitor ripple € 10%
400 ONwieer [ MMC  [JFC-HMMR |
B Nuao [ODHvVR @assar 0 B
8 300 1
=
jo3
a
'45 200
5
E
g 100
Z
0

0.8 0.5
Power Factor (PF)

Fig. 11 Number of devices for four topologies at four different PFs.

which can be easily transferred to HMRs as well. More
detailed aspects such as control task allocation, clock
synchronization as well as the communication fault tolerant
operation still deserves more future investigation.

III. PERFORMANCE COMPARISON OF FOUR TOPOLOGIES
To identify the strengths and weaknesses of each topology,
it is essential to design the converters under different operating
conditions. This approach ensures a fair comparison between
the different topologies. Table I gives the design parameters
for the medium voltage rectifier.

A. CL voltage and Device Number

The arm voltage stress is directly proportional to the device
number. In this study, the Infineon IGBT module
FF300R17KE4 [35] is utilized as the SM power device, which
has a maximum collector-emitter voltage of 1.7 kV and can
sustain a continuous DC collector current of up to 300A. As
for the HV diode stack, the 6.5 kV diode module from IXYS
(WO0790LG650) [36] is selected here to reduce the total device
number.

The number of SMs in each arm is selected so that the DC
link capacitor voltage Vsm does not exceed 1.1 kV, and the HB
SM number Nug and FB SM number Ngg could be calculated
as below.

— | Vmin7 cl |
Ve

Vmaz cl
“pesdd _ 14
Ve (14)

As for the diode requirement, it is related to the total
blocking voltage Vi at off state. Supposing a blocking
utilization factor of 70%, the diode number could be expressed
in (14).

NFB

7NHB: Npp

Vi, r HMMR

N, diode. HMMR — V_*70% (1 5)

(a) AC voltage and current

=
o
. 0
W -3
1
0 2z 4
wt [rad]
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= a0l — HMMR
.?4 m 4 - -~ FC-HMMR|
= 10 < <] — AAAR

g

-

wt [rad]

(b
Fig. 12 Ideal waveforms of four topologies at (a) PF = 1 and (b) PF = 0.8.

Therefore, the device number at different PFs is given in
Fig. 11. It can be observed that both FC-HMMR and AAAR
have lower device number compared to MMC at any PF.
Whereas HMMR has a smaller number of devices at only the
high PF range. This is because HMMR must use the ZZ state
during the overlap period. The lower PF means longer
duration of ZZ state, which means lower Vimin o and more FB
SMs.
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B. Capacitor Energy Storage

In MMC, capacitors are critical components that directly
impact power density and cost. The energy storage per unit
apparent power Eui, is determined by the energy deviation per
CL 4E, and the capacitor voltage ripple coefficient €. For
example, the Eui for 6 CLs in MMC, HMMR, and FC-
HMMR could be expressed as,

CsuVsu® _ 3AE
Eum’t(MMC, HMMR):GN Sﬂé SSM = e

(16)
Epe [kJ/MVA]

— MMC
—— HMMR
—— FC-HMMR
— AAAR

60

—_— S~

- 0 s ¥

Fig. 13 Relationship between the required capacitor energy storage and phase
angle of topologies with € of 10%.

FC-HMMR needs the extra flying capacitor, which has the
same energy deviation as each CL. Then the total capacitor
energy storage for FC-HMMR should be calculated as,

CouVer® _ 9AE
E virrommr) = 9N S]; SSM = 1.5

(17

Since AAAR has only 3 CLs, the energy storage should be
calculated by half.
CSMVSM2 _ 3AE

25 4e8 (18)

Considering the complicated analytic expression of different
converters, the numerical method is utilized here. The
instantaneous CL energy fluctuation could be calculated by
the integral of CL output power.

o = / (0,0i,.)dt (19)

The waveforms of CL voltages and currents as well as the
corresponding calculated energy from (19) could be plotted in
Fig. 12. It can be seen that at the unity PF, HMMR has the
lowest capacitor energy ripple, which means the required
capacitor energy storage is lowest. Using this method, the
phase angle changes from —x to @, and the variation of Eynit
could be obtained and presented in Fig. 13. The same
capacitor voltage ripple coefficient ¢ is assumed for all
topologies of 10%. In terms of capacitor size, HMMR has the
best performance among the four topologies at any PF. While
AAAR and FC-HMMR are superior to MMC only at the high
PF range.

