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Design and Validation of the Parallel Enhanced
Commutation Integrated Nested Multilevel

Inverter Topology
Christoph Terbrack , Julia Stöttner , and Christian Endisch , Member, IEEE

Abstract—In this article, a promising design of power electronics
in the field of battery electric vehicles is proposed. The presented
parallel enhanced commutation integrated nested multilevel in-
verter is a symmetrical cascaded multilevel inverter characterized
by a minimal number of semiconductor switches compared to its
range of functions. In addition to regular four-quadrant opera-
tion, the topology is able to reconfigure individual battery cells
between serial and parallel interconnection to minimize the internal
resistance of the reconfigurable battery system during operation.
In particular, by separately considering the internal resistance of
the power electronics and the variable internal resistance of the
reconfigurable battery, a minimum overall internal resistance is
achieved. After a detailed review of related modern topologies,
the topology’s inherent structural advantages are presented. Func-
tional spectrum, internal resistance, and efficiency behavior are
compared with related topologies frequently studied in the litera-
ture. Measurements on a 17-level three-phase prototype show the
function and performance of the proposed structure in terms of
functional spectrum, low total harmonic distortion, and efficiency.
It turns out that the parallel enhanced commutation integrated
nested multilevel inverter is a competitive topology that should be
investigated further.

Index Terms—Drivetrain, electric vehicles, enhanced
commutation integrated nested (ECIN), modular multilevel
converter (MMLC), parallel enhanced commutation integrated
nested (PECIN), power electronics.

NOMENCLATURE

BEV Battery electric vehicle.
BCS Bridge-type connected source.
BtB Back-to-back.
CHB Cascaded H-bridge.
Cl Closing (unit).
CCS Cascaded cross-switched.
CS Cross-switched.
ECIN Enhanced commutation integrated nested.
FPGA Field-programmable gate array.
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M2B Modular multilevel battery.
MLI Multilevel inverter.
MMLC Modular multilevel converter.
MMSPC Modular multilevel series/parallel converter.
MOSFET Metal–oxide–semiconductor field-effect transistor.
NLC Nearest level control.
OCV Open-circuit voltage.
PCB Printed circuit board.
PECIN Parallel enhanced commutation integrated nested.
SM Submodule.
SOC State of charge.
SVC Space vector control.
THD Total harmonic distortion.
TU Termination unit.

I. INTRODUCTION

B ESIDES battery technology, efficient power electronics
is the key enabler for modern BEVs. Since space and

weight are limiting factors for the battery in a vehicle, only a
finite amount of energy-storing active material can be installed.
Therefore, the efficiency and the total utilization of the energy
potential of every single battery cell is an essential differentiator
for the usable energy in the powertrain. Recent research shows
that the MLI addresses these aspects and is a promising approach
to improve electric drive technology further [1]–[4]. The MLI
was first introduced by Baker and Bannister in 1975 [5]. The
proposed inverter is nowadays known as CHB inverter and is
part of the family of cascaded MLIs. Over the past few decades,
different topologies have been developed and investigated [6],
[7]. Furthermore, in addition to cascaded MLIs, the family
branches of flying capacitor MLIs [8] and neutral-point-clamped
MLIs [9] have emerged. In particular, cascaded MLIs have
received special attention due to their simple conception and
good scalability [6]. Cascaded MLIs have a smallest unit called
SM. It contains a specific structure of an electrical network
called microtopology and a dc supply. “Cascaded” means that
several of these SMs are connected in the same way. Since
the cascade is a relatively simple and defined process, the
topology can be extended by simply adding additional SMs to
meet the requirements of the application. The interconnection
of SMs leads to an overall function of the entire system [7].
The design of this interconnection is called macrotopology. The
macrotopology is not limited to one phase strand, as shown
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in [10], and serves the original idea of the MLI that, in contrast
to the conventional two-level inverter, the MLI can intrinsically
generate a large number of output voltages [11]. By reconfig-
uring the electrical circuit within the cascade of SMs, it can set
intermediate voltage levels that better match the desired voltage.
Thereby, the current limitation and the current signal’s quality
become less dependent on the switching frequency. In general,
these effects increase with the number of levels and lower step
height of the output voltage steps. As a result, MLIs intrinsically
achieve low THD output current values [12]. Thus, on the one
hand, special filter components for the output of the inverter
are no longer needed or can be reduced in size [13]. On the
other hand, this allows decreasing switching frequencies and,
therefore, switching losses. In drive applications, low THD leads
to lower iron and copper losses, which increases efficiency [1].
Conventional traction systems consist of a separate battery and
inverter system. The battery system has a fixed configuration,
and its constant output voltage is the supply for the dc link,
which supplies the conventional inverter. However, due to the
high number of individual battery cells, a modern traction battery
already provides the structure for building a cascaded MLI [1],
[2], [14], [15]. The battery cells supply a relatively low and
galvanically isolated output voltage, allowing a high number of
output voltage levels. To achieve MLI functionality, the ability
to add and remove these battery cells from the load path during
operation must be provided. On the one hand, reconfiguration
allows the output voltage of the battery system to be adjustable,
making the reconfigurable battery itself an inverter system. On
the other hand, this opens up new possibilities in single-cell
battery management. Symmetrical MLIs use the same type of
dc power source in each SM [6]. This implies that there are
a lot of redundant switching states to achieve a single voltage
level as voltage sources are interchangeable. As with ac signals,
the desired output voltage changes permanently, resulting in a
permanent choosing on which cells adding up to achieve the
desired voltage value. A controller can decide for every control
step which cells should be operated. An important aspect for
MLIs is charge balance control [4]. Of interest is that the cells all
together hit end-of-charge (charging case) or end-of-discharge
(discharging case) to prevent unusable charging stuck inside the
battery cells. Charge balancing procedures are also described in
the literature [4] for MLIs with serial and parallel reconfigura-
tion [16]. The reconfiguration is achieved by interconnecting the
cells with semiconductor switches [6], [7]. Since the switches
in the MLI can be designed for the low battery cell voltage,
primarily MOSFETs can be used. Although the higher number
of inserted switches increases the internal resistance, the com-
paratively low conduction and switching losses of MOSFET
technology mitigate this effect [2], [3]. In addition, the semi-
conductor switches perform fewer switching operations due to
lower switching frequencies. However, while switching losses
dominate in conventional inverter systems, conduction losses
dominate in MLI, and switching losses are almost negligible [2].
Therefore, the MLI has an efficiency advantage, especially in
partial load situations [3]. Particularly, in dynamic applications
such as BEVs, with mostly partial load operation, the MLI can
increase the overall efficiency of the system [1]–[3]. Not least

