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Abstract - This paper describes a 6.6-kV battery energy
storage system based on a multilevel cascade PWM (pulse-
width-modulation) converter with star configuration. It
discusses design concepts with and without a line-
frequency transformer for grid connection. The control
system consists of state-of-charge (SOC)-balancing control
and fault-tolerant control. The former is indispensable
for effective utilization of battery energy while the latter
is required for maintaining continuous operation during a
converter-cell or battery-unit fault. A 200-V, 10-kW, 3.6-
kWh laboratory system combining a three-phase cascade
PWM converter with nine nickel-metal-hydride (NiMH)
battery units is designed, constructed, and tested to verify
the validity and effectiveness of the proposed control
system.

Keywords – Battery energy storage system (BESS),
cascade converters, fault-tolerant control, state-of-charge
(SOC) balancing.

I. INTRODUCTION

A. Background
The use of renewable energy resources such as wind

power and solar power is penetrating more quickly than
ever [1]. For example, over the past ten years, the global
wind power capacity has grown by an average rate of over 30%
annually, reaching more than 120 GW by the end of 2008 [2].
However, renewable energy resources are “intermittent” in
nature. Their power varies minute by minute under the
influence of meteorological fluctuations. Therefore, a large
amount of renewable energy may produce a bad effect on
power system stability in terms of voltage and frequency [3].
Energy storage systems [4] are indispensable for successfully
integrating renewable energy sources into power systems.

Significant advances in battery technologies have spurred
interests in energy storage systems based on batteries. Walker
described a 10-MW 40-MWh battery energy storage system
combining an 18-pulse voltage-source converter with lead-
acid batteries [5]. The dc voltage ranged from 1750 to 2860 V.
It used complicated zigzag transformers in order to synthesize
a staircase voltage waveform. Milleret al. [6] presented a
5-MVA 2.5-MWh battery energy storage system using lead-
acid batteries with a dc-voltage range from 660 to 900 V. It
was based on a pair of six-pulse converters, forming a 12-
pulse converter, and three 12-pulse converters were paralleled
to achieve the required power rating. The transformers used
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in [5] and [6] would be expensive, bulky, lossy, and prone to
failure. Modern multilevel converters such as diode-clamped,
flying capacitor, and cascade converters are preferable to
traditional transformer-based multipulse converters [7]– [12].

Although multilevel cascade converters have been
primarily investigated for STATCOMs (static synchronous
compensators) and motor drives [13]– [18], their prominent
structure makes them suitable for energy storage systems
using electric double-layer capacitors (EDLCs) and
batteries [19]– [21]. However, when the cascade converters
are used for battery energy storage systems, state-of-
charge (SOC) balancing of multiple battery units would be
indispensable for achieving stable operation. Besides, fault
tolerance would be desirable for maintaining continuous
operation during the occurrence of a converter-cell or
battery-unit fault.

B. SOC Balancing of Battery Units
The SOC of a battery unit is defined by its available capacity

expressed as a percentage of the maximum available capacity.
A battery management system (BMS) plays an important part
in estimating the SOC, which is often called the “fuel gauge”
function. Due to asymmetric battery units, unequal converter-
cell losses, and so on, SOC imbalance may occur among
multiple battery units in a battery energy storage system
based on a cascade converter. This may bring a reduction
in total available capacity to the battery units, and may also
cause overcharge/overdischarge of a particular battery unit.
Therefore, SOC balancing is essential.

Tolbertet al. [22] described a multilevel cascade converter
using battery units for a motor drive. They discussed
a switching-pattern-swapping scheme for achieving SOC
balancing of the multiple battery units, but did not provide
experimental verification. The scheme may be confined to a
multilevel cascade converter based on stair-case modulation
(SCM). Moreover, it assumed that the battery units were
identical and that their initial SOC values were balanced.

