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Redistributed Pulsewidth Modulation of MMC
Battery Energy Storage System Under
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Abstract—Battery energy storage system based on the modular
multilevel converter (MMC-BESS) is able to realize the decentral-
ized management of battery packs, which is suitable for the retired
battery utilization to improve the efficiency of battery recycling.
With multiple submodules (SM), the corresponding SM fault ride-
through method is mandatory to improve operational reliability.
This paper proposes a redistributed pulsewidth modulation method
for MMC-BESS to ride-through the SM fault through employing
the simple logic operation, which could avoid the unexpected car-
rier shift under various modulation indexes induced by the SM
fault or grid voltage rise. MATLAB simulations and experimen-
tal results are presented to verify the performance of the proposed
method.

Index Terms—Battery energy storage system, fault ride-through,
modular multilevel converter, pulse width modulation.

I. INTRODUCTION

A IMING to solve the intermittent and fluctuating problems
of the renewable energy utilization, battery energy storage

system (BESS) can cooperate with the renewable power genera-
tion to restrain their power fluctuation and improve the stability
of the power grid [1]. In addition, with the popularization and ap-
plication of electric vehicles, numerous batteries are put into the
market. In China, for example, the number of electric vehicles
is from 12 800 in 2011 to 794 000 in 2017 and the power battery
production is from 0.35 GWh in 2011 to 44.5 GWh in 2017.
As a consequence, the retired batteries from electric vehicles
can be appropriate to compose the energy storage station, thus
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Fig. 1. Topological illustration of MMC-BESS.

achieving full use of resources and bringing effective economic
benefits.

Nevertheless, retired batteries from different manufacturers
and circumstances have poor consistency, limiting the large-
scale integrated application into the power grid. In this regard,
focusing on the power conversion system is a feasible alterna-
tive [2]–[4]. Compared with two-level converter, modular mul-
tilevel converter (MMC) has more excellent output performance
and flexible control capability. Trintis et al. [5] proposed to in-
tegrate MMC and BESS in 2011. As shown in Fig. 1, battery
energy storage system based on the modular multilevel converter
(MMC-BESS) disperses battery packs into submodules (SM) to
facilitate the management of battery packs, helping to improve
the total available capacity [6], [7]. Specifically, state-of-charge
(SOC) balancing control for MMC-BESS was explored in [7]
and [8], whereas the state-of-health (SOH) balancing methods
inside and among the SMs were investigated in [9]–[11]. Some
researchers proposed to implement the MMC-BESS topology
into the battery electric vehicles to simplify the traditional bat-
tery manage system [12]–[15]. Also, MMC was introduced to
integrate the battery and supercapacitor hybrid energy storage
system, which can mitigate both the active and reactive power
fluctuation [16], [17].

The SM of MMC-BESS can be built by either directly con-
necting batteries and half-bridge circuit [8]–[12] or inserting a
bidirectional dc/dc converter between batteries and half-bridge
circuit [18]–[20]. The former will make batteries suffer the low
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frequency power oscillation and the latter will increase the con-
trol complexity and construction cost. Regardless of the specific
SM configuration, the MMC-BESS should have the SM fault
ride-through capability for its reliable operation.

Control methods of traditional MMC under SM fault condi-
tion have been studied a lot [21]–[27], and the common way to
prevent the operational failure is to increase the redundant SM
number. The concepts of cold reserve and spinning reserve of
MMC were proposed in [21]. Cold reserve means the redundant
SM is bypassed under normal operation and when an SM fails,
and the faulty SM is replaced by the redundant SM [22], [23],
which has disadvantages of transient effect and long charging
time. An improved method for cold reserve was proposed in [23]
to decrease the transition effect by changing the reference of nor-
mal SMs on the faulty arm but the switching harmonics was still
produced in the transient process and the high modulation depth
operation was not discussed. Spinning or hot reserve means the
redundant SM is also involved into operation under normal op-
eration conditions, and after the faulty SM is bypassed, the dc
voltage is shared by the remaining SMs [23], [24]. In specific,
one scheme of hot reserve only bypasses the faulty SM and keeps
other arms unchanged, which will make MMC asymmetrical. An
energy balancing method to overcome the asymmetry was pro-
posed in [21] and the rotating sliding choice box was proposed in
[24] to distribute the state and carrier of each SM to ride-through
the fault, whereas another scheme of hot reserve will maintain its
normal working status by bypassing the same number of SMs per
arm.

