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Abstract

This paper is part of a research project, which aims to investigate the possibilities of using the
second life batteries after their replacement from plug-in electric vehicles (PHEVSs), hybrid electric vehicles
(HEVs) and battery electric vehicles (EVs) for smart grid applications. Batteries which are used for
vehicular service cannot be used once that the capacity becomes less than 70% - 80% [1]. The remaining
capacity of the battery can be utilized for stationary applications during peak load hours and to reduce the
environmental pollution. These batteries are defined as second life batteries. In these applications, the
power electronic converters (PECs) play an important role in the development of high performance
integrated systems. It means that the performance of the second life batteries mainly depends on the
characteristics of the PECs, which are utilized to achieve the integration of the second life batteries with the
smart grid. Therefore, this paper represents a comparative evaluation of different multilevel DC/DC
converter topologies that can be used to connect the second life batteries to smart grid. Furthermore, the
advantages and drawbacks of the most popular multilevel DC/DC converter (MLDC) topologies are
presented in detail. In this paper, a selected harmonic elimination (SHE) technique has been used to realize
the control system of the multilevel DC/DC converter, and its influence on the performance of each battery

module is analyzed. These topologies are designed and verified by using MATLAB/Simulink environment.

Keywords: Second-Life Batteries, Multilevel DC/DC Converters, Selected Harmonic Elimination, Total Harmonic
Distortion

the PHEV, HEV and EV after their useful life in
1 Introduction the vehicle power trains. These battery packs can
be combined with other battery packs or modules
that are obtained from other applications in order
to create large-sized systems [1,2]. Stationary
battery applications often do not have the severe
weight and volume constraints of the PHEV, HEV
and EV applications. Therefore, this can lead to
lower energy and power requirements (on a unit

In few years, a large number of used
batteries will be introduced to the market. As a
result, it is necessary to find the appropriate
power electronic converter that can be used to
connect the second life batteries to smart grid
applications. Battery packs can be removed from
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weight or volume basis) for batteries. Since the
reuse of the PHEV, HEV and EV batteries are
still expected to be able to store and deliver a
substantial energy, it is possible that they might
satisfy the requirements of these applications [3-
7]. The reuse of second life batteries can provide
an opportunity to reclaim a portion of the
purchase price of the battery and thus effectively
reducing its initial cost. This would also make a
lower cost for the progressive batteries that are
available in the stationary energy storage market.
Besides, it can accelerate the establishment of a
sustainable market for advanced PHEV, HEV
and EV battery technologies. There are two
scenarios to use the second life batteries for the
stationary applications: 1) classify the batteries
into groups and select the suitable application for
each group based on the characteristics within
each group of batteries, and 2) reconfigure all
types of batteries in the same application by
using different power electronic topologies. The
complete system of any stationary application
consists of a battery system, power electronic
topologies, and AC filters. It should be pointed
out that the power electronic converters and the
control strategy can be used to improve the
lifespan of the second life battery system, fault-
tolerance of the wused battery modules,
complexity, total harmonic distortion (THD) of
AC side and the overall cost. However, the
reliability of the second life batteries is an
important issue as individual batteries may suffer
from degraded performance or failure. Therefore,
the design of the converter topology could
influence the overall system performance.

As a consequence, this paper represents a
literature overview of multilevel DC/DC
converter topologies that may utilize fewer
numbers of switches, high reliability and high
efficiency. By wusing a multilevel DC/DC
converter (MLDC), the electric power demand
can be shared between the battery modules based
on the performance of each battery module (such
as capacity and state of charge (SoC)) in order to
increase the lifetime of the second life batteries.
Then, three popular topologies of multilevel
DC/DC converters are studied to demonstrate the
advantages and drawbacks of each topology and
to realize its feasibility for the second life battery
applications. A multilevel DC/DC converter can
synthesize a desired output voltage from several
DC voltages (such as battery modules) as inputs
[8]. The research and development for these
types of converters is gaining popularity,
especially for high-power and high-voltage

applications due to their reduction in losses and
THD [10]. Furthermore, the size of the passive
filters can be reduced leading to a compact size for
the overall system.

In addition, MLDC can produce output waveforms
with a better harmonic spectrum and can provide a
high-power quality, high reliability and a good
electromagnetic  compatibility (EMC). The
cascaded H-bridge and the diode clamped topology
are the most popularly hardware implemented
topologies at present, especially in the growing
technological field of renewable energy. These
inverters have some disadvantages. One of the
most obvious disadvantages is that numerous
power semiconductor switches are required
leading to a complex system control. As a result, a
multilevel DC/DC converter can be used to
overcome the previous problems [8].