C. Fault Tolerance
Fault tolerance is desirable so as to improve both reliability

and availability of an energy storage system [23], [24].
Fortunately, an energy storage system based on a cascade
converter has the potential of maintaining continuous
operation at the rated or reduced voltage and power during
a converter-cell or battery-unit fault. The fault-tolerant
operation can be achieved;

1. by providing a redundant converter cell in each phase,
and bypassing the faulty converter cell as well as two
healthy converter cells in the other two phases, or

2. by bypassing the faulty converter cell only without
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providing redundant converter cells.

Song et al. [25] discussed a fault-tolerant control for a
STATCOM based on a cascade converter, which belongs to
the first category. During normal operation with a cascade
numberN + 1, the cascade converter has a voltage level of
2N + 3. When a converter cell is out of order, the voltage
level is reduced to2N+1. This approach is suitable for critical
applications, because it can ride through a fault in at leastone
converter cell at the rated voltage and power. However, it adds
cost and reduces efficiency.

Wei et al. [26] and Rodriguezet al. [27] described fault-
tolerant controls belonging to the second category for cascade-
converter-based motor drives. They bypassed a faulty-
converter cell and executed the “neutral shift” so as to
produce a maximum achievable three-phase balanced line-
to-line voltage at the ac side of the cascade converter. The
neutral shift implies shifting the floating (ungrounded) neutral
point of the star-configured cascade converter away from
the neutral point of the source or the ac mains. Lezanaet
al. [28] controlled the dc-link voltages as well as executing
the neutral shift to keep a cascade-converter-based motor drive
operated at the rated voltage and power during a converter-cell
fault. However, the authors of most literatures have devoted
themselves to theoretical analysis and/or computer simulation.

This paper describes a design concept of the 6.6-kV battery
energy storage system based on a multilevel cascade pulse-
width-modulation (PWM) converter with star configuration.
The paper discusses SOC-balancing control of multiple
battery units for effective utilization of battery energy.
It also discusses the fault-tolerant control for maintaining
continuous operation at the rated voltage and power during a
converter-cell or battery-unit fault, thus improving reliability.
Experimental results obtained from a 200-V, 10-kW, 3.6-kWh
laboratory system justify the proposed control methods.

II. DESIGN CONCEPT OF THE 6.6-KV SYSTEM

A. Transformer-Based System
Figure 1 shows a feasible circuit configuration of the 6.6-

kV energy storage system using nickel-metal-hydride (NiMH)
battery units. It is based on a cascade PWM converter. Careful
assignment of a cascade number and an operating voltage
range of each battery unit are of vital importance in the system
design. A transformer is used to realize an energy storage
system with a suitable cascade number and a reasonable dc
voltage. Note that it is a simple step-down transformer thatis
easily available from the market at reasonable cost, compared
to a multi-winding transformer in a conventional multipulse
converter [5].

The so-called “asymmetrical cascade converter,”
characterized by battery units with different dc voltages
in multiple H-bridge converter cells, might be attractive
in reducing harmonic voltage/current and switching power
loss [29]. However, the authors of this paper prefer the
symmetrical cascade converter to the asymmetrical one,
because the use of the battery units and converter cells with
the same voltage, current, and capacity ratings brings the
“modularity” to the energy storage system.

A fully-charged NiMH battery cell measures 1.4 V and
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Fig. 1. Feasible circuit configuration of the 6.6-kV
transformer-based battery energy storage system based on

combination of a cascade PWM converter with a cascade number
N = 6, and 18 NiMH battery units with a nominal voltage of 288 V.
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Fig. 2. Feasible circuit configuration of the 6.6-kV transformerless
battery energy storage system based on combination of a cascade
PWM converter with a cascade numberN = 10, and 30 NiMH

battery units with a nominal voltage of 660 V.

supplies a nominal voltage of 1.2 V during discharge, down
to about 1.0-1.1 V [30]. The nominal voltage of a battery unit
in the 6.6-kV system may be 288 V(= 1.2 V×240 cells). An
operating voltage of the battery unit may range from 270 V to
330 V. Note that NiMH battery units with nominal voltage at
200-300 V have already been used in hybrid electric vehicles
(HEVs) [31]. If the cascade number isN = 6, a 6.6 kV/1.6 kV
transformer is required to connect the energy storage system
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to the 6.6-kV grid. Lithium (Li)-ion battery units with the
same nominal voltage as 288 V(= 3.6 V × 80 cells) are also
applicable to the system.