because of its simple scalability and excellent efficiency, the
basic principle of MLIs is interesting for BEVs. Like a conven-
tional inverter, an MLI can adjust its output voltage according
to a controller demand during operation. Therefore, the MLI
can be directly tied to an electrical traction machine or on an
electrical grid and be operated without additional power elec-
tronics. In addition, they can further simplify the drive system
by combining the energy storage system, the inverter, and the
charging system [15]. Even though the MLI concept generally
has advantageous properties, there are significant differences in
the realization of advantageous MLI topologies.

This article proposes a novel MLI, named PECIN MLI, in
the context of battery electric drive technology. For the design,
a combination of the advantageous features from advanced
MLI topologies in the current literature has been extracted and
considered as design criteria for the new MLI. The inverter is
designed for maximum efficiency by considering the combined
optimization of battery and inverter losses and providing full
single-cell battery management capability. Since the design of
a suitable topology is the most fundamental aspect in MLI
applications, this article, on the one hand, provides a solid basis
for designing and evaluating the performance of MLI systems
and, on the other hand, presents a high-performance new MLI.

The following is a comprehensive analysis of related topolo-
gies to identify general beneficial features of an MLI. Next, the
PECIN structure is presented in Section II-B with a theoretical
comparison between the topologies and measurement results
in Section III. Finally, Section IV concludes this article.

II. DESIGN OF THE PECIN MLI TOPOLOGY

A. Review on Related MLI Topologies

The following review covers selected topologies that were
relevant to the development process of the PECIN topology. To
illustrate important aspects, Fig. 1 shows the discussed topolo-
gies in a comparable format. Since the switching elements in
the MLIs are intended to operate as ideal switches, they are
represented with ideal switching symbols, as defined in Fig. 3.
For practical implementation, MOSFET technology is used to-
day [4]. Fig. 3 provides the link to practical implementation. The
switching and graphical symbols are directly interchangeable in
all the figures in this article. Great importance must be attached
to the installation direction, which is indicated in Fig. 3 by the
designation of the connections. In the discussion, reference is
made to specific parts of the illustration. Each row contains a
phase string of a particular topology, with a cascading of four
associated SMs in the columns. One SM of every topology is
framed, and its components are highlighted in green. Some of
the topologies require a TU or a Cl at the beginning or end
of the phase strand. An exemplary valid load path is drawn in
each topology to underline the discussed functionalities of the
topologies. A load or additional phase strings can be connected
to the phase terminals N and L.

1) CHB MLI and MMLC: As the efficiency analyses of MLI
systems in [1]–[3] have shown, conduction losses are the main
driver of losses in the MLI. Since every electrical device has an
internal resistance, the goal in designing a high-efficiency MLI
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Fig. 1. Topology in an exemplary embodiment with four SMs and exemplary
current paths for CS, CCS, CHB, ECIN, MMSPC, and M2B MLIs. For the
notation of the switching symbols, see Fig. 3.

is to reduce its internal resistance. Since each component has
its own internal resistance, reducing the internal resistance of
the inverter is often accompanied by a reduction in the number
of components in the load path. In an MLI circuit, the electrical
components are mainly switching devices and battery cells. One
of the best-known MLI topologies is the MMLC developed
by Lesnicar and Marquardt [17]. The MMLC is built out of
very few components, provides a dc link but has only half of
the dc-link voltage as ac output voltage amplitude. The well-
known CHB MLI can, in turn, generate four times the output
voltage amplitude with the same number of battery cells as the
MMLC. Since the level of the output voltage is determined by
adding additional voltage sources, the MMLC needs four times
the number of SMs than the CHB MLI to achieve the same
output voltage. Since each SM has its own internal resistance,
this increases the conduction losses for the MMLC. Therefore,
MLI circuits that inherently produce a high output voltage are
advantageous. The higher reachable output voltage of the CHB
MLI is achieved through the individual commutation capability
of each SM, which the MMLC topology does not have. Thus,
each SM contributes to the positive and negative output voltage
of the inverter by being able to provide positive and negative cell
voltages at its terminals. The CHB MLI realizes this through an
SM that enables four-quadrant operation. Polarity commutation
is not a standard for MLIs (cf. [6] and [7]), but is the first driver
for highest efficiency as it decreases the number of SMs needed.

