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A New Hybrid Modular Multilevel Rectifier as
MVac-LVdc Active Front-End Converter for
Fast Charging Stations and Data Centers

Jian Liu
Rolando Burgos

Abstract—As the power demands from dc energy-storage and
loads continue to grow in electric vehicle fast charging stations and
data centers, the power delivery infrastructure faces challenges
with the installation of bulky, heavy, and slow responsive line-
frequency power transformer (LFT). These transformers are re-
quired to step-down the feeder voltage from medium-voltage (MV)
ac grid-service to low-voltage (LV) ac, followed by LVac-LVdc
rectifiers. This approach results in a large equipment footprint,
heavy conductor copper usage, and lower efficiency. Consequently,
there is increasing interest in exploring direct interface from MVac
to LVdc without the need for LFT. This article proposed a new
solution called MVac-LVdc hybrid modular multilevel rectifier
(HMMR). The HMMR serves as a centralized step-down active
front-end converter, enabling power delivery to LVdc with a re-
duced number of dc/dc back-end isolated converters. Compared
to the modular multilevel converter (MMC) used as the MVac
interface solution, the proposed HMMR could save the submodule
number by 40 %, reduce losses by 22 %, and significantly reduce the
footprint area by 37 %, effectively increasing the power density and
reducing the construction cost. Moreover, the proposed HMMR has
the potential to operate in both unity and nonunity power factor
modes, allowing it to provide the grid-support functionality. The
performance of HMMR is evaluated and compared with full-bridge
MMC in the case of 13.8 kV ac to 6 kV dc. The feasibility of the
proposed converter is verified by the simulation results with the
same specifications. Finally, a scale-down 1.4 kV HMMR prototype
is developed to validate the effectiveness of the proposed converter.

Index Terms—Active front-end (AFE) converter, fast charging
stations (FCSs), hybrid modular multilevel rectifier (HMMR).

1. INTRODUCTION

HE exponential rise in power demand for dc-based energy
storage and loads can be attributed to the proliferation of
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Fig. 1.  Two MVac/LVdc schemes for EV charging and data centers: (a) LFT
+ LV AFE + dc/dc and (b) centralized MV AFE + M/HFT-based dc/dc.

electric vehicles (EVs) on the roads and the emergence of next-
generation data centers with artificial intelligence platforms [1],
[2], [3]. Fig. 1(a) illustrates a typical power delivery architecture
that employs a low-frequency transformer (LFT) to step down
the voltage from the three-phase medium-voltage (MV) grid
[4], [5], [6]. The centralized LVac-LVdc active front-end (AFE)
converter produces an LV dc bus, capable of accommodating EV
fast charging stations (FCSs), energy storage systems, and data
center dc loads. According to [6], the power demand from EV
charging stations and data centers is expected to escalate to the
multi-MW to -GW range. However, the usage of the step-down
LFT presents several challenges. First, as power levels increase,
the LFT imposes a maximum efficiency barrier of approximately
95%. Furthermore, the significant footprint of LFTs leads to
higher capital investments, especially in urban areas with high
land costs. The large impedance within the LFTs also intro-
duces the grid sags, swells, and other grid stability issues when
dealing with pulse-type power delivery in EV charging. These
challenges have motivated the exploration of highly efficient and
compact power delivery solutions.

Currently, some alternative solutions have been proposed
to replace the existing power delivery structure. One possible
scheme, depicted in Fig. 1(b), uses the medium-/high-frequency
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Fig. 2. Connection of back-end dc/dc stage: (a) multiport SST structure and

(b) ISOP structure.

transformers (M/HFTs) inside isolated dc/dc converters after the
MVac-MVdc AFE. The M/HFTs can provide galvanic isolation
while significantly reducing the size the neutral point clamp
converter [6], cascaded H-bridge (CHB) [8], [9], [10], and
modular multilevel converter (MMC) [11], [12], [13], have been
proposed. The CHB and MMC configurations, in particular,
offer attractive features, such as modularity, scalability, and
redundancy. Notably, both solutions require minimal ac filters,
resulting in faster charging power delivery and higher power
density.

By capitalizing on its modular structure, the back-end dc/dc
converter can connect to the individual submodule (SM) dc-link,
creating a multiport system as depicted in Fig. 2(a). Such solid-
state transformer (SST) units have been extensively utilized in
dc microgrid and renewable energy systems [14], [15], [16].
Nevertheless, this solution presents some practical challenges.
First, the galvanic isolation is required to ensure safety in LV
system [7], whereas the isolation level depends on the MV
ac voltage class and is not easily scalable. Second, compared
to the modular concepts with MV isolation requirement, the
centralized transformer occupies smaller amount of space [17],
[18]. Consequently, with regard to transformer efficiency and
power density, a smaller number of MV-insulated transformers
in the system perform better.