General-purpose IGBTs rated at 600 V and 200 A can be
used as power switching devices. The 18 converter cells are
controlled by the so-called “phase-shifted unipolar sinusoidal
PWM” [32], [33]. Even though the PWM carrier frequency is
set as low as 1 kHz, the equivalent carrier frequency is as high
as 12 kHz(= 2 × 6 cells × 1 kHz). Moreover, setting such a
low carrier frequency as 1 kHz brings a significant reduction
in switching power loss to each converter cell. The ac voltage
results in a 13-level waveform in line-to-neutral and a 25-level
waveform in line-to-line, thus significantly improving thetotal
harmonic distortion (THD) in both voltage and current.

B. Transformerless System

A transformer-based system seems more practical at
present. Nevertheless, a transformerless system may also
be viable in the next 5-10 years, in which the cascade
number and the dc-link voltage would be higher than those
in the transformer-based system. Their optimization wouldbe
required to address communication [34] and reliability issues
as well as cost and life issues of battery units. It has been
shown that battery life tends to degrade almost exponentially
as the number of series-connected cells in a battery unit
increases. Although cell balancing [35]– [37] can enhance its
life, it is accompanied by an additional cost of cell-balancing
hardware. Note that this paper does not address cell balancing
in a battery unit whereas it discusses SOC balancing among
the multiple battery units.

Figure 2 shows a feasible circuit configuration of the 6.6-
kV transformerless battery energy storage system based on a
combination of a three-phase cascade PWM converter with a
cascade numberN = 10 and 30 NiMH battery units. The
nominal voltage of a battery unit is 660 V(= 1.2 V ×
550 cells). An operating voltage of the battery unit may
range from 605 V to 770 V. With nominal cell voltage at
3.6 V, Li-ion battery unit can reach the same dc voltage with a
relatively lower number of battery cells in series and therefore,
may be more suitable for the 6.6-kV transformerless system.
General-purpose IGBTs rated at 1.2-kV and 200-A may be
used as power switching devices. Using phase-shifted unipolar
sinusoidal PWM with a carrier frequency of 1 kHz would
make the equivalent carrier frequency as high as 20 kHz, and
the ac voltage results in a 21-level waveform in line-to-neutral.

The major advantage of the transformerless system over
the transformer-based one may be elimination of bulky and
heavy line-frequency transformer. This, however, is at the
cost of losing galvanic isolation. An energy density of the
latest batteries is so high that the consequences of failure
can be very serious. Adequate measures should be taken
to isolate the battery system from the grid in the event of a
grounding fault. Further research and development especially
in the field of batteries would be needed in order to realize the
transformerless system.
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Fig. 3. Experimental system configuration of the 200-V, 10-kW,
3.6-kWh down-scaled energy storage system based on combination

of a three-phase cascade PWM converter with a cascade number
N = 3, and nine NiMH battery units with a nominal voltage of 72 V.

TABLE I
Circuit parameters of the experimental battery energy

storage system

Nominal line-to-line rms voltage VS 200 V
Power rating P 10 kW
Cascade number N 3
AC inductor LAC 1.2 mH (10%)
Background system inductance LS 48µH (0.4%)
Starting Resistors R1, R2 10 Ω, 20 Ω

Nominal DC voltage VDC 72 V
DC capacitor C 16.4 mF
Unit capacitance constant H 38 ms at 72 V
NiMH battery unit 72 V and 5.5 Ah
PWM carrier frequency 800 Hz
Equivalent carrier frequency 4.8 kHz

III. THE 200-V, 10-KW, 3.6-KWH EXPERIMENTAL
SYSTEM

A. System Configuration

Figure 3 shows the system configuration of an experimental
battery energy storage system rated at 200 V, 10 kW and
3.6 kWh. Table I summarizes the circuit parameters. The
experimental system is star-configured and has a cascade
numberN = 3. Each of the nine converter cells is equipped
with a NiMH battery unit at its dc side. Each battery unit is
rated at 72 V and 5.5 Ah, consisting of series connection of
60 battery cells, where the dc voltage ranges from 66 V to
84 V. The total rated energy capacity is 13 MJ or 3.6 kWh
(= 72 V × 5.5 Ah × 9).