In principle, the traditional fault-tolerant methods of MMC are
based on the redundant or reserved SMs, which indeed can also
be implemented in MMC-BESS. But being different, this pa-
per proposes the redistributed pulsewidth modulation (R-PWM)
method to take advantage of the MMC-BESS characteristics,
such as the very slow battery voltage variation and no integrated
dc source in common dc link to compensate the output perfor-
mance degradation which may occur during SM fault. In spe-
cific, the proposed method could provide the following benefits
during operation.

1) The proposed redistributed PWM method can simply real-
ize the ride-through operation by employing simple logic
operation unlike other methods that should either readjust
the PWM carriers or change the DSP algorithms.

2) The proposed method employs all SMs during the normal
operation, which could smoothly overcome the influence
induced by both SM fault and grid voltage variation, espe-
cially when suffering the grid voltage rise, whereas other
methods have to shift their carriers’ angle to fully use the
redundant SM and then will unavoidably introduce the
unexpected transient distortion.

This paper first introduces the traditional control methods
of MMC-BESS for both the normal operation and fault ride-
through operation, and then the redistributed PWM method
is elaborated by considering the different modulation index.
Finally, MATLAB/Simulink simulations and experimental re-
sults are presented to verify the performance of the proposed
method.

II. BASIC CONTROL METHOD OF MMC-BESS

In Fig. 1, the upper and lower arm voltages can be expressed
as

vpa =
1

2
Vdc − va − Larm

dipa(t)

dt
(1)

vna =
1

2
Vdc + va − Larm

dina(t)

dt
(2)

where vpa, ipa, vna, and ina are the voltage and current of the
upper or lower arm of phase A, Vdc is the dc voltage of MMC-
BESS, and va is the ac output voltage of phase A, which can be
expressed as

va = Vm sinωt (3)

where Vm is the amplitude of ac output phase voltage. Unlike
the traditional MMC, MMC-BESS has no integrated dc source,
and the dc voltage of MMC-BESS is composed of the battery
voltages of SMs. According to (1) and (2), neglecting the voltage
drop across the arm inductor, it can be concluded that the upper
and lower arm voltages are the same dc voltage plus the opposite
sinusoidal ac voltage, as expressed in the following equations:

vpa =
1

2
Vdc − va (4)

vna =
1

2
Vdc + va (5)

Similarly, the equations for vpb, vnb and vpc, vnc can also be
easily derived, and it is obvious that the line voltage is the dif-
ference of the two arm voltages in the same direction, such as
vab in (6). The dc voltage is the sum of the upper and lower arm
voltages in the same phase in (7)

vab = vna − vnb = vpb − vpa (6)

Vdc = vpa + vna = vpb + vnb. (7)

Besides, output voltage of each SM has two states of 0 and vbat;
hence, the range of arm voltage vpa and vna in (1) and (2) vary
between 0 and Nvbat when the SM battery packs are balanced.
Observing (1)–(3), since the range of arm voltages is limited, the
value of dc voltage can influence the range of ac output voltage.
In general, dc voltage is set as

Vdc = Nvbat. (8)

In this case, dc part of the arm voltage is located at the midpoint of
the output voltage range so that the ac output voltage amplitude
can be maximized. Therefore, in the MMC-BESS, the dc voltage
is generally performed according to (8). However, this constraint
is not mandatory, and dc voltage can be changed under special
circumstances.