2) CS MLI: The second driver is to minimize the internal
resistance of the remaining SMs. Since SMs of the same struc-
ture are used in a cascaded MLI and the type of voltage source
is usually specified, the number of switches per SM is a good
comparison value between different topologies. For the CHB,
this value is 2 for every operating state of the SM (cf. CHB
in Fig. 1). However, the CHB MLI has twice the demand for
semiconductor switches and gate drivers as the MMLC. The
CS MLI has the same number of semiconductor switches as an
MMLC and provides immanent polarity commutation like the
CHB MLI (cf. CS in Fig. 1) [18]. Therefore, it has the same
output voltage characteristic. However, the CS MLI introduces
an important new idea by moving the individual commutation
capability from the SM level to the phase string level. Individual
SMs, therefore, cannot provide a bipolar cell voltage at their
terminals, as the bipolar output voltage is only generated by the
cascade of SMs. The CS MLI achieves this by forming SMs
not as two poles but quadripoles. This design makes it possible
to provide both the positive and negative output voltages of the
string with significantly fewer components. However, there is
a disadvantage in the case of cells to be bridged for the CS
MLI. Bridging means that in a string of cascaded SMs, one or
more cells should be in an idle state, while the phase string
is still operable. Bridging occurs, for example, during normal
operation because some cells are not needed to provide the
current output voltage, for charge balancing or during error
handling where a particular cell needs to be disconnected from
the battery string. For these cases, the operation of the remaining
cells should not be affected, and the energy supply to the load
should not be interrupted. The bypass capability of individual
cells is, therefore, crucial to the advanced single-cell battery
management capability of an MLI [4]. While MMLC and CHB
MLI provide this functionality, the CS MLI does not. A previous
or a subsequent neighboring cell must be bridged to bridge a
single battery cell (cf. CS:SM2-SM3 in Fig. 1). For the CS
MLI, this technically guarantees that the polarity of all the
cells is consistent, which is necessary to generate the desired
output voltage. Therefore, the number of modulation schemes
that can be applied to the CS MLI is limited. For example,
charge balance control methods, which are crucial for normal
MLI operation, are not operable without restrictions. Additional
balancing hardware may need to be installed, which, in turn,
increases cost, weight, and complexity. As the limitation in
reconfiguration was recognized, an improved version, the CCS
MLI, was developed in [19]. The CCS MLI can independently
bypass each cell (cf. CCS:SM3 in Fig. 1). However, it has the
disadvantage of 1.5 switches per SM in the load path for each
operating state. While this is better than the CHB MLI, it has
a negative impact on system conduction losses compared to the
CS MLI.

3) ECIN MLI: The ECIN MLI [20] was developed as an
extension of the Marx inverter presented in [21]. The ECIN MLI,
unlike the Marx inverter, has inherent polarity commutation
capability at the string level. Thus, as shown in Fig. 2, switch A
must withstand both a positive and a negative cell voltage Ucell.
Since a single MOSFET only fully blocks unidirectionally, a
bidirectional blocking BtB MOSFET must be used, as shown
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Fig. 2. Possible voltage drop at switch A of the ECIN MLI.

Fig. 3. (a) MOSFET: switching symbol (left) and graphical symbol (right). (b)
BtB MOSFET: switching symbol (left) and graphical symbol (right) (cf. [22]).

in Fig. 3(d). Advantageously, both the MOSFETs of the BtB
MOSFET can be operated from a common gate driver, since the
BtB MOSFET is used as one discrete switch. However, it has
twice the resistance of a single MOSFET. Although the ECIN
MLI has the same functionalities as the CCS MLI, it has only
one switch in the load path for active cells. For bypassed cells,
an intelligent operation strategy would exploit the following
methodology. If there is an even number of bridged cells between
two active cells (cf. CS:SM2-SM3 in Fig. 1) or several bridged
cells between an active cell and a string terminal (cf. ECIN:SM1
in Fig. 1), all the SMs can be operated with only one single
MOSFET in the load path. Only if there is an odd number of
bypassed cells between two active cells, exactly one SM has
to be operated with a BtB MOSFET in the load path, while all
other SMs use only single MOSFETs (cf. ECIN:SM3 in Fig. 1).
Therefore, the internal resistance is minimized, and a value close
to one switch per cell is achievable.

