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Abstract—This paper presents a Turbo-MMC architecture
with a Matrix Charge Balancer (MCB) to minimize the size
of the submodule capacitors in modular multilevel converter
(MMC) based medium voltage motor drives. The MCB manages
the energy in all the submodule capacitors of a standard MMC. It
balances the low frequency pulsating power among many MMC
submodules and can significantly reduce the submodule capacitor
size as well as the voltage ripple. We introduced the operation
principles of the Turbo-MMC, and systematically investigated
the tradeoffs between the capacitor size reduction and the power
conversion stress of the MCB. A distributed phase-shift control
strategy was adopted to compress the voltage ripple of the
submodule capacitors while maintaining high performance for
the MMC. Theoretical analysis and detailed design guidelines
for the Turbo-MMC architecture are presented. A scaled-down
MMC prototype and a 12-Port MCB have been built and tested
to verify the effectiveness of the Turbo-MMC concept.

Index Terms—multilevel modular converter, multiport power
converter, power decoupling.

I. INTRODUCTION

Modular multilevel converters (MMCs) offer low device
voltage rating, high efficiency and excellent harmonic perfor-
mance [1]. MMC-derived circuit topologies are applicable to
a wide range of power conversion applications including high-
voltage direct-current (HVDC) systems and medium voltage
(MV) motor drives. The submodule capacitors in an MMC
are designed to function as voltage sources and buffer the low
frequency pulsating power. The peak to peak amplitude of
the ripple power is proportional to the amplitude of the load
current, and inversely proportional to the output fundamental
frequency [2]. In MV variable speed MMC motor drives,
the capacitors suffer the highest stress during start-up and
low-speed operation. As shown in Fig. 1, the phase current
of a motor drive during start-up is much higher than the
nominal operation current of the system [3]. The submodule
capacitors have to be sized for the highest current and lowest
speed to maintain high power factor, low distortion and safety
operation. The submodule capacitors usually contribute more
than 50% of system volume and weight.

The low frequency components of pulsating power can be
removed by injecting high frequency common mode voltage
and circulating current to the phase arms of the MMC [2], [4].
In this way only high frequency pulsating power remains so
that the voltage variation of submodule capacitors decreases.
However, this method limits the modulation ratio of ac voltage
and increases current stress for switches and arm inductors.
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Fig. 1. Typical startup process of a 3-¢ ac induction motor: (a) phase current
amplitude during the startup, (b) phase current waveform and motor speed
[3]. The submodule capacitors have the highest operation stress during the
startup process. A “Turbo” operation during startup can significantly reduce
the design constraints for the submodule capacitor size.

Existing methods for compensating the power flucation in
submodule capacitors can be classified into active energy
buffers or active energy balance links. In [5], a boost-type
active buffer is included in each submodule. The pulsating
power in each submodule capacitor is buffered by an active
capacitor with large voltage ripple and small capacitance. This
method requires a significant number of magnetic components
(inductors) and has a theoretical limit in capacitor size re-
duction. A switched-capacitor-based active energy buffer can
eliminate the magnetics as needed in each submodule [6].
The voltage ripple also can be reduced by balancing energy
between two submodule capacitors through a dual half-bridge
(DHB) converters [7], [8] or among three submodule capac-
itors through a tri-port half-bridge converter [9], leveraging
the naturally balanced pulsating power across submodules and
phases. The required magnetic components are also fewer than
the standalone active energy buffer.

This paper proposes a Matrix Charge Balancer which links
all the submodule capacitors together to compensate the pul-
sating power and significantly reduce the submodule capacitor
size with a “Turbo” operation. Fig. 2 shows the principles of
the Turbo-MMC in which all MMC submodule capacitors are
connected to a half-bridge unit of the matrix charge balancer
which can process the low frequency pulsating power. All
the half-bridge units are interconnected by a multiwinding
transformer. The MCB only operates with the system for
a short period of time during the start-up and heavy load
operation of the MMC. It is deactivated during light load
situation, which is similar to a turbo engine. A distributed
phase-shift (DPS) controller regulates the capacitor voltage of
each submodule by changing the phase shift of each half-
bridge port. Time domain multiplexing can be applied to
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Fig. 2. Block diagram of the 3¢ Turbo-MMC architecture. All submodule capacitors in the MMC are ac-coupled with a Matrix Charge Balancer (MCB)
implemented as a multi-active-bridge converter. The MCB balances the pulsating power in the submodules during the startup process and reduce the energy

buffering requirement in the submodule capacitors.

control the power flow. The Turbo-MMC architecture is highly
modular and can be implemented in MMC systems with a
large number of series stacked submodules.