A. Modulation Method

Fig. 2 introduces the modulation and control process of MMC-
BESS. First, the controller is set to track a control target, such
as output voltage, output current or open-loop target, and the
reference signal is calculated accordingly. Then the modulator
receives the reference to generate the digital switching signal,
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Fig. 2. Modulation and control process of MMC-BESS.

Fig. 3. Illustration of carrier phaseshift PWM.

thus driving the switching devices of SM through the gate driver,
and the corresponding ac output of MMC-BESS is produced by
the sum of all SM outputs.

The role of the modulator is to amplify the digital signal to an
analog voltage output, thus to make the ac output approaching
the reference wave [28]. In MMC-BESS, at the moment when
the modulator’s digital signal is a high level of 1, the SM output
is the battery pack voltage vbat, as shown in Fig. 2. Therefore, the
digital signals calculated by the modulator are essential as they
can directly affect the output waveform quality of MMC-BESS.

Leon et al. [29] comprehensively reviewed the modulation
technologies for voltage-source inverters. As for the modulation
methods of MMC-BESS, carrier phaseshift pulsewidth modu-
lation (CPS-PWM) [30]–[32] or nearest level modulation are
usually used. Fig. 3 shows the principle of CPS-PWM per arm.
The output waveform of each SM is obtained by using different
carrier waves comparing with the same reference wave. CPS-
PWM has two schemes of N + 1 and 2N + 1 modulation, which
are different in terms of the carrier phase displacement between
the upper arm and lower arm. The 2N + 1 method has better
output waveform but brings larger circulating current, whereas
the N + 1 method is on the contrary.

It is noted from Fig. 3 that the essence of CPS-PWM is to make
the arm output waveform composed of the adjacent two levels

thus to decrease harmonics remarkably by adding the shifted
waveform of each SM and then increase the equivalent switching
frequency. The difference between CPS-PWM and the nearest
level modulation is that the former makes output impulse equally
with the reference all the time whereas the latter does not; there-
fore, CPS-PWM is more suitable for MMC-BESS since the SM
output waveforms are highly consistent, which are convenient
for battery management.

When taking phase A as an example, by using the CPS-PWM,
the arm voltage can be calculated as

vpa =

N∑

i=1

vbat_pi
1−m sinωt

2
(9)

vna =

N∑

i=1

vbat_ni
1 +m sinωt

2
(10)

where m is the modulation index, which represents the ratio of
the reference amplitude to the carrier amplitude. Assuming that
all SM voltages are balanced and the voltage on arm inductor is
neglected, the phase voltage can be expressed as

va =
1

2
Nvbatm sin(ωt+ ϕ). (11)

From (3) and (11), the modulation index can also be expressed
as

m =
2Vm

Nvbat
. (12)

Hence in MMC-BESS, in order to achieve the same ac output, the
more SMs that participate in the operation, the lower the mod-
ulation index. If all SMs are put into operation, the modulation
index represents the redundancy in MMC-BESS configuration.

B. SM Fault Ride-Through Methods

In the traditional MMC, redundant SMs are configured to ride-
through the SM failure, which can be also used in MMC-BESS.
The number of redundant SMs in MMC-BESS can be calcu-
lated as follows. First, the modulation index should be less than
1, otherwise there will be overmodulation and increase output
harmonics substantially. In addition, SM battery pack voltage
will change with the variation of its SOC. Assuming that the
battery pack voltage is vbat_min when discharging to the lowest
SOC, then according to (12), the SM number in each arm of
MMC-BESS should meet

N ≥ 2vm
vbat_min

. (13)

The minimum positive integer N0, which satisfies the condition
of (13) is the SM number per arm without redundancy in MMC-
BESS. If the actual SM number per arm is N, the redundant SM
number will be (N – N0).

Learning from the traditional MMC, the ride-through strate-
gies of MMC-BESS when suffering the SM fault can be divided
as follows.