2 Multilevel Converter

Power electronic converters are a main part of
modern electric circuits, which are used to convert
the electric energy from one level of voltage,
current or frequency to another by using electronic
switching components. Regarding different electric
applications, various power converters with
optimum modulation technique should be used to
deliver the desired electric energy to the load with
maximum efficiency and minimum cost [8].

2.1 Overview

One of the most significant recent advances in
power electronic converters is the multilevel
inverter. Besides, there are several multilevel
converter topologies have been developed [10-14].
Fig. 1 shows the most common multilevel power
converters and the classical two-level converters.
The elementary concept of a multilevel converter
is to use a series of power semiconductor switches
with several lower voltages dc sources to perform
the power conversion by accumulating a staircase
voltage waveform. Capacitors, batteries, and
renewable energy voltage sources can be used as
the multiple dc voltage sources. Multilevel
converter gives significant advantages compared to
the conventional converters, which are known as
two-level converters. These advantages are high-
power quality waveforms, low switching losses,
high-voltage  capability, low electromagnetic
compatibility (EMC) [12-14].
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2.2  Multi-level converters for used
battery

The Cascaded H-Bridge Converter (CHBC) and
the Multi-Level DC/DC Converter (MLDC)
consists of a series connection of separate single
modules. Each dc module requires an isolated dc
input. These topologies are suitable for
applications where separate dc voltage sources
are available, such as photovoltaic (PV) systems,
fuel cells and batteries [22-24]. Thus, CHBC and
MLDC can be used to feed the electric load from
separate battery modules. Multi-level DC/DC
converter has significant advantages compared
to cascaded multilevel inverter such as: 1) low
number of switches and diodes as shown in Table
1, 2) low power loss and high efficiency, 3) high
reliability and less complicated. As a result, the
MLDC can be used as an optimum solution to
reuse the batteries which are removed from
vehicular service. Used batteries are removed
from wvehicular services not only when their
capacity reach to 80% of the rated capacity but
also when their internal resistance becomes twice
than their initial value [2]. It means that these
batteries should be characterized by testing all of
them. As a consequence, the used batteries will
be divided into modules, where each module
contains some of the cells (for example: 8-16
cells), which are connected in series. As
mentioned, there are two scenarios to reuse the
used batteries for the stationary applications. In
the latter scenario, it is important to know that
the performance of each module is differed from
one module to another. Therefore, each module
should feed a portion of the load demand based
on the characteristics of each module. Each
battery module can share a portion of the total
electric energy that is required to feed the load.
The location of each module in the multilevel
DC/DC converter based on the performance of

each battery module (such as capacity, internal
resistance and life cycle) in order to increase the
lifetime of the second life batteries. Fig. 2
demonstrates a 13-level single phase multilevel
DC/DC  converter.  Furthermore, Fig. 3
demonstrates the current drawn from each module,
based on the location of each module in the
electric circuit. As shown from Fig.3, each
module contributes by supplying a portion of the
electric energy for feeding the electric load.
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Figure2: 13-level single phase multilevel DC/DC
converter.
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Tablel: Number of switches and diodes of 7-level
single-phase multi-level converters

(CCMI) | (MLDC)
Number of switches 24 16
Number of diodes 24 16

3 MLDC comparative evaluation

This paper represents a comparative study of
the most popular multilevel DC/DC converter
topologies. Fig. 4 shows three topologies of
popular multilevel DC/DC converters [19,20,21].
This research will focus on three significant parts
to compare between three popular multilevel
DC/DC converters as follows: 1) complexity and
efficiency, 2) fault-tolerance and the percentage of
continuity, 3) the possibility of loading.
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. 3.1 The operation of MLDC

n All topologies have a set of series DC/DC

converter blocks as shown in Fig. 4. For an

example, from the topology 1, switch S1 and

switch S2 should be conducted at different

S s ws w ws instances in order to prevent any short circuit

) across the voltage source. When the S1 (S2 off) is

turned on the output will be equal to V. and when

" S2 is turned on (S1 off) output voltage will be

zero. Where V. is the output voltage of each
battery module.
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Figure3: The current of one cell from each module.
(a) Module 1, (b) Module 2, (c) Module 3,
(d) Module 4, () Module 5, (f) Module 6.
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Figure4: Multi-level DC/DC converter. (a) Topology
1[19], (b) Topology 2[20], (c)Topology 3[21].