The remainder of this paper is organized as follows: Section
II reviews the principles of pulsating power and voltage ripple
in MMCs. Section III presents the principles of the Matrix
Charge Balancer together with the MMC systems. Section IV
presents the simulation results of the Turbo-MMC. Experi-
mental results of a prototype Turbo-MMC is summarized in
Section V. Finally, Section VI concludes the paper.

II. PULSATING POWER AND VOLTAGE RIPPLE IN MMCs

The 3¢ MMC topology in Fig. 2 has two arm inductors
Lorm and 2N submodules in each phase arm. The high fre-
quency current and voltage ripples are neglected and switching
cycle average is applied to simplify the following analysis. The
arm current of Phase A, B, C with balanced load is:

iux:%+izx+%7 ilx:%+izx_%7x- (1)

Here i, and i;, are the upper arm current and lower arms

current respectively. Iy is the dc input current, 7., is the ac

circulating current and i,, is the ac output current of the

specific phase. With Phase-Shift Carriers SPWM control [1],
the input voltage of submudules v, and v, are:

_ 1 Vdc 1 Vdc
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The ac circulating current is calculated by solving:
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Here V. is the dc input voltage and v,,, is the phase voltage,
Rarm is the equivalent resistance of phase arm. Obviously
the ac circulating current is caused by the fluctuation of the
submodule voltage. The submodule power of upper arm and
lower arms are:

DPuz = Vuzluzs Plz = Vizlle- 4

Substituting (1) and (2) into (4) yields:
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Here I, and V, are the RMS values of the output current
and phase voltage, f is the fundamental frequency, M is
the voltage amplitude modulation ratio, and ¢ is the power
factor angle. The pulsating power results in voltage ripple
on submodule capacitors. For a given submodule capacitance
Csm, the peak-to-peak voltage ripple is:
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The energy buffered by one submodule capacitor in a funda-
mental output current cycle is:
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Fig. 3. Voltage ripple and pulsating power of the submodule capacitors in
Phase A. ioq, iop and ioc are the three phase current. Av,;, is the voltage
of the submodule capacitor in the lower arm. Awvcyq is the voltage of the
submodule capacitor in the upper arm. Ap,q is the power processed by the
submodule in the lower arm. Ap;, is the power processed by the submodule
in the upper arm.

TABLE 1
CIRCUIT PARAMETERS OF AN EXAMPLE TURBO-MMC MOTOR DRIVE
WITH THE MATRIX CHARGE BALANCER.

Ve Po M N Jmme fmab
700 V 6 kW 0.89 2 10 kHz 100 kHz
Lo Csm Larm Rarm Ly Cp
2 mH 1 mF 4 mH 50 mQ2 5 uH 0.1 mF

Here y represents the position of phase arm (U: upper
arm; L: lower arm). Fig. 3 illustrates the calculated voltage
ripple and the pulsating power of upper and lower submodules
in one phase arm. With classic SPWM modulation, all the
submodules in the same upper arms or lower arms have the
same low frequency pulsating power and capacitor voltage
ripple. Fig. 3 also indicates that the submodule power on upper
arms and lower arms have different polarities in a certain
period of time, making it possible to compensate the ripple
power between each other and reduce the capacitor size.