1) Cold Reserve: If the cold reserve method is used, a bypass
switch is required for each SM. The bypass switch needs to be
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disconnected when the SM is normal and bidirectionally con-
ducted when the SM fails. Therefore, two high-current switch-
ing devices are often required, and the whole cost is greatly
increased. Besides, the state of the new input SM battery pack
may be significantly different from the other SMs, which have
already been put into operation for a long term, affecting the
output quality and bringing transient influence.

2) Hot Reserve With the Number of SMs Participated Into Op-
eration Being N0: A common method is to use the half-bridge
circuit to achieve the role of the bypass switch. This method can
reduce the cost of the bypass switch compared to cold reserve but
still has the inconsistent state of input SM. Besides, the sliding
selection box [24] can also be adopted in MMC-BESS to select
the operating SMs and the corresponding phase-shift angles of
carriers for normal or faulty states. Through the sliding selection
box, different N0 SMs are selected to output in each cycle, and
when the SM fails, the faulty SM will be removed from the can-
didate queue. By using this method, each normal SM (whether
it is a redundant SM or not) will participate in the operation, and
the problem of the inconsistent state of the redundant battery
pack can be solved. But when suffering the grid voltage rise, the
sliding selection box method has to put all SMs into operation
and adjust the carriers’ angles to fit the high modulation index,
which will unavoidably induce the output distortion during the
transient process.

3) Hot Reserve With the Number of SMs Participated Into
Operation Being N: As described above, under the same out-
put voltage, the greater the number of SMs participating in the
output, the smaller the modulation index. Therefore, during nor-
mal operation, the redundant SMs can all be put into operation
and the real-time modulation index can be calculated through
closed-loop feedback. Under this redundant strategy, when an
SM is failed and bypassed, one method is to bypass the same
number of SMs in other five arms and another is to leave the
other arms unchanged. The former can ensure the symmetry of
the system but six times of failed SMs no longer participate in
the operation. In addition, the carrier phaseshift angles of all
SMs after the removal will also change, and the control will be
more complex and the unexpected transient effect will occur. The
latter will lead to the asymmetrical operation of MMC-BESS,
which will decrease the waveform quality, generate harmonics
and circulating current, and affect the battery lifetime.

To sum up, for the SM fault ride-through strategy of MMC-
BESS, the following principles should be followed.

1) Use hot reserve to avoid the cost of the bypass switch.
2) The redundant SM number should be reduced as much as

possible.
3) If the system is configured with redundant SMs, it is a

better choice for all redundant SMs to participate in the
output operation. Furthermore, after bypassing the fault
SM, the system symmetry and output waveform quality
should be maintained. And the transient distortion induced
by the carriers’ angle shifts when suffering modulation
index variation should be attenuated as well.

Based on the above principles, the R-PWM method is
proposed. The R-PWM method utilizes the characteristics of
MMC-BESS, such as the slow battery voltage variation and no

Fig. 4. Basic working principle of R-PWM method.

integrated dc source in common dc link. Besides, SMs in the
operating mode rather than the standby mode are used to de-
crease the influence of the bypassed faulty SMs. The detailed
operational principles will be elaborated in Section III.

III. REDISTRIBUTED PULSEWIDTH MODULATION

MMC-BESS is different from the traditional MMC by replac-
ing the dc capacitors to batteries and the SM battery voltage will
not change rapidly within a short-time interval after the fault,
thus modifying the modulation method can be effective to ride-
through the SM fault without worsening the circulating current.
When an SM fails, the expected high-level output of the faulty
SM becomes 0 by bypassing the SM, hence the corresponding
arm voltage is reduced by vbat and the ac output voltage will be
deteriorated. To improve the output quality, the original high-
level output of faulty SM can be reassigned to other normal
SMs, as shown in Fig. 4. This is the basic principle of R-PWM.