4) Modular Multilevel Series/Parallel Converter: In general,
the circuit arrangement of electrical components is either pos-
sible in a serial or parallel fashion. All previously presented
topologies focus on a serial connection of cells. In conventional
battery systems, cells are often connected in parallel to increase
charge and current carrying capacity. Goetz et al. [23] introduced
this idea into MLI research with the MMSPC design. It is
able to reconfigure battery cells between serial and parallel
interconnection during operation (cf. MMSPC in Fig. 1). One
SM is a quadripole and consists of two H-bridges. There are
two switches per H-bridge in the load path independent of
the switching state in normal operation. However, this can be
reduced by operating the two high-side and the two low-side
switches of each H-bridge simultaneously (cf. MMSPC:SM1 &
SM2 in Fig. 1). Thus, the MMSPC has the effective resistance
of one switch per SM in the load path with serial cascading and
a total of eight switching elements per SM. As an extension,
Helling et al. [15] developed the M2B, which can connect
nonadjacent cells in parallel by bridging cells in between. For
this purpose, another switch is connected in series to each cell,

Fig. 4. Proposed PECIN MLI in a nine-level embodiment: exemplary positive
output voltage (top) and exemplary negative output voltage (bottom).

increasing the cells’ internal resistance. As a result, the M2B has
a total of nine switches per cell. Comparing the MMSPC and
the M2B to previous topologies, the number of needed switches
is undesirably high. Despite this disadvantage, an interesting
idea and highly efficient inverters were created. The MMSPC
is superior to the presented topologies in terms of efficiency,
considering the excellent low number of switches in the current
path. In addition, it offers the potential of cell parallelization to
reduce the internal resistance of the circuit further.

The literature review has shown the differences in the quality
and functionality of different cascaded MLI circuits. It has
been shown that the crucial technical requirements for a highly
efficient cascaded MLI design are a low internal resistance for
each switching state. Here, intrinsic commutation capability, the
lowest possible internal resistance of the SM, and a parallel
reconfiguration were identified as ways of reducing the internal
resistance. In addition, low complexity of the circuitry and
reduced amount of needed electronic devices are to be aimed
for.

B. PECIN MLI

The results of the previous review determine the design of
the PECIN MLI. The PECIN MLI extends the BCS inverter
presented in [24] and is depicted in Fig. 4. It is a bidirectional
MLI that, in contrast to the BCS MLI, connects cells both in
serial and in parallel during operation, while cell individual
bypassing is possible at any time. Like the MMSPC topology and
in contrast to the asymmetric BCS MLI, it is thus able to reduce
the internal resistance of the system by reducing the power
electronic resistance and cell internal resistance. In addition, the
PECIN MLI offers single-cell battery management capability
such as charge balancing and bad block management due to its
symmetrical design [4]. For this reason, the functional scope of
the topology is equivalent to that of the MMSPC but decreases
a key parameter, the number of needed components.

1) Microtopology: The microtopology already contains
most of the characteristics of the inverter since attributes scale
with the number of cascaded SMs. An advantageous way of
forming SMs for the PECIN topology is shown in Fig. 4. An
SM consists of a battery cell and four switching elements.
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Fig. 5. Possible switching states and associated functions of the PECIN SM.

There are two switches with unidirectional and two switches
with bidirectional blocking capability. The SM is a quadripole.
This design is necessary for the parallelization of cells but also
offers redundant switching patterns in serial operation. The basic
principle of the SM is that the output terminals of the SM are
each directly connected to a cell terminal. In addition, the other
two input terminals of the SM can each be connected to a cell
terminal via switches.

2) Macrotopology: However, the phase string must become
two-pole to connect to the load via the terminals N and L. For this
reason, the ends of the cascade of PECIN SMs at the beginning
and end of the phase string must be rejoined to form one terminal.
Since one side of the microtopology provides direct access to
both the cell terminals, only one cell terminal can be connected
to the string terminal L at a time. On the other hand, exclusive
access to both the cell terminals is necessary for bipolar voltage
generation. Therefore, the cascade of SMs needs a TU to be
operated. An advantageous setup is shown in TU in Fig. 4, where
the TU consists of two individual switches.

As with the development from the MMSPC to the M2B, it
is also possible to seamlessly integrate bypass capability for
parallel cells with the PECIN MLI, as the concept is straightfor-
ward. However, an additional switch needs to be inserted into the
active path of each cell. This massive disadvantage for efficiency
barely outweighs the advantages of parallel bypassing in most
applications. For this reason, this was not considered further.

3) Control Mechanism
a) General: From the logic theory, each PECIN SM has

four individual switches and, therefore, 24 switching states.
Of these 16 states listed in Fig. 5, six states are of practical
relevance. Therefore, the ten other switching states must be
avoided. These create short circuits in the SM, in SMs connected
in parallel, and in the preceding SMs.

b) Safety: In a string of cascaded PECIN SMs, the valid
six switching states can be applied arbitrarily to SMs without
causing short circuits. From a safety point of view, the states
of successive SMs are, thus, not dependent on preceding or
following SM states. Therefore, safe operation at SM and string

TABLE I
EXEMPLARY SWITCHING PATTERN OF A 17-LEVEL PECIN MLI: SERIAL MODE:

UNUSED CELLS ARE BYPASSED; PARALLEL MODE: CELLS NOT NEEDED

FOR VOLTAGE GENERATION ARE CONNECTED IN PARALLEL WITH OTHER

ACTIVE CELLS

level can be guaranteed via logical hardware monitoring at SM
level. In Fig. 5, the switching states to be avoided are marked
(purple). The logical monitoring function (1) can be derived
from these as an indicator for unallowed switching operations

y = AB ∨AC ∨BC ∨BD ∨ CD. (1)

As soon as (1) states logical level true, a switching state
is set, which is not permissible. Based on this consideration,
it is also possible to define dominant switching states at the
hardware interlock level according to the application’s require-
ments. These can ensure safe operation as an additional safety
layer if control errors or disturbances occur that correspond to a
prohibited switching state.