Figure 4 shows the control system of the 200-V system.
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This is based on a fully-digital controller using a digital
signal processor (DSP) and multiple field programmable gate
arrays (FPGAs). Each battery unit is equipped with the
BMS that provides the functions of monitoring and controlling
the respective battery unit to protect it against abnormal
conditions. The BMS also provides the function of SOC
estimation [38], the detail of which is beyond the scope of this
paper.

The nine H-bridge converter cells are controlled by phase-
shifted unipolar sinusoidal PWM with a carrier frequency of
800 Hz. The resulting line-to-neutral voltage is a seven-level
waveform with an equivalent carrier frequency of 4.8 kHz(=
2× 3 cells× 800 Hz). The active-power command is denoted
asp∗ in Figure 4.

B. Overview of the Control System

Figure 5 shows the control block diagram of the energy
storage system. The whole control system is divided into the
following three sub-controls:

1. active-power control
2. SOC-balancing control
3. fault-tolerant control.

The active-power control is based on decoupled current
control, which is the same in control method and parameters
as that presented in [39].

The SOC-balancing control is divided into;

• clustered SOC-balancing control, and
• individual SOC-balancing control.

The aim of the clustered SOC-balancing control is to keep the
mean SOC value of a cluster or phase equal to the mean SOC
value of the three clusters. This means,
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Fig. 5. Control block diagram for the 200-V system with a cascade
numberN = 3.
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Similarly, the aim of the individual SOC-balancing controlis
to keep each of the three SOC values in a cluster equal to the
mean SOC value of the corresponding cluster. That means,
takingu-phase as an example,

∆SOCun = SOCu − SOCun ≈ 0. (4)

Both the clustered and individual balancing controls are based
on feedback control.

The fault-tolerant control is based on feedforward control
and achieves the following two functions during a converter-
cell or battery-unit fault;

• one is to maintain continuous operation at the rated
voltage and power, producing a three-phase balanced
line-to-line ac voltage, and

• the other is to achieve SOC balancing of all the3N − 1
healthy battery units.

Both SOC-balancing control and fault-tolerant control are
explained in the following sections.

IV. SOC-BALANCING CONTROL

A. Clustered SOC-Balancing Control
The basic idea of clustered SOC-balancing control is to

achieve neutral shift by adding a line-frequency zero-sequence
voltage v0 to the three-phase ac voltagesvuM , vvM , and
vwM of the cascade converter. This allows each of the three
clusters to draw or release an unequal active power without
drawing negative-sequence current. Note that the idea of zero-
sequence voltage injection itself is not new. For example,
Betz et al. [40] investigated the injection of zero-sequence
voltage/current for capacitor-voltage balancing in a cascade-
converter-based STATCOM, intended for negative-sequence
compensation of three-phase line currents.

Figure 6 shows the block diagram of
clustered SOC-balancing control. The SOC
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differences(∆SOCu,∆SOCv, and ∆SOCw) correspond to
an amount of active power to be drawn or released by each
of the three clusters to maintain SOC balancing among the
clusters. Let∆SOC andγ be defined as

∆SOC =
√

∆SOC2
α + ∆SOC2

β

=

√

∆SOC2
u + ∆SOC2

v + ∆SOC2
w, (5)
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−π
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(6)

Here, ∆SOC is a parameter representing a degree of SOC
imbalance among the three clusters, whileγ is a parameter
associated with a distribution of SOC imbalance among the
three clusters in terms of a phase angle on theα − β axes.