With the parameters listed in Table I, the ac circulating cur-
rent and pulsating power of one submodule is calculated and
plotted in Fig. 4. The system is controlled with SPWM without
capacitor charge balancing. The frequency of ac circulating
current is twice of the fundamental frequency. In this specific
case, the peak instantaneous power in each submodule (ac with
circulating current) is 125% of the output power of one phase.
The total energy buffered in all submodule capacitors is 88%
of the overall output energy in this case. If the ac circulating
current is zero, 50% of energy needs to be buffered. The ac
circulating current in each phase increases the power stress
of submodule switches and passive components. It can be
reduced by larger submodule capacitors, larger arm inductors
and closed-loop control [10].

The purpose of adding a matrix charge balancer to the
MMC system is to balance the pulsating power among many
submodules, leveraging the fact that the pulsating power in the
upper arms and lower arms of the three phases are naturally
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Fig. 4. Calculated ac circulating current and pulsating power of one submod-
ule with different circulating current in Phase A, 1 p.u. = P,/3. The pulsating
power is non-zero even if there is no circulating current. The pulsating power
increases as the circulating current increase.

interleaved. The matrix charge balancer only operate at low
frequency and during the startup to significantly reduce the
design constraints for the submodule capacitors in a MMC
without sacrificing the system efficiency in normal operation.

III. PRINCEPLES OF THE MATRIX CHARGE BALANCER

Fig. 5 illustrates the key operation principles of the Turbo-
MMC architecture with a multiport-ac-coupled matrix charge
balancer. The Turbo balancer interface with all capacitors,
and can freely transfer the pulsating power among multiple
capacitors. The Turbo-MMC offers three ways of balancing
the pulsating power: 1) balance power vertically among sub-
modules within one phase (red); 2) balance power horizontally
among three phases (blue); and 3) balance power as a matrix
across submodules and phases (green). The residual pulsating
power of the three balancing modes are defined as the average
power processed by all involved submodules:
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If only vertical balancing strategy is used (energy is trans-
ferred from upper arms to lower arms), the residual pul-
sating power of vertical balancing p, contains both double-
fundamental frequency power fluctuation and ac circulat-
ing current. If horizontal balancing is used, the double-
fundamental frequency power fluctuation caused by the ac
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Fig. 5. Three ways of balancing the pulsating power among the submodules.
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Fig. 6. Percentage of residual unbalanced pulsating power and energy with 1)
vertical power balancing (E,, and P,); 2) horizontal power balancing (£}, and
Py ); and 3) matrix power balancing (Ey, and Pp,), 1 p.u. = P,/3. The voltage
ripple can almost be completely eliminated by the matrix power balancing.

output is eliminated. Matrix balancing is a combination of
vertical balancing and horizontal balancing, and can fully
eliminate the double-fundamental frequency power fluctuation.
The ac circulating current can also be reduced by balancing
the pulsating power among many submodules.

Fig. 6 compares the remaining pulsating power of one
submodule capacitor in an example MMC with 1) vertical
power balancing; 2) horizontal power balancing; and 3) matrix
power balancing. Matrix power balancing can significantly
reduce the peak residual pulsating power. The percentage of
energy buffered are calculated based on Eq. (8) and compared
in Fig. 7. In the example MMC without pulsating power bal-
ancing, over 88% of the energy the MMC processed needs to
be buffered by the submodule capacitors. In the example MMC
with vertical power balancing, this percentage is reduced to
75%. In the example MMC with horizontal power balancing,

Percentage of Energy Buffered by the SM Capacitors

100% 0.88
80% 0.75
60%
40%
0.196
20%
. 0.01
0% —
No Active Vertical Horizontal Matrix
Balancing Balancing Balancing Balancing
Fig. 7. Percentage of energy buffered by the submodule capacitor with

1) vertical; 2) horizontal; and 3) matrix power balancing. Matrix balancing
reduces the percentage of the buffered energy to below 1%. Ideally, no energy
needs to be buffered and the submodule capacitors can be fully eliminated.

the percentage of the energy that needs to be buffered is
19.6%. In the example MMC with matrix power balancing, the
percentage of the energy that needs to be buffered is less than
1%. Matrix power balancing can almost completely eliminate
the pulsating power in the submodule capacitors at the cost
of increased power processing stress in the charge balancer.
The more energy processed by the matrix charge balancer, the
more capacitor size reduction can be achieved.