To decouple the AFE and the back-end dc/dc stage, the input
series and output parallel (ISOP) connection in Fig. 2(b) is
employed to handle the MV voltage at the input and high current
at the output [19]. The isolated dc/dc converters, such as dual
active bridge and CLLC converter [20], [21], could be utilized
here to ensure good voltage and current sharing while enhancing
fault-tolerant operation. In this arrangement, the back-end dc/dc
stage acts as a “dc transformer” and the MV insulation is only
the dc voltage level without the ac components. Moreover,
compared to the SST structure, the total number of M V-insulated
transformers can be significantly reduced [22].

To further simplify the back-end dc/dc converters and reduce
the number of transformers, a step-down AFE which can convert
MVac directly to LVdc is preferred [22]. The existing common
solution is the FB MMC. Howeyver, it suffers from drawbacks,
such as a large number of SMs and significant SM dc-link
capacitor size. Recently, various “hybrid multilevel converters
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(HMCs)” have emerged to address these issues [23], based
on the concept of combining high-voltage (HV) switches and
chain-links (CLs). A group of converters, including alternate
arm converter [24] and hybrid MMCs [25], [26], [27], [28],
[29], [30], have been proposed. They can address one or more
issues of MMC, but the HV switch based on series-connected
active devices requires active voltage sharing and extra auxiliary
power supplies. Therefore, the hybrid modular multilevel recti-
fier (HMMR) was proposed by replacing the HV active switch
stacks with HV diodes [31], [32], [33], [34]. In this way, the
key benefits of HMMC are retained, while significantly reducing
the design complexities associated with HV switches. It is worth
noting that the previously proposed HMMR was only suitable for
step-up conversion with dc voltage amplitude higher than the ac
side. Consequently, it was more appropriate for the HVdc power
transmission rather than the EV charging station and data center
applications discussed in this article. In [22], it was revealed
that the HMMC3 exhibits the best performance among three
HMCs and FB-HMMC. Therefore, this article introduces the
rectifier version of HMMC3, referred as the step-down HMMR,
aiming to further reduce costs and volume for unidirectional
power delivery. Above all, the main contributions of this article
are as follows:

1) The proposed step-down HMMR topology is desired for
the AFE in the FCSs or other MVac to LVdc power
distribution applications like dc microgrid for datacen-
ters, which could reduce the number of back-end dc/dc
converters.

2) The unity and nonunity power factor (PF) operation prin-
ciples of the proposed HMMR are explained.

3) Performance is evaluated and compared between the tra-
ditional FB-MMC and HMMR in terms of the device
number, capacitor energy storage, and efficiency.

4) DC and ac fault ride-through strategy is analyzed.

The rest of this article is organized as follows. The step-down
HMMR-based AFE topology, and the single-phase as well as the
three-phase operation principles are illustrated in Section IL. In
Section III, the performance comparison between the traditional
MMC and HMMR at different PF is conducted, and the control
strategy and the fault ride-through are explained in Section I'V.
The simulation and the experimental results of a scale-down
prototype are provided to validate the proposed topology in
Section IV. Finally, Section V concludes this article.

II. SYSTEM OVERVIEW AND OPERATION PRINCIPLE
A. System Topology

Fig. 3 depicts the topology of the proposed three-phase
step-down HMMR. V. and V,. are the rated dc-side voltage
and ac-side voltage amplitude, respectively. Each phase-leg
consists of one upper and one lower arm connected between
four HV diode stacks (D1—D4). The midpoints of three-phase
diode stacks are connected together at the voltage potential of
Vid, which provides the freedom to reshape the CL voltage.
In this type of HMMR, each arm consists of one arm inductor
Ly, and series-connected unidirectional current H-bridge SMs
(UCH-SMs) [35]. Instead of four fully controlled devices, two
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phase a

Fig. 3. Topology of the proposed step-down HMMR.

Fig. 4.

Four working modes of UCH-SM.

parallel chopper circuits could be used here due to the unipolar
CL current. The basic working modes of UCH-SM are given
in Fig. 4. When both Q; and Qs are turned OFF, the UCH-SM
output voltage becomes —Vgp. On the contrary, the UCH-SM
output voltage becomes Vgyr with O and Q- turned ON. If only
one of Q7 and Q- is turned ON, this SM is bypassed.

Each SM has a floating capacitor Csy at voltage Van. vpa
and v, represent the total voltages across the upper and lower
CLs, respectively. While the upper and lower arm currents are
denoted as i, and i,,,. The ac side variables are defined as

Vg = Ve sin (wt — @) , iy = Iy sin (wt) (D

where V,. and [I,. represent the amplitude of ac voltage and
current, respectively. The angular frequency is denoted as w.
The phase angle difference between current and voltage is given
by ¢, which determines the PF value. The modulation index M
is defined as M = 2V,./Vqe.