The zero-sequence-voltage reference is determined as

v∗
0 =

√
2 · K0 · ∆SOC · sin(ωt + φ0), (7)

whereK0 is a proportional gain, andφ0 is given by

φ0 = δ − γ (8)
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whereId andIq are equal to thed-axis component (id) and
the q-axis component (iq) of currenti in a sinusoidal steady-
state condition. The zero-sequence-voltage injection given by
(7) balances the mean SOC values of the three clusters without
producing any effect on the overall three-phase power transfer,
because the sum ofu-, v-, andw-phase active powers due to
zero-sequence voltage injection is zero.

B. Individual SOC-Balancing Control
Figure 7 shows the individual SOC-balancing control

paying attention to thenth-converter cells of the three clusters.
Taking theu-phase as an example rewrites (4) as follow:

∆SOCun = SOCu − SOCun, (10)

wheren = 1, 2, and 3. The difference∆SOCun is minimized
by appropriately charging or discharging the respective battery

SOCu

SOCun

SOCv

SOCvn

SOCw

SOCwn

vBun

vBvn

vBwn

(n = 1, 2, and 3)

K1

K1

K1

√

2 sin(ωt + δ)

√

2 sin(ωt + δ − 2π/3)

√

2 sin(ωt + δ + 2π/3)

+

+

+

−

−

−

Fig. 7. Individual SOC-balancing control between three converter
cells inside each cluster, paying attention to thenth-converter cells.
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Fig. 8. Block diagram of the fault-tolerant control riding through a
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unit in theu-cluster. The superimposed ac voltage to minimize
the difference is determined as

vBun =
√

2 · K1 · ∆SOCun · sin(ωt + δ), (11)

whereK1 is a proportional gain. Unity power-factor operation
makes the power-factor angleδ equal to zero for charging
operation, or equal toπ for discharging operation. The
individual SOC-balancing control does not interfere with the
active-power control and the clustered SOC-balancing control
because the sum of superimposed voltages in a cluster is equal
to zero.

V. FAULT-TOLERANT CONTROL

Figure 8 describes the detailed block diagram of the fault-
tolerant control shown in Figure 5, considering a single-
converter-cell fault. During normal operation, switches SW1
and SW2 are closed at position 1. When the converter-cell
fault occurs, the switches move to position 2, enabling the
fault-tolerant control. Similar to the clustered SOC-balancing
control, the core of this control is also the injection of thezero-
sequence voltage at the fundamental or line frequency.

For simplicity, the ac voltages of then-th converter cells in
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the three clusters for normal operation can be represented as

vun = mvDC sinωt (12)

vvn = mvDC sin(ωt − 2π

3
) (13)

vwn = mvDC sin(ωt +
2π

3
), (14)

wherem is the modulation index, andn = 1, 2, · · ·N .
If the u-phase converter cell numbered 1 is out of order, it

is bypassed.

vu1 = 0. (15)

The modulation indexm of theN−1 heathy converter cells in
theu-phase is increased by a factor ofN/(N = 1) to achieve
a three-phase balanced line-to-line ac voltage and the neutral
shift is executed to achieve SOC balancing of the3N − 1
healthy battery units. The neutral shift is based on the injection
of line-frequency zero-sequence voltage which is out of phase
by180◦ with theu-phase voltage where a single-converter-cell
fault occurs.

The ac voltages of the healthy converter cells can then be
expressed as

vun =
N

N − 1
mvDC sin ωt − N

N − 1
v0f sinωt (16)

vvn = mvDC sin(ωt − 2π

3
) − v0f sin ωt (17)

vwn = mvDC sin(ωt +
2π

3
) − v0f sinωt. (18)

wheren = 2, 3, · · ·N for theu-phase, whilen = 1, 2, · · ·N
for thev-andw-phases.

The energy-balancing constraint that all the3N − 1 powers
absorbed by the healthy battery units should be equal to each
other can derive the following equation,

v0f =
2

3N − 1
mvDC . (19)

This indicates that injecting the zero-sequence voltage given
by (19), as well as being out of phase by180◦ with theu-phase
voltage, makes all the3N−1 powers equal, thus balancing the
3N − 1 SOC values in spite of a single faulty converter cell in
theu-phase.