Eum‘t(AAAR) =3N

C. Semiconductor Losses

The semiconductor losses consist of conduction losses Pcon
and switching losses Psy. The former is caused by the forward
voltage drop of IGBTs and diode stacks, which could be
calculated in (20). For simplification, the on-state voltage drop

of the IGBT and its antiparallel diode of each IGBT module
are assumed to be the same.

Ng, [T .
Pcan - (Nsm : vf_IGBT : |ZIGBT|)d(wt)

27 J,

N 2w (20)
2:: /0 (Naiode * Vs_aiode * Taioac) & (W)

where Ny is the number of devices in the conduction path of
each CL, and vr et refers to the on-state voltage drop of
IGBT at the current iigar. Ndiode 1S the number of devices in the

+
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s P, [uMMR [l AAAR
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g
§
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Power factor (PF)
Fig. 14 Power losses of four topologies at four PFs.

conduction path of each stack, and vr giode refers to the on-state
voltage drop of the diode at the current igiode. Nei denotes the
total number of CL, which equals 6 for MMC, HMMR, and
FC-HMMR. As for AAAR, N equals 3.

Each state change of a SM results in a one-time turn-on loss
(eon), turn-off loss (eorr) of the IGBT, and reverse recovery loss
(erec) Of the antiparallel diode. To calculate the equivalent
value normalized to the reference voltage vcerer in datasheet,
the SM capacitor ripple is disregarded. The CL switching
losses Py are then summed up within one line cycle.

w uft VSM . VSM .
P, sw el — % Z " Eonlofp (ZIGBT) + " Crec (ZIGBT> (2 1)

=1 \VeB,ref VF,ref

The reverse recovery losses of the HV diodes are neglected
here due to the low frequency and zero current commutation
in HMMR and FC-HMMR.

In order to perform a fair comparison, the same switching
frequency and device junction temperature is set to be same
for all topologies. Then the total power losses of four
topologies are presented in Fig. 14. In order to make a fair
comparison, the It can be observed that HMMR has the lowest
power losses in the high PF range, while MMC has lower
losses in the low PF range. FC-HMMR and AAAR have
higher conduction losses as PF reduces due to the increased
rms value of CL currents.

D. AC Low Voltage Ride Through and DC Fault Ride Through

The AC low voltage ride-through capability is a critical
requirement for converters that interface with the MV/HV grid
in the event of an AC side fault. Common AC side faults
include symmetrical three-phase low-voltage events and
asymmetrical single-phase low-voltage events.
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In the event of a symmetrical AC fault, all four topologies
could handle this fault by reducing the active power
accordingly. Furthermore, there will be no current ripple on
the DC side due to the absence of negative sequence
components. However, the non-reactive power injection is
limited for HMMR due to more required devices.

Similar to the traditional HB-MMC, HMMR, FC-HMMR,
and AAAR with only HB SMs lack the dc-fault blocking
capability. In the event of a fault, the fault current will
increase rapidly through the antiparallel diode of each HB SM.
Thus, the arm inductor must be designed to limit the current

rise rate. In order to protect the system, one way is using the
TABLE I
Performance Summary of Four Topologies.

Terms MMC HMMR FC-HMMR  AAAR
. 0.5pu.CL 05pu.CL 0.5pu.CL
Device
1puCL +0.14pu. +0.07pu. +0.07p.u.
PF Number . . .
a diode diode diode
) Cap energy 1p.u. 0.54 p.u. 0.92 p.u. 0.71 p.u.
Power losses 1p.u. 0.6 p.u. 0.81 p.u. 0.84 p.u.
Device lpu.CL 05pu.CL 0.5pu.CL
1puCL +0.14pu. +0.07pu. +0.07p.u.
PF Number . . .
0.5) diode diode diode
©. Cap energy 1p.u. 0.5 p.u. 1.77 p.u. 1.2 p.u.
Power losses 1p.u. 1.12 p.u. 1.26 p.u. 1.27 p.u.
PF range Any PF High PF Any PF Any PF
Transformer necessity No No No Yes
Symrr;etncal AC fault Yes Yes Yes Yes
ride-through
Asymmetrical AC
fault ride-through Yes Yes Yes No
DC fault blocking Yes with FB
Recommended Low PF ]-?/;‘;}l;; F “ElFCgSP F Wide PF
applications (STATCOM) HVDC) datacenters) (OWFs)