The control block diagram of MMC-BESS when assuming the
R-PWM method and the corresponding logic operation process
are shown in Fig. 5(a) and (b), respectively. Compared with the
original modulation method, two processes with several logical
gates are added to produce the R-PWM output of each SM.
Process 1 is the basic R-PWM method, and Process 2 is the
compensation method, where Fault Signal will be set to 1 when
an SM in the arm fails, k is the serial number of faulty SM, and the
compensation signals Comp_in and Comp_out will be described
later. These two logic operation processes will be elaborated
below.

A. Basic R-PWM Method

Basic R-PWM method is to assign the high-level output of
faulty SM to the remaining normal SMs in the same arm. In
Fig. 5(b), when the fault signal is set to 1 and k is confirmed, the
output waveform of healthy SMn can be changed accordingly
and obtained during the following two steps.

1) Make the original output waveform of SMn−1 (when n =
1, n – 1 turns to N) logically AND with the original output
waveform of the fault SMk.

2) Make the normal output waveform of SMn logically OR

with the output of the above step.
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Fig. 5. (a) Control block diagram when assuming the R-PWM method.
(b) Logical process of the R-PWM arm control.

All the remaining normal SMs in the faulty arm can use these
two steps to get their R-PWM switching commands. The con-
straint of basic R-PWM is that the remaining normal SMs should
have enough low-level output to compensate, hence the duty cy-
cle can influence the performance. The analyses under different
duty cycles are expressed as follows.

1) Duty Cycle Less Than (N – 1)/N: In one switching period,
the reference signal and the duty cycle can be seen as constant.
When the duty cycle is less than (N – 1)/N, the normal output
waveform of each SM and the corresponding arm output in one
switching period are drawn in the left side of Fig. 6 (N = 8).
When the SM4 fails and its PWM output turns to 0, the output
waveform by using the basic R-PWM is shown on the right side
of Fig. 6. The shaded switching intervals 1 to 5 are added in
the healthy SMs and compensate the switching interval of the
faulty SM4 by the two steps mentioned above. For example, the
shaded switching interval 5 of SM1 is obtained by running AND

operation between the switching commands of SM8 and SM4
and then running OR operation with the switching command of
SM1. As a consequence, the arm output waveform after R-PWM
is exactly the same as the normal operation condition as shown
in Fig. 6.

Fig. 6. Output waveform of each SM and corresponding arm output during
one switching period when the duty cycle less than (N – 1)/N.

Fig. 7. Output waveform of each SM and corresponding arm output during
one switching period when the duty cycle larger than (N – 1)/N.

2) Duty Cycle Larger Than (N – 1)/N: Under this circum-
stance, the normal switching waveform and basic R-PWM
waveform after SM fault during one switching period are com-
paratively shown in Fig. 7, where N = 8. It can be observed that
the healthy SMs do not have enough zero switching intervals to
compensate the waveform of faulty SM so that the normal arm
output is composed of seven and eight levels but the R-PWM
output only produces maximum seven levels. It is evident be-
cause the normal SMs remaining in the arm is not enough to
reach the required level number.

Taking longer time into consideration, the modulation index
will affect the range of the duty cycle. The relationship between
the duty cycle and modulation index is

D =
1

2
(1 +m sinωt). (14)
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Fig. 8. Arm output PWM waveform during normal, faulty, and R-PWM states
when (a) m < (N – 2)/N and (b) m > (N – 2)/N.

Since the range of sinusoidal functions is –1 to 1, the duty cycle
can always be less than (N – 1)/N when the modulation index
is less than (N – 2)/N. As mentioned before, the modulation
index represents the redundant configuration of MMC-BESS,
so the basic R-PWM has different performances depending on
the modulation index.

Fig. 8(a) draws the output PWM waveform of the faulty arm
when the modulation index is less than (N – 2)/N in several fun-
damental periods. In specific, MMC-BESS works in the normal
state, and then an SM fails and is bypassed; it can be observed
that the output PWM waveform is deteriorated. After using the
basic R-PWM operation, the output waveform is completely re-
covered to the normal state without any distortion.

