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Abstract— This paper presents the study and evaluation of a
medium-voltage grid-tied cascaded H-bridge (CHB) three-phase
inverter for battery energy storage systems using SiC devices as
an enabling technology. The high breakdown voltage capability of
SiC devices provide the advantage to significantly minimize the
complexity of the CHB multilevel converter, with less power loss
compared to when Silicon (Si) devices are used. The topology in
this study hasbeenselected based on high voltage SiC devices. In
order toreach 13.8 kV, a nine-level CHB is needed when using 6.5
kV SiC MOSFETs. However, if 10 kV SiC MOSFETs are used,
only five-levels of the CHB are required. The controls were
developed, simulated and verified through an experimental
prototype. The results from the scaled-down prototype proved the
controls and the verification of the performance of five-level CHB
three-phase inverter. For the system reliability, both open-loop
andshort-circuit faults are analyzed.

I. INTRODUCTION

For medium-voltage grid-tied battery energy storage
systems (BESS), multilevel inverter topologies present
significant advantages and increased power ranges comparedto
conventional topologies. Among the different kinds of
multilevel inverters, the cascaded H-bridge (CHB) is suitable
for integrating BESS into medium voltage distribution grids
[1]. A CHB provides advantages such as scaling up to higher
voltages fromlow voltage battery arrays without the need of a
line transformer. Also in the event of faults, the modular
structure of the CHB allows a battery pack to be reconfigurable
and taken out of inverter. This strategy increases the reliability
of the BESS. The CHB structure provides an easy grid
connection with minimal filter requirements [2]-[3]. One trade-
off of the CHB topology is its highly centralized control
structure, thus making the controlrelatively complex[4]. This
is due to the fact that a large amount of information is required
to establish coordination between the submodules. The
structure of the CHB is comprised of large numbers of modules
cascaded in series to reacha medium voltage rating (e.g., 13.8
kV). The use of the wide-bandgap devices provides the
advantage of higher blocking voltages. Their application will
reduce the number of cells and simplify the system’s control
scheme. For example, if 1.2 kV SiC MOSFETs are used to
integrate the BESS to the 13.8 kV distribution line, it will
require a 29-level cascaded H-bridge inverter. Whereas it will
only require a nine-level CHB if 6.5 kV SiC MOSFETs are
used, and five levels if 10 kV SiC MOSFETSs are used. In this
paper, a CHB three-phase inverter with the lowest number of
cells per-phase is designed and verified through the low-voltage
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Fig. 1: Nine Level CHB, with integrated high-gain dc/dc converters.

experimental prototype. In addition to the controls, the analysis
of a fault detection method is presented.

II. TOPOLOGY DESCRIPTION

Fig. 1 shows the nine-level topology that is studied in this
paper. Wide bandgap (WBG) devices, such as SiC MOSFETs,
are becoming an enabling technology for medium voltage
converters. There has been significant effort put into the
evaluation of these systems [5]-[6]. In the work reported in this
paper, a SiC five-level CHB is being analyzed as a potential
transformerless topology to connect the BESS to the 13.8 kV
power line. Its success results in a simplified topology without
the complexity that is usually faced when Si power
semiconductor devices are used. Generally for a CHB inverter
with n cells per phase, it produces a staircase voltage per phase
with  (2n+1) levels that are: (2n) E,(2n-1) E, (2n-
2)E,..(1)E(O)E,-(1)E-(2)E,...-(2n-1)E,-(2n+1) E..The output
voltage of the cascaded H-bridge is the sum of all cells’
individual output voltages. As Fig. 2 shows, the output voltage
of a single-phase cascaded H-bridge with » cells is the sum of
voltages fromvy,to vy,. Toreach 13.8kV in a three-phase 5
level inverter,a 7 kV dc bus voltage is required for each
submodule. There are two ways to reach this dc voltage level,
either connect multiple battery banks in series or to use lower
voltagebattery banks with a medium-voltage high-frequency
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Fig. 3. Decoupled current control and active power control [8].

solid state transformer (SST) converter to boost the battery
voltage to the medium dc voltage (7 kV). This paper analyzes
the design of the CHB with the assumption thata 7 kV dc bus
voltageis provided by either method described above.