Considering the symmetrical structure of HMMR, phase a is
taken as an example to illustrate the single-phase operation. It
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Fig. 5. Four working states of single phase HMMR: (a) state 1, (b) state 2,
(c) state 3, and (d) state 4.

can be observed that two diodes in the upper or lower arms have
the same polarity. Therefore, a constraint is imposed that the CL
current should always keep positive. The conduction of D, , or
D3, is determined by the polarity of the ac current. When i, is
positive, Dy, is ON, and when i, is negative, D3, is ON. While
the conduction of Dy, and Dy, is determined by the voltage
potential relationship between v, and V,,;q as follows:

Vinid < Va, Daqon
Vinid > Va, Dogon
Vinid = vq » D2g&Dyg0n. )

As a result, there are four kinds of working states for the
single-phase HMMR as shown in Fig. 5. Moreover, the upper
and lower CL voltages could be calculated in (3) if neglecting
the inductor voltage

vro = 0.5Vae — vg, v, = 0.5Va + Viia (state 1, 3)

pa

v;a = 0.5Vae — Vinid, Vg = 0.5Vge + v, (state2,4).  (3)

B. Unity PF Operation and Current Allocation

According to the single-phase working principle, the three-
phase connection of HMMR during one line cycle could be
depicted in Fig. 6. The six different combinations of three-phase
ac current polarity mean six different configurations. It can
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Fig. 6. Three-phase configuration of HMMR at unity PF.

also be observed that three upper arms are always connected
to the positive bus, while three lower arms are connected to the
negative bus. Therefore, this configuration looks more similar
to the conventional MMC.

The current distribution among upper three arms should be
designed to maintain the constant dc bus current. Taking the
upper arm of phase a as an example, there is constraint that i,
should equal i, in states 1 and 3. However, i, could be arbitrary
in states 2 and 4, and a trapezoidal current iy.,, is added to
synthesize i, as follows:

0,wt € [0,7)
Iy - %, wt € [m,4m/3)
Ige,wt € [47/3,5m/3)
2m—w

Ipe - B2 it € [57/3,27) .
“
The upper arm current for phase b and phase ¢ has same shape
with 120° phase shift. In this way, the total positive dc bus current

idep becomes

ipa = ia + Zltmoa = Z.a +

Z.dcp = ipa + ipb + ipc
=i, + Z’157"pa + 1y + Z‘t'r‘pb + i+ itrpc

= itrpa + itrpb + Z-trpc
= Iqgc. Q)]

As shown in Fig. 7, this trapezoidal allocation in (4) could
achieve constant dc bus current. Then, the single-phase CL
voltage and currents could be plotted in Fig. 8. It can be seen
that this phase changes the working state between states 1 and 2
naturally at the ac voltage zero-crossing point with the midpoint
voltage Vyniq = 0. In this way, the maximum and minimum CL
voltage stress could be calculated as follows:

Vmax701 = 0'5%07 Vmin701 = 05‘/;10 - ‘/;l . (6)

In this case, the required SM number in this HMMR could be
determined as follows:

max {Vmax _cly | Vmin _cl | }

N« =
SM ‘/éM

)

Fig. 7. Three-phase currents and trapezoidal current allocation.
State: @ @
Fig. 8.  Single-phase arm current and voltage waveforms at unity PF.

As for the diode, the blocking voltage is sinusoidal, which
means the series connection challenge is not so difficult. Besides,
the maximum diode voltage stress could be

Vmaxfdiode = ‘/;10 . (8)
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Fig. 9. Single-phase waveforms using states 3 and 4 during the transition at
nonunity PF.

The constraint of the positive CL current is closely related
to the modulation index. According to (4), ipa equals i, in the
positive cycle, which means this constraint is met naturally. As
for the negative cycle, the constraint indicates
M > 0,wt € |:7T, 4—

(m/3)

Combined with the power balance between ac and dc side in
(10), it can be proven that the modulation index M = 2V,./V.
could satisfy (11) to meet the constraint

‘/ZICIaC

V:icldc:3' 5

The minimum point of (9) could be derived through the
differential which locates at wt = 7 + acos(9M/4r). Therefore,
the limit of modulation index could be obtained as follows,
which matches the step-down rectifier application:
47

9

I sin (wt) + Ty -

(10)

M= (11)

D. Nonunity PF Operation and Working Range

In the case of nonunity PF, there is a nonoverlap period where
the polarity of ac side current and voltage is opposite. Obviously,
the midpoint voltage Vi,;q cannot maintain at O anymore during
this period. To solve that, states 3 or 4 should be utilized during
the transition, and the midpoint voltage V,;q should shift to
ac voltage. It means that the CL voltage should be modified
accordingly.