On the other hand, Fig. 8(b) shows the corresponding out-
put waveform when the modulation index is larger than (N –
2)/N. Most levels of the output waveform by the basic R-PWM
are the same as the normal state but the highest level cannot be
reached, which will affect the output quality and bring dc circu-
lating current among phases and fundamental circulating current
among arms. Therefore, an additional compensation method is
proposed in Section III-B.

B. Compensation Method When m>(N – 2)/N

As mentioned above, by using the basic R-PWM method, 0 to
N – 1 level of arm output can be recovered. However, if the mod-
ulation index is larger than (N – 2)/N, N level occurs in the arm
output cannot be reached. When the normal arm output level is
N, and the output level by the basic R-PWM is N – 1, which can
be considered that 1 level is reduced in the faulty arm. There-
fore, if corresponding upper or lower arms of other two phases
both reduce 1 level at the same time to compensate the highest
level interval of the faulty phase, the line output is still identical
with the normal state according to (6), which indeed is the opera-
tional principle for compensating the voltage level by using other
phases. As the MMC-BESS is a three-phase three-wire system,

Fig. 9. Arm voltages, line voltage, and common mode voltage during normal,
fault, and R-PWM operation conditions.

the quality of three-phase currents will remain unchanged if the
line voltages keep unchanged [33].

Therefore, the logic operation target is to find the SM, which
should have high-level output and reduce it to a low level in
the healthy phases during the highest-level interval of the faulty
phase. In Fig. 5(b), Comp_out and Comp_in are the compen-
sation signals of the arm itself and other two arms in the same
direction. The compensation signal is set to 1 when the arm is
faulty and all SMs’ outputs are high level, which means it should
be compensated by other two arms. Furthermore, State 0 to State
N – 1 in Fig. 5(b) are the compensation states per SM where 0
indicates that there is still one level needed to be reduced. The
compensation method can be achieved with the following steps
as shown in Fig. 5(b).

1) When the compensation signal of other two arms is not 0,
set State 0 with 0, otherwise State 0 is 1.

2) Make the normal output of SM1 run AND with the State 0
and produce the new output of SM1.

3) Make the normal output of SM1 run AND with the inversion
of the new output, then run OR with State 0 to obtain the
State 1.

4) Circulate steps 2 and 3 to obtain the output and state of
each SM.

Through the above steps, two normal arms (either upper or
lower arms) will find the first SM with high-level output and re-
duce it to a low level if necessary. If compensation is not needed,
the state in Fig. 5(b) will be all 1 and the output will not change.
Fig. 9 shows arm voltages, line voltage, and common mode
voltage during normal, fault, and R-PWM states when the mod-
ulation index is higher than (N – 2)/N. It can be seen that after the
failure of the A-phase SM, the waveform is restored to the nor-
mal state by the basic R-PWM except for the highest level, and
the portion not completely recovered is compensated by Phase
B so that the line voltage is restored to the normal state. Also,
it is observed that the common mode voltage will not change
significantly.
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TABLE I
SIMULATION PARAMETERS

Using this method, the dc voltage will lose a voltage level
during the compensation interval according to (7), which is not
acceptable for the traditional MMC with an integrated dc source.
But the proposed compensation method can be effective be-
cause MMC-BESS does not have the integrated dc source. Just
like mentioned before, the dc-link voltage of MMC-BESS does
not need to be constant. On implementation, the compensation
method can be effective when the modulation index is less than
(N – 1)/N, which means as long as the MMC-BESS has one
redundant SM per arm; the proposed method can work well
without changing the PWM carriers’ angle.

IV. SIMULATION VERIFICATION

Simulations are conducted by MATLAB/Simulink to
verify the performance of R-PWM method. A three-phase
MMC-BESS is constructed as shown in Fig. 1 and controlled
by using the closed-loop control methods presented in Figs. 2
and 5, and the corresponding simulation parameters are listed
in Table I. To avoid the influence of circulating current, an ef-
fective circulating current suppression method is adopted. To
clearly show the performance of the proposed method, one SM
in the upper arm of phase A fails at 0.02 s, and the R-PWM is
triggered to work at 0.04 s.