DC circuit breaker or the embedded DC breaker structure [37],
[38]. Another way is using the bipolar SM, like the FB circuit,
to block the AC side voltage. In the event of a fault, all
devices in each FB SM should be turned off. Consequently,
the DC-link capacitors of the FB SMs in each arm will appear
as serially connected voltage sources, with a polarity opposite
to the direction of the fault current flowing from the AC side.
For HMMR and FC-HMMR, the required FB SMs per CL

should be
V3V
2Vsu

While for AAAR, only single CL is connected to withstand
the AC voltage, which indicates the FB SM number in (23).

V3V,

N FB _DC_fault(AAAR) — Vs (23)
‘M

(22)

N, FB_DC_fault(HMMR,FC-HMMR) —

Therefore, HMMR already with FB SMs can help reduce
the extra number of SMs required for DC fault protection.

E. Performance Summary

According to the previous comparison, the device number,
capacitor energy storage as well as power losses of four
topologies can be summarized in Table II. It is apparent that in
the high PF range, the HMMR demonstrates highest power

density and efficiency due to smaller capacitor size and lower
power losses. Therefore, it more preferred in the applications
such as AFE in variable speed drive systems or point-to-point
HVDC transmission. It can be also used as the MVDC
rectifier for the marine electrical distribution system, where no
regeneration is possible [39].

When low PF operation is necessary to support the grid, the
significantly increased number of devices makes the HMMR
an unfavorable solution. Conversely, FC-HMMR and AAAR
do not require additional devices and thus provide a better
option. While the capacitor energy ripple in these topologies
may be higher than that of the MMC, the total apparent power

PF =1=— |—>PF = 0.9
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Fig. 15 Steady-state simulation waveforms of HMMR when PF = 1 and 0.9,
(a) delivered active and reactive power, (b) AC grid side voltages, (c) AC side
currents, (d) DC voltage, (e) three-phase upper CL currents, (f) three-phase
lower CL currents, (g) phase a upper and lower CL output voltages, (h) phase
a upper and lower CL capacitor voltages.

could be reduced accordingly to ensure that the capacitor
voltage ripple remains within the permissible limit. Moreover,
considering the insulation of flying capacitor and the
unnecessity of transformer, the FC-HMMR is more desired for
MYV applications such as front-end converter for electrical
vehicle fast charging station (FCS) and datacenters [28], [40],
[41]. Whereas AAAR is suitable for HV case like offshore
wind farms (OWFs), where the HV transformer has been
employed for each farm [39].

However, in some applications of pure reactive power
generation, such as the Static Synchronous Compensator
(STATCOM), the traditional MMC remains the best candidate
due to the large number of devices required for HMMR and
the issue of large capacitors faced by FC-HMMR.

IV. SIMULATION AND EXPERIMENTAL RESULTS
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A. Simulation Results of Steady State

In Fig. 15, steady-state operation results of HMMR are
shown at a constant apparent power of 5 MVA and PF of 1
and 0.9. The low harmonics in the input AC current are due to
the multilevel output of CL, as shown in Fig. 15(g). With the
help of repetitive control of the current loop [25], the CL
currents in Fig. 15(e) and (f) match the designed pattern given
in Fig. 4 and Fig. 5. Additionally, due to the balancing control,
the CL capacitor voltage is well-balanced and the ripple
amplitude changes slightly at different PF, as depicted in Fig.
15(h). To mitigate voltage ripple, the SM capacitance CSM
was chosen as 4.5 mF for HMMR.