c) Function: In general, it is recommended to create a
valid path through the PECIN topology using the defined
switching states in Fig. 5 and avoid control logic for indi-
vidual switches. The defined valid switching states represent
safe switching operations. An arbitrary sequence of switching
states applied to several cascaded SMs always forms a valid
current path that connects both the terminals of the phase string.
This characteristic is due to the efficient design of the PECIN
MLI, in which each current path is assigned several functions.
However, to create a desired function in the phase string, a
higher level function (e.g., Table I) must specify the switching
pattern in accordance with the preceding and following SM
states. Furthermore, a good operating strategy serves the PECIN
topology in such a way that only single MOSFETs are used for
serial cascading (cf. Table I). In the parallel mode, the cells
are connected in parallel with other cells that are not needed
to achieve the desired output voltage. This strategy applies
without restriction to normal operations. Only in exceptional
situations, cells may have to be bypassed, and an operation of
BtB MOSFETs might be necessary. Here, the strategy presented
for the ECIN topology can be applied (cf. Section II-A3) to use
the energetically favorable single MOSFETs whenever possible.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A new test stand was built to analyze and test the PECIN MLI
(cf. Figs. 6 and 7). The test stand includes a measurement and
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Fig. 6. Schematic of the PECIN MLI test bench setup with component wiring,
measuring points, and control schematic.

Fig. 7. Three-phase PECIN MLI test bench setup: Three 17-level PECIN MLI
demonstrator boards with battery cells and dSpace control system.

control system, the newly developed PECIN board, battery cells,
and a load to operate the inverter.

A. Battery Cells

Samsung INR18650-25R battery cells with a nominal capac-
ity of 2500 mAh (4.2 V to 2.5 V, 0.2 C) are used to provide the
voltage for the individual SMs as well as the energy to drive the
load. They have a nominal voltage of U0 = 3.6 V and a nominal
dc resistance of Ri = 28 mΩ. The battery cells are used in the
range between 3 V and 4 V. Therefore, the usable capacity is
2200 mAh.

B. Printed Circuit Board

The PECIN circuit board was designed for N = 8 SMs. With
17 voltage steps, the inverter, thus, has a nominal peak output
voltage of 28.8 V. Enhancement mode n-channel MOSFETs of
type ON Semiconductor NTMTS0D6N04CL with a nominal
RDS,on of 420 µΩ were used.

C. Control of PECIN MLI

A dSpace Scalexio processing unit is used to control the
test stand. The control of the circuit board is implemented on
a DS6602 FPGA baseboard with a Xilinx Kintex UltraScale+
KU15P FPGA. The FPGA was programmed using the dSpace
toolchain and the Vivado Design Suite from Xilinx. This setup
allows fundamental functions to be implemented at the logic
level. NLC [25] and SVC [26] are implemented and selectable
by the user during operation. In SVC, a switching frequency
f s in the range of 1–20 kHz can be specified. Control signals
are generated for each MOSFET individually, and the PECIN
circuit board is connected via a DS2655 M2 digital I/O module.
A deadtime of 800 ns is used for all the switches. The value was
selected empirically.

D. Measuring System

Each cell has an individual voltage and current measurement
with a sampling rate of 500 kHz. The ADS7853 analog-to-digital
converter from Texas Instruments can sample two measurement
signals simultaneously. The cell voltage is measured directly,
whereas the current sensing is implemented with a current
sensing resistor. The measurement data are transferred to the
FPGA via serial peripheral interface. The 24 analog-to-digital
converters are triggered synchronously by the same signal. Thus,
measurements of the voltage and current of single cells and
measurements of the cells among each other take place simul-
taneously.

E. Load

The main load for the experiments is a stator of an SEW
Eurodrive DRS71M2 (0.55 kW) asynchronous machine. For the
evaluation of the inverter, a fixed operating point was created by
removing the rotor of the electric machine, thus creating a static
ohmic-inductive load. For the test setup, a winding resistance
of 12.5 Ω and an inductance of 65 mH were determined by the
evaluation of the current step response. 5 Ω power resistors are
used as pure ohmic load, and 1 Ω 1% power resistors are used
as current sense resistors for phase current measurement with
an oscilloscope. A three-phase system was set up with the MLI,
and the load in a star configuration with separate star points.

F. Results and Analysis

Fig. 8 depicts the resulting three-phase output voltage with
f = 50Hz and UPh,peak = 28.8V as well as the associated in-
ductive line currents. Fig. 9 shows the corresponding amplitude
spectra of current and voltage, whereby the noise was eliminated
by a separate noise measurement. The amplitudes are normal-
ized by the amplitude of the fundamental component for better
visibility. The analysis shows that the THD of the current is
2.5%. MLI typical is very low and agrees with the results of [12]
and [26] considering the switching frequency and the number
of voltage levels used. Multiples of the third harmonic are
pronounced, but their amplitudes are well below the single-digit
range. The third harmonic of the fundamental component is the
highest at 0.46%. This article aims to put the PECIN MLI in
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Fig. 8. Voltages and currents of the three phases of the PECIN MLI.