Therefore, the magnitude of the DC link is the
sum of the voltages produced by each module.

In the Fig. 5, a1, a2, 03, a4, a5 and a6 are the
switching angles for six battery modules, and f31,
B2, B3, P4, P5 and Pe are corresponding
supplementary angles for ol to a6 respectively.
The magnitude and THD content of output
voltage mainly depend on those switching
angles. Therefore, these angles should be
selected properly. For a 13-level MLDC, there
are six battery modules per phase and six degrees
of freedom are available. One degree of freedom
is used to control the magnitude of the
fundamental voltage and the remaining five
degrees of freedom are used to eliminate 379,
sth 7th gth  and 11" order harmonic
components as they dominate the total harmonic
distortion. As shown in Fig. 6, the percentage of
harmonic order 379, 5t 7th 9th and 11t is less
than 0.5% and the THD is around 9%.
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Figure5: Output phase voltage waveform for 13-level
MLDC.
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Figure6: Phase voltage of 13-level MLDC with
corresponding FFT.

3.2 Complexity and efficiency

One of the most obvious disadvantages of any
power electronic converter is the numerous of
power semiconductor switches [8]. Every switch
requires a gate driver circuit, therefore, increasing
the complexity and size of the overall circuit. The
requirement of a multiple gate driver circuit
increases the total cost. As a consequence, in
practical applications, a reduction of the used
switches is crucial. Therefore, this paper
demonstrates the comparison study of three
popular multi-level DC/DC converters as shown
in Fig. 4. Besides, all these topologies are
simulated to assess the quality of AC power for
reducing the percentage of harmonics, and to
compute the power loss of each topology. For the
first part, Fig. 6 shows that the percentage of THD
is around 9% and the percentage of each order of
harmonic is less than 0.5%. It means that the SHE
technique gives good solution to achieve a
minimum THD. The main target of this part is to
decide which topology can be used for the battery
system. Since the efficiency of each topology
depends on the amount of the electric power flow
from the battery system (DC side) to the electric
load (AC side). Therefore, Table 2 shows the
number of switches and diodes of each topology.
One can observe that topology 3 has a minimum
number of switches, and topology 2 has a
minimum number of diodes. Since the gate drivers
are required only for switches, the topology 3
reduces the installation area, gate drivers needed
and the cost of the whole setup due to the
minimum number of switches.

3.2.1 Simulation results

In order to compare the characteristics of these
topologies, the models of these topologies have
been simulated in  MATLAB/SIMULINK
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environment. These simulations are carried out

Table3: Power loss of topologies

on a single-phase resistive load. To assess the Power
efficiency of each topology, six battery modules loss (W) Topologyl | Topology? | Topology3
are used, whereby each module has 16 cells
(Lithium-ion iron phosphate battery with rated Case | 1,77 L7 47,524
capacity of 7Ah), and the total voltage of each Case Il 312,31 312,31 280,33
module is 56 volts. In addition, four cases are
used for loading: 1) 52 Q (1 KW), 2) 10.5 Q (5 Caselll | 75642 756,43 666,36
KW), 3) 5 Q (10.5 KW), 4) 2.5 Q (20 KW). Case IV 1908,63 1908,63 1635,62

Table2: Number of switches and diodes of each Table4: Efficiency of topologies

topology T
iciency
Topologyl | Topology2 | Topology3 (%) Topologyl | Topology2 | Topology3

Number

of 16 15 10 Case | 95,3 95,3 95,7
switches Case Il 94,2 94,2 94,8
Number Case Il 93,25 93,25 94,11

of 16 15 16
diodes Case IV 91,3 91,3 92,66

From Fig. 7, Fig 8, Table3 and Table 4, one can
observe that topology 3 can achieve a minimum
power loss and a high efficiency compared to
other topologies.
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Figure7: Power loss of topologies.
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Figure8: Efficiency of topologies.

In addition, the power loss and the efficiency of
topology 1 and topology 2 are almost equal.
Although, topology 2 has a lower number of
switches and diodes compared to topology 1. As
shown in Fig. 4, the difference between topology 1
and topology 2 is that the first vertical switch and
diode are removed from topology 1 to configure
topology 2. Therefore, topology 2 reduces the
complexity compared to topology 2.. However,
from the point of view of efficiency, topology 1
and topology 2 have the same efficiency at
different power loads as shown in Table 3 and
Table 4.