III. OPERATION OF THE CHB

A. The Control Mechanism

The decoupled current control and voltage feedforward
control are used for the CHB three-phase inverter to generate
balanced three-phase voltages for both discharging and
charging modes, as shown in Fig. 3. The corresponding dg
reference voltages and currents are also generated to control the
power that the inverter supplies during discharging mode, or
received during the charging mode [7]-[8]. There are a variety
of PWM techniques that have been used with cascaded H-
bridge multilevel inverters such as Level-Shifted Pulse Width
Modulation (LS-PWM), Phase-Shifted Pulse Width
Modulation (PS-PWM), nearest level control (NLC), and
selective harmonics elimination. LS-PWM provides lower total
harmonic distortion (THD) when it is compared with other
modulation techniques. The modulation strategy is key not only
for lower THD, but also better voltage balancing. PSPWM is
the most functional and practical to be used with the cascaded
H-bridge inverter. That is, when using the PS-PWM with a
cascaded H-bridge multilevel inverter for a battery energy
storage system, the totallosses for submodules is almostequal.
Moreover, the state of charge (SOC) for the batteries in CHB
suffers fromdifferences between the submodules in the case of
LS-PWM. The submodules of dcside of the cascaded H-bridge

multilevel inverter should be balanced in one phase, between
submodules in one phase,and between phases. Battery voltage
balancing within a submodule (series battery connection),
submodules voltage balancing for each phase, and voltage
balancing between the phases is easier and more practical with
PS-PWM.

B. Meduim Voltage Battery Pack

Reaching 13.8kV with a three-phase CHB with the minimal
number of modules-per-cell presents a challenge of high dcbus
requirements foreach cell. A medium-voltage dcbus is required
(approximately 7 kV) if the five-level CHB is used.If batteries
are connected in series to reach this voltage, the system
reliability will be significantly affected and the cell failure rate
increases [9]. The solution to this challenge involves the design
of an intelligent battery pack converter performing the dc/dc
conversion to boost the battery voltages to the required dc bus
voltage level. An intelligent battery pack incorporates a
medium-voltagedc/dc converter, battery current limiter, and the
built-in balancing control for dc bus voltage of each battery
submodule and is shown in Fig.l1. To reliably operate the
medium-voltage dc/dc converter, the designer has to take into
consideration the insulation layer for the battery bank to
significantly minimize the capacitive leakage current in the
system.In additionthere is an isolation concern for voltages of
that magnitude. The battery management system should also
account for the series connection of batteries. There also needs
to be a provision for monitoring the voltage and current for each
battery. The batteries do not have to have the exact same
charging and discharging ratio. However, it is important to
provide for balanced charging of individual battery cells in order
to maintain a uniform level of battery maintenance and
reliability.

C. Fault Detection

Generally, the types of faults in grid-tied topologies
can be classified as either internal or external faults . Internal
faults occur within the converter. This could be caused by
failures in the semiconductor devices (open/short-circuit
switching fault), gate drivers, passive elements, PCBs, or
connections. The types of external faults are shown in Fig. 4.
This type of fault can happen in the grid, and induce stress
inside the power electronics s ystem. External faults alsocan be
divided into two kinds: overvoltage and overcurrent faults. The
selectivity of the grid fault protection reduces the negative
impact of the faults to smallest grid region by isolating or
clearing the fault as fast as possible. It can be achieved by
adding more solid-state breakers, circuit breakers and/or fuses
with faster tripping time. The overvoltage can be caused by
switching or lightning surge transients. The overvoltage may
result in damage to one or multiple semiconductor devices.
First,the voltage surge could cause the drain-source voltage to
exceed the breakdown voltage, resulting in semiconductor
device damage or destruction. Secondly, it may cause an
oscillation in the gate-source voltage, resulting in a false
triggering and potentially leading to an unintentional turn-off
event which could casue high overshoot voltages [10]-[13].