A. m ≤ (N – 2)/N

First, by setting the amplitude of grid phase voltage to be
300 V, m ≤ (N – 2)/N. Fig. 10 shows the phase current, faulty
arm voltage, and grid voltage of phase A and circulating current
under different operation conditions. It can be observed that
the circulating current is attenuated to nearly zero under the
normal state. When one SM fails, the phase current is conducted
with harmonics and circulating current increases significantly.
By adopting the R-PWM at 0.04 s, arm voltage, phase current,
and circulating current recover to their normal status.

The FFT analysis of phase A current is shown in Fig. 11,
where the current has more harmonics in low frequency range
under the fault condition and the output current after R-PWM
operation is the same as the normal output current.

B. m > (N – 2)/N

Alternatively, by setting the amplitude of grid phase voltage to
be 350 V, the modulation index just equals to (N – 1)/N of 0.875.

Fig. 10. Three-phase output currents, faulty arm voltage, grid voltage of phase
A and three-phase circulating currents (from top to bottom) under normal, fault,
and R-PWM conditions.

Fig. 11. FFT analysis of phase A current when m ≤ (N – 2)/N.

Fig. 12. Three-phase output currents, arm voltages, line voltages, grid voltage
of phase A, and three-phase circulating currents (from top to bottom) under
normal, fault, and R-PWM conditions.

Fig. 12 shows three-phase currents, arm voltages, three phase
line voltages, grid voltage of phase A, and circulating currents
under different conditions. It can be seen that by triggering the
R-PWM method at 0.04 s, the output of the upper arm of phase
A cannot operate as normal. Meanwhile, the arm voltage level
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Fig. 13. FFT analysis of phase A current when m > (N – 2)/N.

Fig. 14. Photograph of MMC-BESS prototype.

of phases B and C are reduced in the highlighted areas 1 and 2
to compensate Phase A output. Therefore, by the R-PWM, the
phase circulating current is attenuated to zero as expected and
the line voltage is exactly the same as the normal state. The FFT
analysis of phase A current is shown in Fig. 13 and the quality
of output current after R-PWM is also recovered to its normal
state.

V. EXPERIMENT VERIFICATION

A three-phase MMC-BESS prototype with 72 SMs was built
to verify the performance of R-PWM method and Fig. 14 dis-
plays the photographs of the prototype, where the front and back
sides of the prototype, SM, battery management system (BMS)
board and SM connection details are shown, respectively.

Table II lists the experimental prototype parameters, in which
each bridge arm contains 12 SMs and each pack in SM is com-
posed of fifteen 18 650 Li-ion battery cells whose nominal volt-
age is 3.7 V. So, the nominal voltage per pack is 55.5 V and
the prototype can be directly connected to 380 V (line–line rms
voltage) grid without the transformer. When 2N + 1 modulation
is adopted, the number of arm levels can reach 25.

In detail, Fig. 15 shows the SM control block of MMC-BESS
prototype, whose two major functions are battery management
and power control. In the BMS board, bq76940 is used to mon-
itor the state of batteries and balance the SOC within the SM.
Besides, each SM has a 430 microchip to read the measured

TABLE II
EXPERIMENTAL PARAMETERS

Fig. 15. SM control of MMC-BESS prototype.

data by the inter-integrated circuit communication with the BMS
chip and send it to the host controller by controller area network
communication. In the power board, MOSFET is selected as the
switching device for its low cost and switching losses.

The control system of the prototype is composed of DSP and
FPGA. The TMS320F28335 DSP is used as the host controller,
which carries out to read and log the information of each SM’s
batteries, obtains the analog-to-digital results, calculates the ref-
erence of each SM and locates the SM fault. An XC3S500E-
4PQG208C FPGA is adopted to produce the driven signal of
each SM. In particular, the R-PWM is easily achieved in the
FPGA by adding several logical gate operations.