Anexample of a current lagging case with p < 7/6 is presented
in Fig. 9. In this case, state 1 is still effective between the range
of wt € [0, m — ). However, when the v, becomes negative,
while i, is positive during [ — ¢, ), the diode D>, is forced
to be ON if the midpoint voltage Viyiq is still 0. As a result, Viyiq
should shift to be the same as the ac voltage of v,,, which matches
with state 3. Similarly, state 2 is applied during the range of [,
21 — ), while state 4 is applied in the range of [27m — ¢, 27).
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Fig. 10. CL voltage and midpoint voltage for three-phase HMMR.

After shifting the midpoint voltage Vi,iq, the minimum CL
voltage Vi,in_c1 keeps the same, while the maximum CL voltage
Vimax_c1 becomes larger expressed as follows:

V;nax_cl = 05‘/210 + V:ic sin ®. (12)

Since the three-phase midpoints are connected together, three-
phase CL voltages should change simultaneously through (3)
when Vi,;q shifts to one-phase ac voltage. The corresponding
waveforms are presented in Fig. 10. The CL voltage stress does
not change, but the diode voltage stress becomes higher, which
is derived as follows:

Vinas_siode = max { Vie, Ve [sin (g + 1) +sin ()] }.
(13)

Besides, it should be noted that the states 3 and 4 used in
nonunity PF is feasible when ¢ is lower than 7/6. Otherwise,
the conflict of two diode conduction will make this topology
work improperly.

Taking ¢ = 7/5 as an example, the three-phase connection
and the current phase are shown in Fig. 11. In the range of
(47/5, 297/30), state 3 still works for phase a. However, when
v, is larger than v,, the Dy, will be ON and V,,;q will shift to
v. instead of v,. On the other hand, D5, will be forced on as
Vmid = Ve > Vq. Since D1 4 is ON at the same time, the conflict
between D;, and Ds, implies that this topology cannot work
properly. Therefore, there is a minimum PF limitation of 0.87.

In addition, the variable PF will also influence the lower limit
of the modulation index M. Their relationship is given in Fig. 12
as follows:

4dm

~ 9cosp’

(14)

E. Control of HMMR

The overall control structure for HMMR is shown in Fig. 13.
The key idea is determining the ac and dc components of
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Fig.12.  Limitation of minimum modulation index for HMMR at nonunity PF.

arm current reference 4 in (4). The ac component 7, , . could
charge the total energy stored in the SM capacitor. Therefore,
the feedforward component i;_g through the power calculation
plus the sum energy balancing block output yields the current
reference 7 in d axis

g = (kpl + 51) <VSM -

where k1 and k;; are the parameters of the PI controller.
While the dc component ;. should maintain the output volt-
age constant. Then, the current loop regulator could track the
synthesized current reference from (4). Although this current
reference is not sinusoidal, it is still a periodic wave. Therefore,
the repetitive control could be used here to track the current
reference. The controller parameters for stability and dynamic
performance have been analyzed in [28].

Z Ucel
6N

) +iq_ff (15)
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Fig. 13.  (a) Overall control structure of HMMR, (b) ac side power control
block and sum energy balancing, and (c) upper and lower CL energy balancing.

Another important aspect is the upper and lower CL capacitor
energy balancing, which could employ the midpoint voltage
Vmid- Except the transition period, V,,;q could be shifted from 0
to a certain value so that the energy could be exchanged between
upper three and lower three arms. The control methods are given
as follows and shown in Fig. 13(c):

mid — (kPQ + 52) (UCna + venb + Vone

— UCpa — VCpb — UCpc) . (16)

Instead of controlling the current, the midpoint voltage could
be controlled easily by changing the CL voltage directly in
HMMR. Taking the first segment of (0, 7/6) in Fig. 6 as an
example, the midpoint voltage could be controlled to the desired
value of V,iq* by assigning the CL feedforward voltage as
follows:

Una_cl = 05‘/(;;; + Vni:id
Upp_l = 0.5Vge — Vi
Unc_cl = 05‘/:1*c + Vm*id' an
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TABLE I
SPECIFICATIONS OF HMMR-BASED MV AFE

Description Symbol Value
Input three-phase line-voltage (rms) ViL_rms 13.8kV
Input frequency fin 60 Hz
Output dc bus voltage Ve 6 kV
Rated power S 2 MVA
PF PF 0.9-1
SM capacitor voltage Vsm 1kV
SM capacitor ripple € 10%

Adding the current loop output and the feedforward CL volt-
age yields the total CL voltage reference. Then, the low-level
control is responsible for the multilevel modulation and individ-
ual capacitor voltage balancing. This method has been widely
applied in MMC [28], thus not discussed here.

III. COMPARISON BETWEEN FB-MMC AND HMMR

As mentioned earlier, such step-down HMMR is well suited
for the AFE in the FCS because it could reduce the number
of back-end dc/dc converters and M/HFT. Another feasible
step-down rectifier solution is FB-MMC [7], which is selected
as the benchmark to evaluate the performance of the proposed
HMMR in terms of device number, capacitor energy storage,
as well as efficiency. An MV case of 13.8 kV ac and 6 kV
dc is conducted below to demonstrate the comparison, and the
electrical parameters are listed in Table 1.