The smaller submodule capacitor voltage ripple further
reduces the ac circulating current in each arm. Balancing the
pulsating power not only reduces the submodule capacitor size
but also allows smaller arm inductors. However, completely
eliminating the submodule capacitor or pursuing zero voltage
ripple pushes the power conversion stress to the matrix charge
balancer and reduces the system efficiency. The best way to
design a Turbo-MMC architecture is to activate the MCB
only if needed (i.e., similar to a Turbocharge engine, only
operate the matrix charge balancer during the startup when
the pulsating power is high), and size the capacitors based
on the normal operation to reduce the system volume. Use a
MMC with parameters listed in Table I as an example, we
investigate the tradeoff between the voltage ripple reduction
(which is equivalent to the capacitor size reduction) and the
power conversion stress in the Turbo operation with theoretical
derivation, SPICE simulations and experiments.

IV. MATRIX CHARGE BALANCER
A. Topology and Operation Principles

The matrix charge balancer can be implemented as a
multi-active-bridge (MAB) converter as shown in Fig. 8. The
MAB converter has many dc-ac inverter units and a multi-
winding transformer. By controlling the phase shift of the
dc-ac converters, and applying time-domain multiplexing in
the dc-ac converters, the matrix charge balancer can route
energy from one port to another port, and from multiple input
ports to multiple output ports. Other isolated multi-input-multi-
output (MIMO) topologies, such as multi-winding flyback
and multiport series resonant converter, are also applicable.
Implementing the MCB as a MAB converter offers many
advantages including high efficiency, high power density, and
small magnetic component size. There is only one “dc-ac-dc”
power conversion process between two arbitrary ports.
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Fig. 9. Simplified ac power flow model of a matrix charge balancer. The
multi-winding transformer is modeled as a cantilever model [11] with many
inductors directly link from port to port.

B. Power Flow Control Method

The MAB converter delivers power among many submodule
capacitors for matrix power balancing. The goal of control
the power flow in the MAB converter is to regulate the
submodule capacitor voltages. As shown in Fig. 9, the MAB
converter with single magnetic core can be modeled as a
cantilever model [11] driven by multiple square wave voltage
sources. All windings have identical number of turns N,,. In
a symmetric multi-winding transformer, the equivalent branch
inductance L;; between Port #i and Port #j is [12]:

6N - Ly
Lij = N2

(10)

Here L is the link inductance of each branch. 6N is the total
number of submodules for a N-level 3¢ MMC. The average
power feed into the multiwinding transformer from Port #i in
one switching cycle is:

P, Lzﬁ(qy—@) (1— m;q)i). (11)
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Fig. 10. Distributed phase-shift control for submodule capacitor voltage.

Fig. 11. Hysteresis voltage control strategy for submodule capacitor voltage
regulation.

Vi, Vj are the dc voltage of Port #i and Port #j, which is one
half of the submodule capacitor voltage 0.5Vy./N. ®;, ®; are
the phase-shift angles of Port #i and Port #;j.

A distributed phase-shift (DPS) controller (as shown in
Fig. 11) is designed to control the power flow and regulate
the voltage of each submodule capacitor. The DPS block
comprises functional blocks such as voltage sensing, error
calculation, PI controller and phase-delay module. A global
synchronize clock is needed by the DPS block as the absolute
phase-shift reference. This DPS controller implementation is
highly modular and is applicable to large-scale MMC systems
with a large number of submodules.

