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Abstract— This paper presents a novel five-level hybrid
modular multilevel converter (5-L. HMMC) for the medium
voltage (MV) applications as a member of HMMC family.
Compared with the traditional modular multilevel converter
(MMC), 5-L HMMC can reduce the number of MMC SMs by
fourfold while retaining the excellent output power quality. And
it also avoids the limitation of power loop inductance in the
traditional 5-L converter due to the line-frequency operation of
5-L stack. Therefore, 5S-L. HMMC can keep the key benefits of
modularity, reliability, and excellent harmonic performance
from chain-link, while significantly reducing the power losses,
costs, and volume. The feasibility of proposed converter is also
verified by the simulation and experimental results.

Keywords— Five-level hybrid modular multilevel converter (5-
L HMMC), HV switch, chain-link (CL).

I. INTRODUCTION

Modular Multilevel Converter (MMC) is one of the most
attractive topologies for medium voltage (MV) and high
voltage (HV) applications due to its flexibility, modular
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structure and excellent power [1-3]. However, the large
number of chain-link submodules (SM) in MMC (Fig 1.(e))
create many drawbacks, such as the doubled device number
and large capacitor size, hence resulting in bulky converters
and higher construction cost [4-6]. On the other hand, the
conventional multilevel converter has less device-count and
higher power-density but suffers from the loop inductance
influence due to the complex switching commutation loops,
which limits the switching-frequency and results in a poor
output power quality [7-10].

In order to combine the advantages of two types of
multilevel converter, some hybrid topologies were proposed
with the following principles [11]. Some low-voltage (LV)
SMs in MMC are replaced with the high voltage (HV) switches
for smaller footprint and lower cost. Moreover, the chain-link
(CL) composed of SMs is used to shape the ac voltage, so that
the ac output quality is kept same as MMC. While the HV
switches should operate at low frequency for ease of device-
stacking and high reliability.
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Fig. 1 Derived HMMC topologies from traditional multilevel converter.
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Fig. 2 Four working modes of single-phase 5-L HMMC, (a) mode 1, (b) mode
2, (¢) module 3, (d) mode 4.

Based on this idea, the alternate arm converter (AAC) was
first proposed by combining the two-level VSC with CL [12]
[13]. It is intended for a compact design with fault-blocking
capability. However, a specific “sweet-spot” operation is
required for the voltage balancing, and a big dc side filter is
necessary to remove the dc bus current ripple. In addition, the
utilization of three-level stack derives the modular embedded
multilevel converter (MEMC) [14] and a family of three-level
hybrid MMC (3-L HMMC) (Fig 1.(f)) [15-22], the flying
capacitor HMMC (Fig 1.(g)) [23] and hybrid-leg MMC [24].
However, up to now none of five-level stack has been utilized
to construct the new hybrid MMC topologies.

This paper proposes a novel 5-L. HMMC, which evolves
from the 3-L HMMC. Its operation principle is elaborated and
the CL current allocation is designed to balance the CL and
flying capacitor (FC) voltage. Besides, the performance of 5-L
HMMC is evaluated and compared with the traditional HB
MMC and 3-L HMMC. The simulation results of a 500 MVA
10 kV MV case and the experimental results of a scale-down
prototype are provided to validate the operation.

II. OPERATION PRINCIPLE AND ARM CURRENT DESIGN

A. Single-Phase Operation of 5-L HMMC

Fig. 1 depicts the topologies of 2-level converter, 3-L
ANPC, 5-L ANPC, and the derived MMC versions of
conventional MMC, 3-L HMMC and proposed 5-L. HMMC.
The similar point is replacing one pair of switches with two
CLs. In proposed 5-L HMMC, six HV switches Q1 ~ Qs are
composed of series LV devices, which can be driven using the
single-gate driver solution [25], [26]. Whereas the left two
switches in 5-L ANPC are replaced with two CLs and the
series inductors. The CL consists of N series HB SMs with dc-
link floating capacitor Csn and voltage of Vin. A large flying

capacitor with voltage of 0.25V4. is connected same with 5-L
ANPC. Similar to the 3-L HMMC [10], the HV switches
operate at low frequency so that the switching loss and series
device difficulty are reduced significantly. There are many
possible combinations of six HV switches, but only four of
them as shown in Fig. 2 are utilized in this paper. In order to
reduce the CL voltage rating, four working modes are assigned
according to the ac voltage value as shown in Fig. 3 and the
corresponding CL voltages are calculated with (1). It can be
seen that the maximum CL voltage is reduced to 0.25Vq,
which is a quarter of the MMC CL voltage stress Vc.
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The ac voltage and current are defined as,
vy = Vesin(wt), i, = Vesin(wt + @) ()

The phase angle corresponding to the mode switching point
could be derived based on the ac voltage
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Fig. 3 The working modes and CL voltage waveform of single-phase 5-L
HMMC during one line cycle.