Through designing FPGA program according to Fig. 5(b),
corresponding experimental results were obtained by setting dif-
ferent conditions. In order to see the performance of R-PWM
method clearly, the arm voltage and line voltage measured by
the oscilloscope are the voltages before the arm inductors.

Setting the modulation index m = 0.74 (m < (N – 2)/N, N =
12) refers to the amplitude of phase voltage being 245 V achieved
by regulating the ac source. The upper arm voltage of phase A
and phase B, line–line voltage, and faulty SM voltage during
normal, fault, and R-PWM states are shown in Fig. 16 when
SM1 in the upper arm of phase A fails. It can be seen that during
the faulty state, the output voltage of faulty SM is set to zero and
the upper arm voltage of phase A has the unwanted switching
waveform. In the R-PWM state, the faulty SM voltage is still zero
but the arm voltage is completely recovered. Also, the circulating
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Fig. 16. Upper arm voltage of phase A (vap, 300 V/div) and phase B (vbp,
300 V/div), line–line voltage (vab, 300 V/div), and faulty SM voltage (vsm1,
100 V/div) during normal, fault, and R-PWM states when m = 0.74 (timescale:
20 ms/div).

Fig. 17. Upper arm voltage (vap, 300 V/div), output current (ia, 10 A/div), and
circulating current (iza, 5 A/div) of phase A during normal, fault, and R-PWM
states when m = 0.74 (timescale: 20 ms/div).

Fig. 18. FFT analysis of phase A current under normal, fault, and R-PWM
conditions when m = 0.74.

Fig. 19. Upper arm voltage of phase A (vap, 300 V/div) and phase B (vbp,
300 V/div), AB line voltage (vab, 300 V/div), and faulty SM voltage (vsm1,
100 V/div) during normal, fault, and R-PWM states when m = 0.85 (timescale:
20 ms/div).

Fig. 20. Upper arm voltage (vap, 300 V/div), output current (ia, 10 A/div), and
circulating current (iza, 5 A/div) of phase A during normal, fault, and R-PWM
states when m = 0.85 (timescale: 20 ms/div).

current and output current of phase A are shown in Fig. 17. It
is observed that the circulating current is increased significantly
under the fault condition but can be attenuated to the normal
condition when the R-PWM method is used. Furthermore, the
FFT analysis of phase A current is shown in Fig. 18, where
the current has more harmonics in low frequency range under
the fault condition and the output current THD after R-PWM
operation is as good as the normal output current.

Comparatively, the experimental results under the high mod-
ulation index of 0.85 ((N – 1)/N > m > (N – 2)/N, N = 12)
are shown in Figs. 19 and 20, respectively, when the amplitude
of phase voltage is 285 V. It can be observed from Fig. 19 that
the arm voltage of phase B is changed in the highlighted area 2
in order to compensate the output waveform of phase A in the
highlighted area 1. Such phenomenon is consistent with the per-
formance of simulation results. In addition, the line voltage is
recovered to the normal state as expected by using the R-PWM
method after an SM fault. Also, it is noted that the circulating
current after the R-PWM method can be attenuated significantly.
Finally, the FFT analysis of phase A current in Fig. 21 shows
that the quality of output current after R-PWM can be recovered
to its normal state.
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Fig. 21. FFT analysis of phase A current under normal, fault, and R-PWM
conditions when m = 0.85.

VI. CONCLUSION

This paper proposes the redistributed PWM method for
MMC-BESS under SM fault condition. In the MMC-BESS with
the low modulation index, the basic R-PWM can recover the
system to normal and symmetrical operation state without the
involvement of other arms. Furthermore, under the high modu-
lation index condition, a compensation method is added after the
basic R-PWM logic operation to completely recover the system
from SM fault. Therefore, the proposed R-PWM method can
ride-through the SM fault by just employing the simple logic
operation without adjusting the carriers’ angles. MATLAB sim-
ulations and experimental results are presented to verify the per-
formance of the proposed method.
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