According to [36], the AFE should take current from the unity
grid at high PF and low THD to maintain the IEEE-519 standards
[37]. Nevertheless, the adjustable nonunity PF operation is a
good feature for the AFE to support the grid or compensate the
grid. This is not feasible for the traditional multipulse rectifier.
Considering the PF limitation of proposed HMMR, the PF range
between 0.9 and 1 is selected here for comparison.

A. CL Voltage and Device Number

Arm voltage stress is directly related to the device number
used in HMMR. Since the FB-MMC has the unipolar arm current
as well, the UCH-SM is selected for both topologies. The total
blocking voltage for LV IGBT, LV diode, and HV diode are
calculated and given in Fig. 14(a). It can be found the HMMR
is replacing the LV device in MMC with the HV-diode to save
the volume and cost. In the unity PF, the total blocking voltage
of HMMR is also slightly lower than MMC.

Then, the device number could also be calculated with the
specific device. The chopper module (FD300R17KE4P) [38]
from Infineon is used for the SM power device, which features a
maximum collector—emitter voltage of 1.7 kV and a continuous
dc collector current of 300 A. As for the diode stack, 7.2 kV
press-pack diode WO790LG720 [39] from IXYS is selected to
minimize the number of devices.

The number of SMs in each arm is selected so that the dc-link
capacitor voltage Vg does not exceed 1 kV, and the FB SM
number should be sufficient to provide the negative voltage

0.5Vae + Vac

18
Ve (18)

Nyvime =
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Fig. 14.  (a) Total blocking voltage and (b) number of devices for MMC and

HMMR at PF of 1 and 0.9.

As for the HMMR, the SM number is determined by (7),
while the diode requirement is related to the total blocking
voltage Vi,_ummpr at the OFF state and the reverse voltage
Viv. Supposing a blocking utilization factor of 70%, the diode
number could be expressed in (19). Compared to the active
switch with possible gate mismatch issue, the voltage sharing
issue for diode will become much easier with passive method

Vor_ HMMR
Vi % 70%

Therefore, the device number at the PF = 1 and PF = 0.9
is given in Fig. 14(b). It can be seen that the SM number of
HMMR is only 40% lower than that of MMC, which saves the
cost significantly. The SM number does not change when PF
reduces and only a few HV diodes are required. Compared to
MMC, the HV diode does not need gate driver units as well as
auxiliary power, thus simplifying the system a lot.

Ndiode_ HMMR = (19)

B. Capacitor Size

Capacitors in MMC are one of the important factors directly
affecting power density and cost. HMMR could reduce the SM
number successfully, but the capacitance value is still unknown.
The capacitor energy storage requirement per unit apparent
power E,; is related to the energy deviation AE and capacitor
voltage ripple coefficient €

CsmVin®  3AE
Buie = ON =267 = 55

To present the CL voltage stress, currents, as well as capacitor
energy variation of two topologies, the ideal waveforms are
plotted in Fig. 15 with PF of 1 and 0.9. It can be observed that
CL current rms value of HMMR is higher than MMC, while

(20)
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Ideal waveforms of MMC and HMMR at (a) PF = 1 and (b) PF =

its capacitor energy ripple is relatively lower. The relationship
between these variables and PF is also given in Fig. 16, which
demonstrates amonotonous tendency. When PFis closer to 1, the
current rms value and the capacitor energy ripple are also larger.
In the whole range, the capacitor energy storage requirement for
HMMR is around 38% lower than MMC, whereas the rms value
of CL current, which affects the power losses of the devices, has
a 10% difference between two topologies.

C. Semiconductor Losses

Another important aspect is efficiency, whose major part are
the conduction and switching losses of the power devices. The
characteristics (e.g., Ve, E on, and E opy) of IGBTs and diodes
are obtained from the datasheet provided by the manufacturer
with linear interpolation. Then, the detailed calculation methods
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TABLE II
OVERALL CONVERTER COMPARISON BETWEEN STEP-DOWN HMMR AND
FB-MMC
PF 1 0.9
Topology | MMC HMMR MMC HMMR
Device Lo 0.6 p.u. (CL) + lpu 0.6 p.u. (CL) +
number PU 0.1 pa. (diode) P% 10,13 p.u. (diode )
Capacitor | 1p.u. 0.62 p.u. 1pu. 0.62 p.u.
Device
losses 1pu 0.78 p.u. 1pu. 0.69 p.u.
Volume 1 pu. 0.63 p.u. 1 pu. 0.65 p.u.
Cost 1 p.u 0.64 p.u. 1 p.u. 0.68 p.u.

have been discussed a lot in [32] and [41], which are omitted in
this article.