VI. EXPERIMENTAL RESULTS DURING NORMAL
OPERATION

A. Startup Waveforms
The battery energy storage system requires no external

startup circuit. The startup procedure is similar to the one
presented in [32]. Figure 3 includes a simple startup circuit,
consisting of two sub-circuits:

• ac startup circuit consisting of the three-phase circuit
breaker CB1, the three-phase magnetic contactor MC1,
and the current-limiting resistorR1 in each phase, and

• dc startup circuit consisting of the circuit breaker CB2,
the magnetic contactor MC2, and the current limiting
resistorR2 in each converter cell.
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Fig. 9. Experimental waveforms when the battery energy storage
system was started. (a) CB1 was turned on att = 0, (b) CB2 was
turned on att = 30 s, and (c) Controller was started att = 2 min.
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Fig. 10. Experimental waveforms with repetitive charging and
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Figure 9 shows the waveforms during startup. At time
t = 0, CB1 was switched on, whereas MC1 as well as CB2
and MC2 in each converter cell remained switched off. Each
of the nine capacitors started charging throughR1 and the
respective converter cell operating as a diode rectifier. The
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Fig. 11. Experimental waveforms whenp∗ was changed from 10 kW
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Fig. 12. Battery-unit voltage and current waveforms during charging
at 10 kW with a mean SOC value of 65%.

inrush ac current was limited to 12 A (peak), which was below
the rated current of 30 A. At the time oft = 30 s, when
the starting ac current decayed to zero, the MC1 as well as
nine CB2’s were turned on sequentially. The dc-link voltages
then reached the battery-unit voltages of 78 V, as shown in
Figure 9(b). The nine starting resistorsR2 limit the inrush dc
currents when the nine battery units are connected to the dc
links and are bypassed by the nine magnetic contactors MC2
in 5 s. At t = 2 min, the controller was started and the
gate signals were provided to the nine converter cells, along
with the active-power commandp∗. The system thus came to
normal operation.

B. Charging and Discharging Waveforms
Figure 10 shows the experimental waveforms when the

energy storage system was repetitively charged up to a mean
SOC value of 75% and discharged down to a mean SOC value
of 25%. Although the experiment used a mean SOC window
between 25% and 75%, a wider window, for example, from
10% to 90%, may be used in an actual system with more
precise estimation of SOC. However, NiMH batteries show
extended cycle life with a lower depth-of-discharge (DOD)∗

value [20]. Here,̂iDC , v̂DC , and SOC were obtained from a
BMS with a sampling rate of 1 s−1. Since the power was set at

∗The term “DOD” is a measure of energy withdrawn from a battery,
expressed as a percentage of the full capacity.
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Fig. 13. Experimental waveforms to verify the effectiveness of the
SOC-balancing control, where a mean SOC value was kept between

30 and 70% withp∗
= 10 kW andq∗ = 0.

p = ±10 kW, the charging or discharging battery-unit current
was observed to be around 15 A. This is equivalent to a C-rate†

of 2.7 C(= 15 A/5.5 Ah).
Figure 11 shows experimental waveforms from charging

to discharging operation with a ramp change in active power
from 10 kW to−10 kW in 30 ms with a mean SOC value
around 70%. The waveforms ofvSuO and iu were in phase
during charging, while they were out of phase by180◦

during discharging, because this system was operated with a
condition ofq∗ = 0. Note that the battery-unit dc voltages
changed from 87 V to 82 V as soon as the power command
p∗ was changed from+10 kW to −10 kW. This voltage
difference resulted from a voltage across an equivalent series
resistance existing in the individual battery units.

C. Battery-Unit Voltage and Current Waveforms

Figure 12 shows the voltage and current waveforms of
a battery unit in theu-cluster during charging at 10 kW
with a mean SOC value of 65%. The waveform ofvDCu1

contained a 100-Hz component of 2 V (peak-to-peak), and
the waveform ofiDCu1 contained a 100-Hz component of
17.5 A (peak-to-peak). They are in phase so that the equivalent
series impedance of the battery-unit can be considered purely
resistive. The equivalent series resistance is estimated to be
115 mΩ (= 2 V/17.5 A). The resistance of a standalone
battery unit was measured to be 133 mΩ at an SOC value of
65% and a battery temperature of30◦C.