B. Current Allocation and Capacitor Voltage Ripple

According to the previous mode assignment, the CL current
is determined at certain modes, such as i, in mode 2 and 3. For
example, during the range of (6o, 81) of mode 2, the upper CL
de-link capacitor voltage Vepa increases with the positive
current ip.. However, ip, is flexible in mode 1 and 4. In order to
suppress the capacitor voltage ripple, iy in the mode 1 is
designed as 0. While in mode 4, a sinusoidal current with
amplitude of /i, and a certain offset is designed to smooth the
CL current. So the CL current is designed as (4).
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Fig. 4 The normalized CL and FC voltage, current and energy comparison
between 5-L HMMC and MMC.
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The normalized CL and FC voltage and current waveforms
of 5-L HMMC and MMC are plotted in Fig. 4. It can be seen
that the CL energy ripple of 5-L HMMC is only 31% of MMC.

wt=204

C. Performance Comaprison
Arm voltage stress is directly related to the device number
used in HMMC. The number of SMs in each CL is selected
based on the rated dc link capacitor voltage Vsm.
0.25V,,

N5 avmic = Verr %)
Ve
Nume= V:M (6)

The HV switch requirement is related to the blocking
voltage Vi of each device. Supposing a blocking utilization
factor of 70%, the device number for six HV switches could
be expressed in (7) and (8).
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A specific case of 20 kV dc bus voltage is performed here,
where 1.7 kV device is employed in SM and 6.5 kV IGBT is
utilized in HV switch. In this way, the total device number for
three topologies are given in Fig. 5. Obviously, 5-L. HMMC
has the lowest number of devices, implying the significant
reduction of cost and volume.

The amplitude of I, is determined based on the energy
balance of CL and FC. Therefore, multiplying the voltage and
current yields the CL output power, and the integral of power
indicates the energy fluctuation via (9).
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Fig. 5. Comparison of device number for three topologies with 20 kV dc bus.
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Fig. 6 Numerical analysis of the energy requirement (in kJ/MVA) in the 5-L
HMMC and MMC, depending on the ac current phase angle.
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It can be observed that the energy of 5-L HMMC is
balanced for CL and FC by using the proposed current
allocation. The SMs capacitor size is one of the major
parameters, which drives the initial investment, weight and size
of the MMC. The required CL capacitor energy storage Ecr is
related to the energy deviation AE¢; and capacitor voltage
deviation coefficient ¢ in per unit value.

CsmVsm2 . 3AECL
25 28 (10)

Eq, =6N
where S denotes the system apparent power. As for the FC, the
capacitor energy storage Erc could be derived similarly.

_ 3AE,
Epc= =S (11)

where 4E¢; represents the energy deviation of the FC.

The power factor has the influence of CL current, and the
total dc-link current of VSC. So the relationship between
energy storage Eu,; and the phase angle ¢ is plotted in Fig. 6
with ¢ = 10%. Compared to MMC, the total capacitance
reduction based on Fig. 4 at unity power factor is,

1-(47%+31%-0.5) = 37.5% (12)

The FC does not contribute to the conduction loss and only
CL and IGBT loss are calculated as below,

P, = Vm(CL, HV switch) * I rms(CL, HV switch) (1 3)



Where Von(cL, Hv switch) denotes the on-state voltage drop of CL
or HV switch, which is estimated to be proportional to the
device voltage rating. While Iims(cL, Hv switch) represents the rms
value of current flowing through CL or HV switch. More
accurate loss calculation could refer to [17]

Above all, the performance of four topologies at unity
power factor is summarized in Table I. Compared to the HB-
MMC, 5-L HMMC can save 12.5% devices, 37.5% capacitor
and 41% conduction losses.