Fig. 9. Amplitude spectrum of the output voltage (top) and the inverter load
current (bottom) (cf. Fig. 8) normalized to the fundamental component.

the context of other inverters published in the literature. For this
reason, essential characteristics are compared in Table II. For
example, the complexity and number of components of the MLI
circuit design have a significant impact on the hardware design.
For this reason, conceptional differences are statements on how
likely an efficient circuit design is achievable. All the listed MLIs
are bipolar in their output voltage and can generate 2N + 1
voltage levels. In general, a trend can be identified, whereby
more functionalities require a higher number of components.
However, even with the same functions, the MMSPC requires
almost twice as many gate drivers and control signals as the
PECIN MLI and a third more semiconductor switches. Because
the MMSPC contains two separately controlled H-bridges, the
MOSFET of the MMSPC requires separate housings, controls,
and connections for eight switches, while the PECIN MLI oper-
ates with four. This decreases semiconductor space on the PCB.

TABLE II
IMPORTANT ATTRIBUTES OF DIFFERENT MLI TOPOLOGIES

Since resistance plays such an important role, the number of
components in the load path is particularly significant [1]–[3].
A key differentiator is the amount of resistance added to the
load path by the switching devices, as the number and internal
resistance of the cells are identical for all the topologies. For
better comparability of the resistance specifications, these are
given as effective switches in the load path by multiples of a
switch internal resistance. If the TU is neglected, the PECIN
topology has the same number of effective switches in the load
path as the best-in-class MMSPC topology. Furthermore, to pro-
vide similar test conditions in a comparative study, the switching
frequency, the number of switching operations, and the load
current can be assumed to be the same for different inverters.
Therefore, the essential criterion for evaluating the efficiency of
different MLI topologies is the internal resistance of the inverter.
In this regard, a specific comparison of the internal resistance of
different MLI topologies is given within this publication. Thus,
the PECIN topology can already be classified with respect to
other MLIs. In general, the internal resistance of the inverter is
determined by the sum of the internal resistances of active and
bypass paths, including the sum of internal resistances of active
cells. Therefore, bypass paths also contribute to the internal
resistance, although their SMs do not actively contribute to the
output power. It is important to note that the internal resistance
also includes the contributions of the internal resistances of the
active cells. Thus, the contribution of the cells internal resistance
to the total resistance of the phase string is variable due to
reconfiguration. The parallel connection of SMs, thus, addresses
two issues. On the one hand, cells are connected in parallel to
reduce the network’s internal resistance, especially battery cell
internal resistance. On the other hand, cells permanently con-
tribute to the load supply, avoiding inactive cells and resistances
due to bypass paths. While for the purely serial reconfiguring
CHB, CS, and CCS MLIs, the effective switches in the load
path can be given unambiguously, this is not possible for the
ECIN MLI, since the use of the BtB MOSFETs depends on the
operating point. An exact specification is also not possible for
the parallel reconfiguring MLIs. If the MMSPC is operated with
purely serial reconfiguration, it has N switches in the load path.
However, parallel reconfiguration can reduce this value further.
Therefore, an upper limit for the effective switches is given for
parallel reconfiguring MLIs. Since the behavior of the internal
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Fig. 10. Thévenin model of CHB, ECIN, MMSPC, and PECIN MLI for all
the achievable output levels: OCV Uth (top) internal resistance Rth (middle)
individual effective internal resistance of an SM normalized by the resistance of
a single cell Rthn (bottom).

resistances of inverters reconfiguring in parallel is not trivial, a
simulative investigation based on an example will give the reader
an impression of how the internal resistance of these circuits
behaves. The inverter can be seen as an adjustable voltage source
for each level. Therefore, it is possible to derive the equivalent
circuit model applying Thévenin’s theorem. The reduced set of
parameters {U th, Rth} can be used as a performance indicator
for the newly developed inverter. However, Thévenin’s theorem
has the limitation that the losses of the derived model are not
necessarily the same as those of the original system. For serial
reconfiguration, the loss modeling holds even if the voltage
sources are not ideal or resistances are not equal with each cell.
In general, it does not hold for the PECIN or MMSPC topologies.
Due to the parallelization of cells with component-related devia-
tions, hidden equalization currents caused by internal recharges
are probable. These internal currents cannot be represented by
the Thévenin model. However, as a starting point, it seems
sensible to represent each battery cell in the PECIN topology
by the internal resistance Ri and the constant voltage source
U0. MOSFETs are represented with internal resistance RDS,on.
For this equivalent circuit model, losses of the original PECIN
and MMSPC circuits match the losses of their models. Fig. 10
presents the equivalent circuit model for CHB, ECIN, MMSPC,
and PECIN MLI. All the inverters are made up of eight SMs and
can, therefore, reach voltage levels between+8Ucell and−8Ucell.
In addition, the normalized effective internal resistance Rthn for
an SM is given, which is calculated by

Rthn =
Rth

nlevel ·Ri
. (2)