The large number of cells in multilevel inverters results in
ahigherchancefor faults to occur, creating a reliability concem
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Fig. 4. External fault classification [10]

for the system. In this research there are two basic types of
device failures that are considered: either a persistent short- or
open-circuit device fault [14]-[15]. Overload in power
electronics applications results in a short-circuit switch fault
where the load current exceeds the normal operating switch
current. Short-circuit switch faults may also occur when the
device gate-voltage approaches the saturation voltage. Many
methods havebeen presented to detect this type of fault within
a minimum possible time and protect the switch and system
from damage. This damage can be relatively expensive to repair
in power electronics applications. The most well-known
method for short-circuit fault protection is the desaturation
protection (DESAT) technique. DESAT techniques have been
set with the gate driver circuitry to shut-down the devices
within a specified time when faults are detected [16]. The
device voltage is measured and compared with a nominal value.
In the eventofa short-circuit fault, the device should be turned-
offas fast as possible to preventthe high current fromdamaging
the device. For example, the detection time and turn-off
procedure for ISO5852S gate driver IC from Texas Instrument
can take about2us [17].

Open-circuit device failures may result from gate driver
faults ,and wire bond lift [18]. When the number of submodules
increases, the possibility of a fault occurrence also increases,
and this leads to power electronics reliability issues. In battery
energy storage systems, an open-circuit switch fault in the
cascaded H-bridge inverter leads to an overall shutdown of the
systemas a consequence of unbalanced voltage and current.

The open-circuit fault detection technique for CHB
described in [19] has been used. This method uses the
relationship between the inverter phase currents, cell voltages
and PWM signals to identify the faulty submodule and device.
The output voltage and current are always measured and
compered to expected values. In case of an open-circuit s witch
fault,the measured cell voltage and phase currentare less than
the typical values because of the antiparallel diode of the faulty
switch.

IV. SIMULATION AND EXPERMINTAL RESULTS

To examine the performance ofthe CHB integrated intoa
BESS in a 60 Hz distribution system, a MATLAB/Simulink®
model was created. The simulation for both grid and inverter
voltages, inverter current, and the battery current, during the
discharging and charging modes can be shown in Fig.6 and Fig.
7. The simulation results verified the operability of the chosen
topology. The next step is toincrementally testthe topology up
to medium voltage.

To evaluate the performance of the CHB interfaced to
BESS, a200 V 5-level CHB prototypehas beenbuilt,as shown
in Fig.8 and Fig.9. The dSPACEMicroAutoBoxhas been used
to implement the controls. Lead-acid batteries are used in the
experiment. The topology has been verified up to 200 Vpeak.
The three-phase PLL is used to enable the synchronization of
the inverter with the grid. This synchronization using phase
locked loop control (PLL) is verified experimentally ,as shown
in Fig. 10. The three-phase output voltage of the CHB
multilevel inverter before the filteris shownin Fig. 11. Fig. 12
shows the current flowing in the H-bridge, CH1, the grid
voltage, CH2, the inverter voltage, CH3, and the battery
voltage,CH4,during discharging the batteries to the grid.
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Fig. 6. Grid-inverter voltage current, and battery current during discharging
mode.
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Fig. 7. Grid-inverter voltage current, and battery current during charging
mode.

Fig. 8. Five-level CHB Fig. Fig. 9. Low-voltage verification
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Fig. 14. CHB inverter line-line output voltage.

Another prototy pe has been built for 5-level CHB with
1 kV as shown in Fig. 13. 1.2 kV SiC power modules part
number CAS325M 12HM?2, and CGD15HB62LP gate drivers
from Wolfspeed/Cree have been used. This gate driver provides
20/-5 driving voltage and 14 A gate current. Logic control
signal, power supply, and DESAT protection have been
activated through the controllers to provide more protection for
the circuit. To minimize the negative consequences of the
radiated noise thatis generated fromfast turn-on/off s witching
events, differential transceiver circuits have been integrated
with the gate driver. The effects of the undesired noise canbe
eliminated by sending the gate driver’s signals as differential
signals. The control has been implemented with a DSP, TI
TMS320F28335. Fig. 14 shows the prototype operating at 1
kV-peak to verify the isolation capability of the gate driver.

V. CONCLUSIONS

This work evaluates a multi-level CHB for energy storage
system. SiCMOSFETs are used totake advantage of their high-
voltage breakdown to minimize the number of modules. The
resulting topology, a five-level CHB three-phase inverter was
designed and tested up to 200 V. Another prototype is to be
investigated up toa medium-voltage without the useofa 60 Hz
bulk line transformer. Moreover, an intelligent battery pack
converter is proposed to reach the required medium dc bus
voltage foreach module within the presented topology.
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