A hysteresis voltage control strategy is implemented in each
DPS controller (Fig. 10). The DPS sets an upper threshold
AV,,/2, alower threshold —AV,,,/2 and a hysteresis AV}, for
the capacitor voltage, if a capacitor voltage reaches the upper
threshold, the MAB converter moves energy away from this
capacitor until the voltage ripple drops below AV,,/2 — AV};
if a capacitor voltage reaches the lower threshold, the MAB
converter moves energy into this capacitor until the voltage rip-
ple goes above —AV,,,/2+ AV}, The matrix power balancing
requires exchanging power among all the submodules so that a
global enable signal is used to wake up all the half-bridge ports
of the MAB converter when any submodule voltage triggers
the ripple threshold. Other power flow control strategies, such
as ranking the voltage level of all the submodule capacitors
and only operate a portion of the ports during a part of
the fundamental frequency cycle, are also applicable and are
beyond the scope of this paper. Other power flow control
methods for MAB converters, such as the Newton-Raphson
method based methods as presented in [12], and the time-
domain multiplexing method as presented in [13], are also
attractive options and are beyond the scope of this paper.
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Fig. 12. SPICE simulation platform of a Turbo-MMC comprising a standard 2-level MMC, and a 12-port matrix charge balancer.
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Fig. 13. The voltage ripple compression ratio is linearly proportional to the
percentage of power processed by the matrix charge balancer.

C. Turbo Operation and Voltage Ripple Reduction

The pulsating power buffered by the submodule capacitors
can almost be completely eliminated by the matrix power
balancing, which reduces the device stresses and improves the
power quality. On the other hand, processing the pulsating
power induces additional loss. For a given submodule design
with capacitance Cl,,, the peak to peak voltage ripple ampli-
tude on the capacitor is a function of the energy buffered by
the submodule in Phase z Arm y (E,;):

N

AV = GV

Eye. (12)

V. SPICE SIMULATIONS

Fig. 12 shows a SPICE simulation platform for the Turbo-
MMC is built in PLECS. Each upper arm and lower arm has
two submodules. The carrier frequency of the MMC is 10 kHz
and switching frequency of the Turbo balancer is 100 kHz.
Other parameters of the MMC system are listed in Table I.
Fig. 18 shows the simulation waveforms of voltage ripple
on submodule capacitors with different peak to peak ripple
threshold. The peak to peak voltage ripple of the submodule
capacitors without matrix charge balancing (Turbo mode OFF)
is 25 V with a DC offset of 350 V (Fig. 18a). Fig. 18b and

(a)

—_— AVeya = AV

— AVgy =— Av,

(c)

20ms

(d)

Fig. 14. Simulated waveforms of the submodule capacitor voltage ripple
Aveya, Avclq in Phase A with Cs;n = 1mF (a) with Turbo mode OFF, V),
= 25V; (b) with the Turbo mode ON, Vjy, =12.5V; (c) with the Turbo mode
ON, Vpp = 1V; and (d) three-phase output current.

Fig. 18c show the voltage ripple of the submodule capacitors
under Turbo operation. In Fig. 18b, the Turbo operation
reduces the peak to peak amplitude of voltage ripple to 12.5 V.
In Fig. 18c, the Turbo balancer processes all pulsating power
aiming to compress the voltage ripple to zero. The peak to
peak voltage ripple is below 1 V (350 V dc offset).

If the MAB converter is controlled in a way to reduce the
voltage ripple by K%, the energy that needs to be processed
by the MAB converter is K % of the energy which is processed
by this specific submodule. Fig. 13 shows the energy processed
by the the MAB converter and the voltage ripple compression
ratio for the submodule capacitor. The more power processed
by the MAB, the smaller the voltage ripple. The simulation
results verified the theoretical analysis.



100
_— Ach _Avcla
>0
-100
10
Turbo ON Turbo OFF

VA'RTA'AY

TABLE II
PARAMETERS OF THE TURBO-MMC PROTOTYPE

iza
-10
20 : ,
Loa Lob Loc
=000
20ms
-20 = s

Fig. 15. Simulated waveforms of the submodule capacitor voltage ripple
Avcya, Aveyq and ac circulating current in Phase A with Csy,=0.1 mF and
Larm=0.4 mH. In Turbo operation, Vj, = 1V, the amplitude of circulating
current I, = 2.8A; Without Turbo operation, V), = 90V, I, = 8.6A. Turbo-
MMC can reduce both voltage ripple and circulating current ripple.