PF = l=<—1—>PF = 0.9

1
1
T
1

Fig. 16 Steady-state simulation waveforms of FC-HMMR when PF = 1 and
0.9, (a) delivered active and reactive power, (b) AC grid side voltages, (c) AC
side currents, (d) DC voltage, (e) three-phase upper CL currents, (f) three-
phase lower CL currents, (g) phase a upper and lower CL output voltages, (h)
three-phase flying capacitor voltages, (i) phase a upper and lower CL
capacitor voltages.

Fig. 16 depicts the steady-state waveforms of FC-HMMR at
a constant apparent power of 5 MW and PF of 1 and 0.9. The
CL current waveforms align with the designed current pattern
in Fig. 7. Additionally, the extra flying capacitor voltages are
shown in Fig. 16(h), which indicates a higher voltage ripple at
lower PF. In this case, the SM capacitance Csw is selected as 6
mF.

The steady-state waveforms of AAAR are presented in Fig.
17. The active power and reactive power exhibit low-frequency
harmonics, which result from the AC current distortions during
the state-changing transients in Fig. 17(c). The CL current step
change in Fig. 17(e) brings more challenges to the current loop.

Similar to FC-HMMR, the CL -capacitor voltage ripple
becomes larger at a lower PF. Moreover, the common-mode
voltage with DC bias and third-order harmonics indicates the
necessity of the three-phase transformer.

In Fig. 18, the dynamic performance and reactive power
generation capability of FC-HMMR are demonstrated. The
apparent power reference and PF are reduced simultaneously
to ensure that the voltage ripple of CL and flying capacitor
does not exceed the limitations. During the transient, the CL
voltage stress does not change, indicating that extra devices
are not required. Therefore, FC-HMMR exhibits greater
flexibility than HMMR in terms of its ability to support the

PF = 1<—i—>PF = 0.9

-300
(6]
=20
2 10f.-

0

(9)
24

Fig. 17 Steady-state simulation waveforms of AAAR when PF =1 and 0.9, (a)
delivered active and reactive power, (b) AC grid side voltages, (c) AC side
currents, (d) DC voltage, (e) three-phase CL currents, (f) three-phase CL
output voltages, (g) phase a upper and lower CL capacitor voltages, (h)
common-mode voltage veom.
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Fig. 18 Dynamic waveforms of FC-HMMR, (a) delivered active and reactive
power, (b) AC grid side voltages, (c) AC side currents, (d) three-phase upper
CL currents, (e) phase a upper and lower CL output voltages, (f) three-phase
flying capacitor voltages, (g) phase a upper and lower CL capacitor voltages.

grid. It should be noted that the AAAR has the same capability
compensate the reactive power from the grid, but the
simulation is omitted here.

TABLE III
Electrical parameters of the experimental setup.

Parameters Symbol Values
AC voltage amplitude Ve 400 V
AC frequency Jac 60 Hz
Power factor PF 0.8-1
DC output voltage Ve 800 V
DC resistor load R, 200 Q
Arm inductance Lam 2 mH
SM voltage Vsur 240V
SM capacitance Csu 1 mF
Flying capacitance Crc 1 mF
Number of FB SM per CL Ny 2

itching frequency fe 12 kHz

. 7 Arm inductor

(2)

R, 3

>
2V
SV de

(b) (c)
Fig. 19 Picture of single-phase FC-HMMR and HMMR setup, (b) schematic
of HMMR and (c) schematic of FC-HMMR.

B. Experimental Results

According to the comparison results, HMMR and FC-
HMMR are the most promising HMRs to replace the
traditional MMC. Consequently, a sub-scale single-phase
prototype was constructed to validate HMMR and FC-HMMR,
as shown in Fig. 19, with its parameters listed in Table III.
However, AAAR was not tested here due to the incapability
for the single-phase operation.