Using these methods, the SM conduction losses distribution
could help to optimize the thermal design of UCH-SM. The
current definition of diode stack and SM of HMMR is shown
in Fig. 17(a). The upper arm current i,,, flows out of two diode
stacks and flows in to the UCH-SM, which has four parts: the left
leg IGBT iz r and diode iy, p, and right leg IGBT i 7 and diode
irp- Since the CL voltage and current reference are known, the
current distribution of four components inside one UCH-SM
over one line cycle could be derived as shown in Fig. 17(b).

In this way, the semiconductor losses distribution for single
UCH-SM and HV diode in HMMR at unity PF is calculated
and presented as Fig. 18. Obviously, the left and right leg have
almost same losses distribution, while LV IGBT shows higher
losses compared to the LV diode. Besides, the conduction losses
for extra 7.2 kV diode D1 and D5 are not high, which contributes
to the lower total losses of HMMR.

The evaluation results in Fig. 19 indicate that the loss of
HMMR at full-load and unity PF is 22% lower than that of
MMC, even though it has a higher CL current rms value. This
higher efficiency should be attributed to the smaller number of
SMs and the natural commutation of the HV diode in HMMR.

The performance comparison between step-down HMMR and
FB-MMC is summarized in Table II. The former could save
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Fig. 17.  (a) Current definition of HMMR diode stack and SM, and (b) current
distribution waveforms.

around 40% SM number, 38% capacitor energy storage, and
22% losses at unity PF. According [42], the system volume could
be normalized to conventional FB-MMC with the expression as
follows:

Sem E Ngm
V _ Va sem(HMMR) + V/B HMMR + V»Y sm(HMMR)
Ssem(MMC) Exmc Nim(vmc)
Vo + Vs + V, = 100%. @1

The corresponding weight coefficients for semiconductors,
capacitors, and accessory components are denoted as V,, Vg,
and V., respectively. These values vary in different voltage and
power levels, and are selected as V, = 30%, Vg = 55%, and
V., = 15% in this article based on the empirical data. Therefore,
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the total volume could be reduced to 0.63 p.u. at unity PF and
0.65 p.u. at PF of 0.9.

The system cost could be evaluated through similar method
as follows:

Ssem B Nm
C =q, (HMMR) HMMR |~ (HMMR)
Ssem(MMC) Envmc Nomvmc)
Co+Cs+ C, = 100%. (22)

In this article, these coefficients are selected as C, = 40%,
Cg = 37.5%, and C, = 22.5%, respectively. As a result, the
cost of HMMR normalized to FB-MMC could be calculated to
be 0.64 p.u. at unity PF and 0.68 p.u. at PF of 0.9.

Above all, the proposed HMMR could improve the power
density, efficiency, and construction cost compared to the tradi-
tional FB-MMC for such step-down power conversion.

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

Despite the diode structure, the step-down HMMR belongs
to VSC. Therefore, it does not require a strong grid and can
ride-through the ac low voltage and dc faults.
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Fig. 20.  Simulation model of HMMR with 13.8 kV grid and resistor load.

In the traditional boost rectifier, the dc voltage keeps constant
during the ac low-voltage ride-through. However, the modula-
tion index requirement should always be maintained for such
step-down HMMR as discussed in Section II. One simple strat-
egy is turning OFF all SMs to isolate the severe ac fault. Another
strategy is reducing the dc side voltage accordingly to meet the
minimum modulation index requirement if ac sag occurs. Since
the dc bus voltage is reduced, some ISOP connected back-end
dc/dc converters could be bypassed to ensure a small variation
of the voltage conversion ratio. Alternatively, a diode can be
connected between the HMMR and back-end dc/dc to withstand
voltage during this transient. In this case, the operation of ISOP
will not be affected.

Due to the utilization of UCH-SM, HMMR has the dc fault
ride-through capability [40], [41]. It is well known that tradi-
tional boost rectifiers cannot handle dc fault. The converter has
to be designed to ride-through surge current before ac or dc
breaker clears the fault. On the contrary, the step-down HMMR
is capable to ride-through the dc fault by changing the dc output
voltage reference to 0. Therefore, a soft voltage startup process
could be achieved easily after the dc fault is cleared.

If the ac voltage is too high and exceeds the total CL capacitor
voltage, the SM capacitor voltage Vg qer Will be charged to the
following equation with two series CL blocking the ac voltage:

V3Vie
2NSM ’

Taking the parameters in Table I as an example, Vgni_gcr of
this HMMR will become 1.08 kV after the dc fault. If the SM
capacitor voltage is charged too high in some extreme cases,
then more SM should be added to block the pole-to-pole fault
fully.

Vsm_daet = (23)

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

In order to validate the feasibility of the proposed step-down
HMMR and the control method, a simulation model in Fig. 20
is built with the parameters listed in Table I. The ac side of
HMMR connects to a three-phase voltage source, while the dc
side connects to the resistor load without a dc filter.
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Fig.21.  Steady-state simulation waveforms of HMMR at unity PF: (a) ac grid
side voltages, (b) ac side currents, (c) dc voltage, (d) phase a upper and lower
arm currents, (e) phase a upper and lower CL output voltages, (f) phase a upper
and lower CL capacitor voltage sums, and (g) midpoint voltage potential.