The OCV U th is the sum of serially connected battery cells
and is equal for all the models. In general, the purely serial MLIs
and the MLIs with parallel reconfigurability behave similarly.
Since the CHB MLI uses twice as many MOSFETs in the
load path as the PECIN MLI for purely serial reconfiguration,
the internal resistance of PECIN MLI is generally lower. This
can be observed especially with level 0. The resistance of the
MOSFETs is significantly smaller than the resistance of the

cells. However, the effect of the additional internal resistance
due to bypassed cells for CHB MLI can be seen particularly
well in Fig. 10 with the smaller levels in the normalized internal
resistance because many cells are bypassed here. While the
internal resistance of a CHB SM in level ±1 exceeds the internal
resistance Ri of a single cell by about 20%, the PECIN MLI
manages to reduce this resistance to less than a quarter of a cell
resistance Ri. However, the higher the needed output voltage,
the more SMs need to be connected in serial. Therefore, the
resistances of CHB and PECIN MLI are converging toward
higher and lower voltage levels since more and more parallel
networks have to be separated into smaller parallel networks
until only serial strands remain. Only at this operating point, the
PECIN MLI and the MMSPC have a comparably high internal
resistance as the purely serially reconfiguring ECIN and CHB
MLI. However, PECIN MLI, ECIN MLI, and MMSPC always
have a lower internal resistance than CHB MLI. For further
analysis, the measurements of single-cell currents are presented
in Fig. 11 for serial and parallel modes of the PECIN MLI.
For better visibility, the NLC method is chosen, and a purely
resistive load is used consisting of the 5 Ω load resistor and
the 1 Ω measuring shunt. All the cells carry the total current
with the serial mode as soon as they are switched into the load
path, while parallel cells in the parallel mode share the current.
Equalizing currents are to be expected with parallel cells. They
are occurring especially with deviating cell states and low load
currents and deteriorate the efficiency. To incorporate the effects
of equalization currents, a relatively high standard deviation of
3% SOC was used for the test cells. If the SMs are perfectly
balanced, the equalizing currents are negligible. This setup is
shown with the Thévenin model in Fig. 10. However, if the
cells differ in their SOC, their OCV will differ because it is a
function of the SOC. In this case, balancing currents are expected
in parallel cells. These currents increase with increasing SOC
difference between parallel cells and low load currents and
degrade the inverter’s efficiency. The measured data presented
in Fig. 11 were recorded with cells with the highest expectable
SOC differences. This is where the highest equalizing currents
occur. Therefore, it allows a worst-case evaluation of the parallel
operation of the demonstrator.

For a first impression of the capability of the inverter, a loss
breakdown estimation for the current demonstrator is provided in
Fig. 11(c)–(f) based on power measurements on a single phase
for every level in serial and parallel reconfiguration. Internal
conduction losses of the battery, losses due to the internal
resistance of the PCB and the MOSFET switching elements,
are considered. Due to the chosen measuring points of current
and voltage in the demonstrator, it is possible to measure the
listed losses directly, as described in the following. It is assumed
that the SOC does not change over short operating periods for
the battery loss calculation. The unchanged SOC assumption
is valid for a sufficiently short operating time and the used cell
capacity. The resting voltage can be used to estimate the internal
source voltage of the cell. The resting voltage is recorded before
the start of the experiment in the cell’s resting state. Therefore,
a source power can be calculated during operation for every cell
with the measured cell currents. Due to energy conservation, the
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Fig. 11. Comparison of measurements of cell currents, power, and efficiency
of the demonstrator for serial and parallel operation. (a) Cell currents in the
serial mode. (b) Cell currents in the parallel mode. (c) Output power at the
terminals of the inverter. (d) Power dissipation in the battery cells. (e) Contact
losses in the PCB including MOSFETs. (f) Measured efficiency of the PECIN
MLI demonstrator in serial and parallel modes.

sum of the internal cell powers is the total available power to
the inverter and the input power for the efficiency calculation. If
a load current flows, the terminal voltage of the cell drops. The
cell’s terminal voltage deviation during the operating phase from
the resting voltage can, thus, be regarded as a voltage drop across
internal resistances and, therefore, battery cell power loss. The
terminal voltage and current are measured for every cell and
used to calculate the power delivered by the cell’s terminals.
The sum of all the cell terminal powers is the output power of
the battery system. The difference between the battery system’s

TABLE III
IDENTIFIED PARAMETERS OF THE THÉVENIN EQUIVALENT CIRCUIT MODEL

OBTAINED FROM THE CHARACTERIZATION EXPERIMENTS IN FIG. 12. THE

PARAMETERS ARE USED FOR EFFICIENCY COMPARISON BETWEEN CHB MLI,
ECIN MLI, PECIN MLI, AND MMSPC

Q

DS Gateon

internal and terminal power is shown in Fig. 11(d) as the power
loss of the battery. The product of terminal current and voltage
of the inverter provides the output power of the inverter P out

shown in Fig. 11(c) as inverter output. From the difference
in the terminal power of the battery system and the inverter
output power, the losses in the PCB, including the losses of
the MOSFET switches of the demonstrator, can be determined.
These are shown in Fig. 11(e) as power loss of the PCB. In
consistency with the previously performed resistance analysis,
it is shown that the parallel mode further reduces losses. The
efficiency can be increased even if equalization currents are
present. However, in addition, deviations in the cells SOC can be
efficiently minimized by methods of charge balancing control
and prevented by operating strategies [4], [6], [16]. Fig. 11 shows
the efficiency of the individual levels. The operating efficiency
results from a value in which the entire operating period is
considered, and the efficiencies of the levels are time weighted.
Therefore, in the following, the PECIN MLI will be compared
in terms of efficiency with the CHB MLI, the ECIN MLI, and
the MMSPC in a three-phase sinusoidal operating scenario. The
comparison is made simulative, using a model for the different
inverter types based on the PECIN demonstrator. Therefore, it
is parameterized by the measurement data obtained with the
demonstrator and its component characteristics (cf. Table III).