TABLE I
Comparison between MMC and FC-HMMC at unity power factor
Topology Device voltage | Current (rms) | Capacitance
MMC CL 1 p.u. 1 p.u. 1 p.u.
3-L CL 0.5 p.u. 0.93 p.u. 0.55 p.u.
HMMC | HV switch 0.5 p.u. 0.93 p.u. -
5L CL 0.25 p.u. 1.23 p.u. 0.47 p.u.
- HV switch 0.625 p.u. 0.37 p.u. -
HMMC FC - - 0.155 p.u.
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D. Control Method

The overall control block diagram of a single-phase 5-L
HMMC presented in Fig. 7. The ac side controller calculates
the desired ac current based on the active and reactive power
reference P* and Q°. The sum of upper and lower CL dc-link
capacitor voltages are denoted as vcpa and vcna, respectively.
Capacitor voltage control generates the current reference I, to
maintain the CL and FC voltage at the rated value. The current
regulator should track the synthesized current reference and
generates the voltage drop across the arm inductor.

Subtracting this value from the voltage feedforward
calculation results yields two CL voltage references vy,~ and
Vna . The low-level control is responsible for the individual SM
capacitor voltage balancing and the multilevel modulation.

III. SIMULATION AND EXPERIMENTAL RESULTS

To better illustrate the principle of the proposed 5-L
HMMC, a MV simulation case was performed and the
electrical parameters are listed in Table II. The steady state
waveforms with PF = 0.8 and 1 are shown in Fig. 8. The ac
currents are satisfactory, and the CL currents fit well with the
designed allocation shape, which indicates the good
performance of current controller. The five level CL output
voltage of phase a in Fig. 8(d) is generated through a phase-
shift modulation. The CL capacitor and FC voltages in Fig. 8§ (e)
and (f) are stabled at the rated value. The transient process of
ramping up active power is shown in Fig. 9. It can be seen that
the capacitor voltage ripple increases under higher power
operation conditions but the average value keeps the same,
indicating the effectiveness of the voltage balancing scheme.

TABLE II
Specifications of 5-L. HMMC Simulation Model

Parameters Values Parameters Values
Dc voltage 10 kV SM capacitance 1 mF
Power rating 500 kVA Arm inductor 3 mH
Ac Voltage 4.8 kV FC voltage 2.5kV
SM capacitor voltage 1.2kV FC capacitance 0.25 mF
HB number per arm 3 Sampling frequency 15 kHz

0 0.033 0.067[s]

Fig. 8 Steady-state waveforms of single-phase 5-L HMMC, (a) ac side
voltages, (b) ac side currents, (c) phase a upper and lower CL currents, (d)
phase a CL and reference voltages, (e) upper and lower CL average capacitor
voltages, (f) FC voltage.

(a) 500

0.6[s]

0 i/s
Fig. 9 Dynamic response to the increase of active power, (a) delivered active
and reactive power, (b) ac side currents, (c) three-phase upper CL currents, (d)
three-phase upper CL dc-link capacitor voltages, (¢) three-phase FC voltages.
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Fig. 10 Steady-state waveforms of 5-L HMMC at unity power factor.

In addition to the simulation, a scale-down prototype was
also built. The input dc voltage is 400 V and the ac output
voltage amplitude reference is 180 V. Each CL has 3 series HB
SMs with 40 V dc-link voltage. A FC with rated voltage of
100V is connected as shown in Fig. 1. The steady-state
waveforms of single phase 5-L HMMC are given in Fig. 10. It
operates in four modes alternatively. The upper and lower CL
currents demonstrate the same shape with the designed pattern,
and the ac current has good quality with small distortion. The
phase-shift (PS) modulation is employed to generate the four-
level CL voltage, which can reduce 75% voltage stress
compared to traditional MMC. The capacitor voltage ripple of
one SM from upper and lower CLs and FC are also measured,
and the dc bias is removed to highlight the ripple shape, which
is same with simulation results in Fig. 8.

IV. CONCLUSIONS

This paper proposes a novel 5-L HMMC, which belongs to
the family of hybrid MMC and is the first five-level member.
As the trade-off between the traditional multilevel converter
and MMC, all the HV voltage stack in 5-L HMMC operates in
line (or double line) frequency, leading to very low switching
losses and ease of series connection. The influence of parasitic
inductance is also suppressed to simplify the construction
difficulty. Compared to MMC, 75% reduction of SM number
indicates a significant reduction of the lower cost, conduction
losses, and volume, meanwhile retains the excellent output
power quality. Therefore, 5-L HMMC shows a great potential
in weight or space sensitive MV applications. And this concept
could instruct the topology construction of HMMC with higher
levels.
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