3.3 Fault-tolerance and the percentage
of continuity

Battery module failure or switching device failure
is often a cause of circuit dysfunction. Many
factors can lead to a power switch failure or a
battery module failure [8]. Toward the end of the
battery life in the vehicle, the energy capacity left
in the battery is not sufficient to provide the
designed range for the wvehicle. Typically, the
automotive manufacturers recommend battery
replacement when the remaining energy capacity
reaches 70%-80% of rated capacity [1]. There is
still sufficient power (kilowatts) and capacity
(ampere- hour) left in the battery to support
various grid applications. However, one can
observe that used batteries are exposed to failure
during the operation [2]. As shown in Fig. 4, each
battery module is connected to two switching
units, one of them is vertical and the other is
horizontal. For topology 1, two switches with anti-
parallel diodes are connected to each battery
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module. Therefore, the vertical diode can be used
as a short circuit across the battery modules to
disconnect any battery module if it is failed.
Furthermore, the voltage level of topology 1 can
change from 13-level to 11-level or 9-level or 7-
level based on the health of each battery module.
For topology 2, it is like topology 1 except that
the first module cannot be disconnected because
the vertical switch and diode of first module are
removed to minimize the numbers of power
semiconductor devices. For topology 3, all
vertical switches are removed, however all
vertical diodes are still in the circuit. These
diodes are used to produce a short circuit across
any battery module where any horizontal switch
is turned off during the normal operation or in
case of a battery module failure. As shown in
Table 5, the case study which is used to compare
the three topologies is four converters level from
six modules (from 7-level to 13-level and ignore
two levels 5-level and 3-level). As a result, one
can observe that the percentage of topology
service continuity of topology 1 and topology 3
is the same and higher than the service continuity
of topology 2. Table 5 shows all available
probabilities in case of battery module failure for
each topology; the total probability is 64 (for six
modules). As a consequence, topology 2
represents a less percentage of continuity due to
the removal of the first vertical switching unit.

3.4 The possibility of loading

As previously mentioned, three different popular
MLDC structures have been applied in literature
[19-21]. Three types of the electric load are used
for simulation: 1) R-load, 2) R-L load and 3) R-
L-C load. As shown from the simulation results,
Table 6 demonstrates the possibility of loading of
each topology. In [21] topology 3 is used to
connect photovoltaic (PV) sources to resistance
load. However, topology 3 cannot be used to
connect battery modules to the electric load,
which has an inductance or/and capacitance load.
An inductance load produces a high-voltage peak
at the beginning of each half cycle of output
voltage as shown in Fig. 9. From Fig. 9, the
voltage peak leads to increase the THD to be
around 19% instead of around 9%. Therefore,
Topology 3 can be only used to connect the
series DC sources (battery modules) to a resistive
load.

Table5: The percentage of continuity of each topology

Percentage 7 9 11 13
of %
. level | level | level | level
continuity
Topologyl 20 15 6 1 66
Topology2 10 10 5 1 41
Topology3 20 15 6 1 66
Table6: The possibility of loading
R-load RL-load RLC-load
Topologyl | Valid Valid Valid
Topology2 | Valid Valid Valid
Topology3 | Valid Not valid | Not valid
i F:lend’ow: 2 olf 1000 cyclosj—selected slgnyal

200
o
-200

. ; |
19 19.008 19.01 19.016 19.02 19.025 19.03 19.085
Time (s)

Fundamental (50H2) = 298.4 , THD= 19.33%
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Figure9: Phase voltage of topology 3 (R-L load) with
corresponding FFT.

4 Conclusion

This paper represents a comparative study of
the most popular multilevel DC/DC converters that
can be used for the second life battery applications.
These topologies have been analyzed, and their
performance characteristics have been presented.
The response of each topology has been verified at
different load types (such as R, R-L, and R-L-C
loads). A selected harmonic elimination (SHE)
technique is used to realize the control system of
the multilevel DC/DC converter, and its influence
on the performance of each battery module is
analyzed. Finally, the results have demonstrated
that Topologies 1 & 3 have the same percentage of
continuity (66%) compared to the Topology 2
(41%). Furthermore, Topology 3 can provide a
high efficiency, high reliability, low price and
simplicity. However, this topology cannot be used
to feed both R-L and R-L-C load due to the
influence of the discharge current of the
inductance load. Therefore, it can be expected that
this study can be utilized for development of a new
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topology of DC/DC multilevel converter to

modify topology 3 to overcome their
disadvantages.
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