Fig. 21 shows the steady-state unity PF operation results of
HMMR. It can be seen that the ripple of dc side voltage V.
in Fig. 21(c) is pretty small even without the dc filter. The
trapezoidal current waveforms are given in Fig. 21(d), which are
always positive and match the current constraint. The multilevel
arm CL voltage is presented in Fig. 21(e), which helps to shape
the ac side sinusoidal currents. It should be noted that the CL
voltage fluctuation is due to the current loop output, which equals
the voltage drop across the arm inductor. Moreover, the voltage
difference between two levels in Fig. 21(e) is same, which can
reflect the SM capacitor voltage balancing inside one CL. Due to
the balancing control, the CL capacitor voltage is balanced pretty
well as shown in Fig. 21(f). As discussed earlier, the midpoint
voltage Vy,iq is controlled to be 0 in unity PF and can be reflected
in Fig. 21(g).

To validate the operation principle of HMMR at nonunity PF,
a case with PF of 0.9 is performed as shown in Fig. 22. In this
case, states 3 and 4 should be used and the midpoint voltage
Vmia in Fig. 22(g) changes to the phase voltage. In this case,
the maximum CL voltage in Fig. 22(e) becomes higher and the
SM number is still enough so that the overmodulation does not
occur. The upper and lower CL currents in Fig. 22(d) are still
positive and the dc voltage ripple in Fig. 22(c) is quite small,
too.

To evaluate the ac low-voltage ride-through capability, a
symmetrical ac sag is applied at # = 0.1 s and cleared after 0.2 s
as illustrated in Fig. 23. The grid voltage amplitude reduces to
0.1 p.u. in Fig. 23(a), and the dc output voltage reference also
changes to 0.25 p.u. to follow the modulation index requirement.
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Fig.22.  Steady-state simulation waveforms of HMMR at nonunity PF: (a) ac
grid side voltages, (b) ac side currents, (c) dc voltage, (d) phase a upper and
lower arm currents, (e) phase a upper and lower CL output voltages, (f) phase a
upper and lower CL capacitor voltage sums, and (g) midpoint voltage potential.

Fig. 23.  Waveforms during the ac fault: (a) ac grid side voltages, (b) ac side
currents, (c) dc voltage, (d) phase a upper and lower arm currents, (e) phase a
upper and lower CL output voltages, (f) phase a upper and lower CL capacitor
voltage sums, and (g) midpoint voltage potential.

Since the dc load resistor does not change, the ac current ampli-
tude is determined by the total active power and becomes lower.
Besides, the capacitor voltage ripple in Fig. 23(f) becomes much
smaller. After fault clearance t = 0.3 s, the power transmission
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Fig. 24.  Waveforms during the dc fault: (a) ac grid side voltages, (b) ac side
currents, (c) dc voltage, (d) phase a upper and lower arm currents, (e) phase a
upper and lower CL output voltages, (f) phase a upper and lower CL capacitor
voltage sums, and (g) midpoint voltage potential.

resumes and the system autonomously restores normal opera-
tion. During the whole process, the midpoint voltage [Fig. 23(g)]
keeps around 0.

Another important case is the dc fault ride-through as shown
in Fig. 24. The dc fault is applied at = 0.1 s and the ride-through
strategy is activated after 1 ms, so that the ac side over current
may occur. During the dc fault, the ac voltage exceeds two series
maximum CL voltage as shown in Fig. 24(e), so the SM capacitor
is charged higher than the rated value in Fig. 24(f). As long as
this voltage does not exceed the FB device blocking voltage, it is
still acceptable. After fault clearance at # = 0.3 s, the dc voltage
in Fig. 24(c) starts to increase gradually and a soft start-up could
be achieved.

B. Experimental Results

A subscale MV prototype as shown in Fig. 25(a) was built to
validate the operation of a step-down HMMR. The schematic
for single-phase and three-phase configurations are shown in
Fig. 25(b) and (c), respectively. And the corresponding param-
eters are listed in Table III. The FB SM is built with the 1.7 kV
discrete SiC MOSFET (G3R20MT17K) due to high switching
frequency capability to reduce current ripple. All four PWM
signals, one SM fault signal, as well as the SM capacitor voltage
information are transmitted between the controller and each SM.
To reduce the fiber number, the serial communications interface
(SCI) protocol is adopted here to send back the SM capacitor
voltage. In order to suppress the arm current ripple with single
SM per arm, the 2 mH arm inductor is used in this setup.