D. Effectiveness of the SOC-Balancing Control

In Figure 13, the upper part shows the nine SOC values of
the battery units, while the lower part shows the three mean
SOC values of theu-, v- and w-clusters. Before starting
the experiment(t = 0), the SOC values of the nine battery
units had a maximal imbalance of 5% between the lowest and
highest ones. However, when the SOC-balancing control was
started along withp∗ = ±10 kW att = 0, the nine SOC values
gradually started converging together. In about 15 mins, all the
SOC values became equal. This verified the effectiveness of
the SOC-balancing control.

†The term “C-rate” is a charging or discharging rate of a battery expressed
in terms of its total storage capacity in Ah. A rate of 1 C means a complete
transfer of the stored energy in 1 h.
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Fig. 14. Experimental waveforms during charging at 10 kW. (a)
when theu-phase converter cell numbered 1 was bypassed with a
mean SOC value of 67%, and (b) when theu-phase converter cell

numbered 1 was restored with a mean SOC value of 69%.

VII. EXPERIMENTAL RESULTS DURING
FAULT-TOLERANT OPERATION

A. Converter-Cell Bypass and Restore
Figure 14 shows experimental waveforms during fault-

tolerant operation. Figure 14(a) shows those during charging
before and after theu-phase converter cell numbered 1 was
bypassed. The converter cell was bypassed by turning on the
two upper IGBTs and turning off the two lower IGBTs. The
remaining eight battery units were kept charging at 10 kW
with a mean SOC value of 67%. Losing the converter cell
in theu-phase brought an increase in switching ripples to the
line currentsiu, iv, andiw.

Figure 14(b) shows experimental waveforms during
charging before and after theu-phase converter cell was
restored to the normal operation. The mean SOC value
was 69%. These waveforms verify smooth transition from
the normal operation to the fault-tolerant operation, and vice
versa. Generally, the fault-tolerant operation would lastfor a
short period of time until the faulty converter cell is repaired.

B. Converter-Cell Voltages
Figure 15 shows various voltage waveforms at the ac side

of the cascade converter during normal discharging operation,
while Figure 16 shows those during fault-tolerant operation

both at the rated power of 10 kW. The threeu-phase converter-
cell ac voltages(vu1, vu2 and vu3) and onev-phase converter-
cell ac voltage(vv1) were picked up as representatives.
These as well as the other five ac converter-cell voltages
(vv2, vv3, · · · , and vw3) were three-level waveforms during
normal operation. Note that the ac voltagevu1 was zero in
Figure 16(a). The three line-to-neutral voltages were seven-
level waveforms in the normal operation, whereas theu-phase
voltage was degraded to a five-level waveform in the fault-
tolerant operation. Although the fundamental components of
the line-to-neutral voltages are not balanced, those of theline-
to-line voltagesvuv, vvw, andvwu in Figure 16(c) are well
balanced.

C. SOC Balancing During Fault-Tolerant Operation

Figure 17 shows SOC waveforms during fault-tolerant
operation. Initially, all the nine battery units were operating
at 10 kW with a mean SOC window between 50 and 70%. At
t = 0, theu-phase converter cell numbered 1 was bypassed
and the fault-tolerant control was enabled. The remaining
eight converter cells were repetitively charged and discharged
at 10 kW. It is clear from the waveforms that the fault-tolerant
control is effective in balancing the SOC values of all the
3N − 1 (= 8) healthy battery units during a converter-cell
fault.

VIII. CONCLUSION

This paper has described a battery energy storage system
based on a three-phase cascade PWM converter, with focus on
control methods for SOC balancing of multiple battery units
and fault-tolerant operation. Experimental results obtained
from a 200-V, 10-kW, 3.6-kWh laboratory model have verified
the effectiveness of the proposed control methods.
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