The FB SM is constructed with four 1.7 kV discrete Silicon
Carbide (SiC) MOSFETs (G3R20MT17K) for high switching
frequency to reduce the CL current ripple. All PWM signals,
SM fault signals, SM capacitor voltage information, and
sensor output are transmitted through the fiber. In this setup,
the antiparallel diode of the 4.5 kV IGBT module
(CM600HG-90H) is used as the HV diode. The current loop
power supply [43], [44] is employed to provide the auxiliary
power for four SMs, two CL current sensors, and two voltage
sensors. As for the centralized system controller, the DSP
(TMS320F28379) and FPGA (S5CEFA4F23C8N) are used in
this setup. The former is responsible for the control algorithm
execution, while the latter generates all the PWM signals and
receive the feedback value from sensors. We have added this
part in the setup introduction.

The performance of HMMR has been extensively evaluated
using steady-state and dynamic waveforms on a low-voltage
prototype, as presented in [27]. In this paper, two tests of
HMMR at PF of 1 and 0.8 are replicated on a higher voltage
and power setup with the corresponding waveforms in Fig. 20.
FB SMs are necessary here to generate the negative voltage in
the case of non-unity PF. It shows similar waveforms in Fig.
15.

The steady-state results of FC-HMMR at PF =1 and 0.8 are
presented in Fig. 21(a) and Fig. 21(b), respectively. It can be
observed that the AC input current has low harmonics, which
indicates a well-designed current loop. Additionally, it is
noticeable that the SM capacitor voltage ripple increases as the
PF changes from 1 to 0.8. This outcome is consistent with the
relationship presented in Fig. 13 and the simulation waveform
demonstrated in Fig. 16. The DC output voltage closely
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follows the reference of 800 V due to the DC voltage
balancing shown in Fig. 10(a).

TABLE IV
Efficiency Test Results of Four cases.
Condit HMMR FC-HMMR
ondition PF=1 PF =08 PF=1 PF=0.8
Efficiency 98.4% 97.2% 97.8% 95.9%
A
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Fig. 20 Steady-state waveforms of HMMR with (a) PF = 1, and (b) PF = 0.8.
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Fig. 21 Steady-state waveforms of FC-HMMR with (a) PF = 1, and (b) PF =
0.8.
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F 1g 22 Dynamic waveforms of F C HMMR when AC input voltage amplitude
increases from 600V to 800 V.

To evaluate the dynamic performance of FC-HMMR, the
AC input voltage was instantly increased from 300 V to 400 V,
and the resulting waveforms are shown in Fig. 22. Both before
and after the transient, the DC voltage follows the reference
value of 600 V, demonstrating the effectiveness of the output
voltage control. Furthermore, the results indicate that FC-
HMMR can also function as a step-down rectifier when the
FB SM is employed. The CL capacitor voltages merge after
the transient due to the energy balancing scheme. Additionally,
it could be observed that HMMR exhibits a lower SM
capacitor voltage ripple compared to FC-HMMR. The
efficiency test results are given in Table IV, which validates
the tendency of Fig. 14.

VI. CONCLUSIONS
In this paper, three representative HMRs are introduced for
unidirectional power flow applications: HMMR, FC-HMMR,
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and AAAR. These topologies were proposed to replace
traditional MMC for higher efficiency and power density.
Based on their unique operation principles, their performances
are evaluated comprehensively to identify the advantages and
limitations of each topology. It can be found that HMMR has
the best performance in the high PF range due to the lowest
capacitor size and power losses. Therefore, HMMR is desired
in the ac-dc front-end converter in the marine various
electrical power delivery and distribution systems and point-
to-point HVDC transmission. If a large PF range is required,
FC-HMMR and AAAR become a better solution, because they
do not add extra devices compared to HMMR. Moreover, FC-
HMMR does not need the three-phase transformer, which is
required for AAAR to block the common-mode voltage.
Nevertheless, considering the insulation capability of flying
capacitor, the FC-HMMR is more suitable for MV
applications such as FCS and datacenter based on dc
distribution. If pure reactive power compensation is the target,
the traditional MMC is still the best option.

Unbalanced operation is very important for the grid-
connected HMRs, which should be different from MMC and
deserve more investigation. Besides, techniques to improve
the control performance and dynamic response for the HMRs
are other interesting avenues for the future work.

Nowadays, more bidirectional HMCs are emerging, and
their rectifier versions deserve more investigation and
optimization. This will expand the family of HMRs, providing
more options for unidirectional AC/DC power conversion.
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