Fig. 15 shows the simulated waveforms of the voltage
ripple of submudule capacitors C,,, and C},, the ac circulating
current of Phase A and the three-phase output current. The
simulation is obtained with Cy,, = 0.1 mF and Lg,,, =
0.4 mH, which are 10% of the nominal value in in Table I.
When the Turbo mode is turned on, the voltage ripple of
submodule capacitors is still below 1 V even with much
smaller submodule capacitance. After turning off the Turbo
operation, the voltage ripple is almost 90 times higher. The
amplitude of circulating current also decreases with smaller
arm inductors. That can reduce the power loss of the arm
inductors and improve power density with small inductor size.

Fig. 16 shows the submodule capacitor voltage of a Turbo-
MMC in five operation modes including the transition process.
1) From Os to 0.3s, the system starts with low frequency
(10 Hz) and delivers 1200 W to the load. When starting
the motor, low frequency operation causes high fluctuation
on the submodule capacitor voltage. The MAB converter is
activated to perform Turbo operation from 0Os to 0.3s; 2)
The Turbo operation is turned OFF while the ac fundamental
frequency remains 10 Hz from 0.3s to 0.6s. The capacitor
voltage ripple significantly increases; 3) From 0.6s to 0.9s, the
system frequency steps up to 50 Hz and the capacitor voltage
ripple reduces; 4) From 0.9s to 1.2s, the system output power
steps up to full load (6000 W) and the capacitor voltage ripple
increases; 5) From 1.2s to 1.5s, the Turbo mode is turned ON,
and the capacitor voltage ripple almost reduces to zero.

VI. EXPERIMENTAL VERIFICATION

A scaled down Turbo-MMC prototype has been built and
tested to verify the matrix pulsating power balancing con-
cept. The prototype includes a low power three-phase MMC
converter with 4 modules in each phase and a 12 Port
ac-coupled dc-dc converter as the Matrix Charge Balancer.
The parameters of the prototype are listed in Table II. The

Specifications & Symbol Description
Dc Input Voltage V. 24V
Modulation Ratio M 0.89
Fundamental Frequency f 50 Hz
Switching Frequency of MMC frme 50 kHz
Submodule Capacitor Cs, 330 uF x3
Arm Inductor Lgrm 7 mH
Output Inductor L, 0.5 mH
Load Resistor R, 10 Q

Port Voltage of MAB V; 12V
Switching Frequency of MAB fap 200 kHz
Blocking Capacitor C, 0.1 mF
Branch Inductor Ly 0.1 uH

Half-bridge Module

Transformer Core

BQS500101 24 V/ 10 A
EQ30 + PLT30, 3C95

Winding 12x1-Turn, 3x4-Layer PCB

submodule circuits of the MMC converter and the half-bridge
ports of MAC converter are implemented with the same half-
bridge module. Fig. 17 shows a picture of the prototype. The
switching frequency of the MMC is 50 kHz, and the switching
frequency of the MAB converter is 200 kHz. Fig. 18 shows
the operation waveforms of the prototype with and without the
Turbo operation. With Turbo operation, the capacitor voltage
ripple is very small. Without the Turbo operation, the voltage
ripple increases by almost 8 times. The high voltage ripple also
saturated the arm inductors with very high current spikes.

VII. CONCLUSIONS

This paper presents a Turbo-MMC architecture to reduce
the submodule capacitor size in MMC motor drives. We
analyzed the pulsating power and the voltage ripple in MMC
submodule capacitors and developed a matrix charge balancer
to process the pulsating power. The matrix charge balancer can
eliminate the pulsating power in the submodule capacitors and
significantly reduce the capacitor size. The Turbo mode should
be turned on when the capacitor pulsating power is high (e.g.,
during system startup, low speed, and heavy load operation)
and kept off in nominal operation to maintain high efficiency.
The effectiveness of the Turbo-MMC concept is verified by
SPICE simulations and experimental results.
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Fig. 17. Picture of the prototype Turbo-MMC with 12 submodules and a
12-port MAB converter.
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Fig. 18. Measured waveforms of the prototype Turbo-MMC with Output
fundamental frequency of 50 Hz. High voltage ripple even causes arm inductor
saturation without Turbo operation.
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