The battery model was parameterized based on obtained mea-
surement data. As model structure, the well-known Thévenin
equivalent circuit model is chosen for the battery cells. The used
model consists of an internal OCV UOCV, an internal ohmic
resistance Ri, and three RC elements ([R1,C1], [R2,C2], and
[R3,C3]) connected in series (cf. [3] and [27]). The model
was optimized with the pulse excitation and relaxation tests
according to Fig. 12(a). For validation, the voltage response of
the cell to an excitation current resulting from MLI operation,
according to Fig. 8, was used. Here, the mean absolute error
for the model is less than 1.5 mV. The demonstrator design was
analyzed to calculate the trace resistance PCu from the used
trace dimensions according to IPC-2221. As a design decision,
PCu was also used for the other topologies to account for a
particular inverter design. Therefore, in addition to the MOSFET
contact resistance, the PCB trace resistance was added to each
current path in an SM of the different topologies. The datasheet
values were used to establish comparability for modeling the
MOSFET switch. In contrast to the previous consideration, the
switching losses are now included. The switching losses were
calculated according to [2], [28], and Table III assuming the
datasheet values of the demonstrator MOSFET. PECIN MLI and
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TABLE IV
RESULTS OF THE EFFICIENCY ANALYSIS WITH SEPARATELY LISTED LOSS

SHARES OF THE CONSIDERED LOSS MECHANISMS AND THE ACHIEVED

EFFICIENCIES FOR THE COMPARED MLI TYPES AT DIFFERENT POWER

REQUIREMENTS

Fig. 12. Pulse characterization test to determine the parameters of the equiva-
lent circuit model of the cell and validate the voltage response with (a) extended
pulse test and (b) excitation of the cell with pulsewidth modulation according
to the scenario of Fig. 8.

MMSPC are thereby operated in the parallel mode. However, the
ECIN MLI corresponds to the PECIN MLI in the serial mode.
The switching patterns were chosen to produce the lowest possi-
ble internal resistance for the different MLIs (cf. Section II-A).
Thus, the interconnection of the cells is known, allowing all
the internal electrical quantities to be calculated using the mesh
current method according to [27]. Through the procedure, all
currently flowing currents in the network can be calculated,
and conduction and switching losses can be determined for the
individual components. For the power calculation, it was con-
sidered that the MLIs are switching systems with nonsinusoidal
quantities, where the reactive power contains deformed reactive
power. As a basis for comparison, identical output powers are
requested from the different topologies, for which the efficien-
cies of the individual topologies are calculated. Table IV lists
the achieved performance data. Î1N,f0 describes the amplitude
of the fundamental in the current of phase 1. The power P out

is the power at the output terminals of the inverters. For all
the cases, the three-phase output voltage is UOCV = UPh,peak

and f = 50Hz, using the SVC method with 10 kHz. For the
experiments, a phase angle of 48◦ inductive applies between
the fundamental wave of the phase voltage and the fundamental
wave of the phase current. Thus, case 1.1A is comparable to
Fig. 8. It is found that the parallel reconfiguring MLIs generally
have higher efficiencies than the serial reconfiguring MLIs. In
addition, it can be seen that parallel connection helps to keep
the efficiency high even for higher powers. The PECIN MLI
behaves very similarly to the MMSPC and is in no way inferior
to it, despite the additional switch in the TU. Although the CHB
MLI has one more switch per SM than the ECIN MLI, this is
not directly significant for this demonstrator comparison because
the conduction losses through the PCB account for a significant
portion. If the different loss mechanisms are evaluated, the
conduction losses account for the most significant part of the
losses for all the inverter variants. This holds especially true
for higher powers. Conduction losses through the PCB of the
current demonstrator are not negligible and should be optimized
in future demonstrators. In particular, for MLIs with several
levels, switching loss is a loss mechanism that can be further
reduced since the THD is inherently good due to the stepped
fine replica of the desired output voltage. The investigations
have shown that the minimization of the series resistance and
the parallel connection can increase inverter efficiency. In fu-
ture work, an improved demonstrator version for high-power
applications will be built. It allows an efficiency analysis to be
carried out for high-power traction applications. In addition to
the understanding of the topology, operation strategies will be
investigated to control the PECIN MLI optimally.

IV. CONCLUSION

This article introduced the PECIN MLI. The design process
is presented based on an overview of well-known MLI circuits
from the literature. The comparison of different topologies has
shown that the circuit design significantly influences the perfor-
mance of an MLI. In particular, a minimum internal resistance
is the decisive point for an efficient MLI. Three critical factors
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are identified in this context: intrinsic commutation capability,
the SMs’ lowest possible internal resistance, and serial–parallel
reconfigurability. In addition, the bypass capability of individual
cells and a low total number of electronic components have been
identified as advantageous properties. The inverter is designed
based on these attributes and combines all of them in one efficient
circuitry. Fundamental control of the inverter is shown in terms
of safety issues, basic switching patterns, and the generation
of string voltages. A test stand was presented using a 17-level
demonstrator that was operated to prove the function of the novel
inverter. A simulative study has shown that parallel reconfigu-
ration addresses two issues. On the one hand, it avoids bypass
resistances, and on the other hand, it reduces the contribution of
internal cell resistances. The inverter efficiency considerations
are supported by measurements on the prototype, making the
proposed inverter an interesting topology to investigate further.
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