The setup controller is established by using the DSP
(TMS320F28379D from TI) + FPGA (S5CEFA4F23C8N from
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Fig. 25. (a) Picture of one layer of three-phase HMMR setup, (b) schematic
of single-phase HMMR test setup, and (c) schematic of three-phase HMMR test
setup.

TABLE III
ELECTRICAL PARAMETERS OF STEP-DOWN HMMR SYSTEM
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Fig. 26.  One precharge path for the single-phase HMMR.

Uncontrolled
precharge process

Soft-stafrt
up

Values
Parameters Symbol Single-phase Three-phase
AC peak-to-peak amplitude Viok_to_pk 1.4kV 850V
Rated ac frequency Jac 60 Hz 60 Hz
DC bus voltage Vie 350V 300V
DC load resistor R, 117 Q 113 Q
Arm inductance Larm 2 mH 2 mH
SM voltage Vsm 400 V 350V
SM capacitance Csum 0.66 mF 1 mF
Number of FB SM per arm Ny 2 1
Carrier frequency fe 20 kHz 20 kHz
Power factor PF 1 1/0.9
Power density - 2.75 kW/m? 6.55 kW/m®
Power efficiency - 95.2% 96.9%
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Fig.27.

Startup process of single-phase HMMR and the steady-state operation

Altera) structure. The DSP should also manage all the fault
feedback signals including the SM faults, the IGBT module
faults, as well as the over-current/voltage faults. As for the
FPGA, it is responsible for many duplicated jobs, including the
SM PWM signals generation, SCI communication with different
sensors, and receiving all fault signals. FPGA receives all the
measurement data, which is then passed to the DSP for the
closed-loop algorithm and generation of the SM duty cycle.
For the HMMR, the floating dc-link capacitor needs to be
charged to the rated value before normal operation. As shown in
Fig. 26, the relay K is opened and limiting resistor Ry, could
be inserted. In this way, a charging current path is generated as
the red dashed line when the ac voltage v, is positive. The corre-
sponding negative cycle charge path could be derived similarly.
It should be noted that the dc output voltage will be discharged
to 0 quickly due to the load resistor R,. And the steady-state
capacitor voltage could be calculated according to (23). Then,

waveforms.

the soft startup could be designed with a ramp reference for the
output dc voltage.

The single-phase test results are given in Fig. 27. It can be
seen that the startup process matches the analysis. The steady-
state zoomed-in waveforms demonstrate a good ac side current
waveform and the stable SM floating capacitor voltage as well
as the dc output voltage. The upper and lower arm currents are
always positive and have the same shape in Fig. 8. Since two
FB SMs are used in each arm, four-level waveform is generated
through the upper CL. Moreover, the same voltage level indicates
the good SM voltage balancing between two SMs of upper CL.

To evaluate the performance of the control scheme during
transients, the input ac voltage vpi_o_pk decreases from 1 kV
to 500 V and key waveforms obtained are presented in Fig. 28.
During the transient, it can be observed that the ac side current
recovers to the sinusoidal shape after several cycles. This is
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Fig.28. Dynamic waveforms with the ac voltage changing from 1 kV to 500 V.
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Fig. 29. Three-phase test waveforms of HMMR at unity PF.

owing to the response time of the phase-locked loop, and the
ac source needs to change to 750 V before changing to 500 V
directly. The SM capacitor voltage ripple becomes smaller due
to the smaller active power. The arm voltage level changes from
four-level to three-level and the dc output voltage always keeps
constant.

In order to validate the three-phase operation, the three-phase
HMMR with one SM per arm was built, too. The corresponding
waveforms of PF = 1 and 0.9 are given in Figs. 29 and 30,
respectively. Without any dc side capacitor, the dc output voltage
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Fig. 30. Three-phase test waveforms of HMMR at PF of 0.9.

is stable and has a small ripple due to the designed trapezoidal
current allocation. The difference between the two cases is the
midpoint voltage Vi,iq, which needs to shift to the ac side voltage
during the nonoverlap period.

V. CONCLUSION

In this article, we propose a new step-down HMMR as a unidi-
rectional AFE suitable for EV FCS and data center applications.
By incorporating an HV diode, our proposed HMMR offers im-
proved power density and efficiency over traditional FB-MMC,
making it a competitive choice for applications requiring MVac
to LVdc power conversion.

In the specific case of converting 13.8 kV ac to 6 kV dc, our
proposed HMMR achieves approximately 40% reduction in the
number of SMs, a 38% decrease in capacitor energy storage,
and a 22% reduction in losses when compared to MMCs. This
reduction in components not only contributes to cost savings but
also enhances overall system power density.

Furthermore, HMMR offers an additional notable benefit of
dc fault ride-through capability, which enables zero dc output
startup. This feature expands the potential applications of our
proposed HMMR to include motor drive systems.

Overall, this article demonstrates the advantages of the pro-
posed HMMR as a high-performance and efficient AFE solution
for EV FCS, data centers, and motor drive applications.
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