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Abstract—This paper proposes a novel multilevel inverter for
automotive applications. The topology consists of a modular DCDC converter and a tap selector, where the DC-DC converter
provides several DC-output levels and the tap selector produces
an AC signal by choosing different DC-output signals from
the DC-DC converter. To produce the DC-levels, the DC-DC
converter consists of a modular structure where the modules are
connected in series. The novelty is that the modules are connected
both, magnetically in the AC-domain and electrically in the DCdomain. Due to the usage of low power switches in the modules,
the proposed structure provides high efficiency. Furthermore,
the DC-DC converter is capable of self-balancing its modules
and thus does not require large capacitors which yields a high
power density. A prototype of the proposed converter is built and
simulation, as well as experimental results, are used to verify the
findings.
Index Terms—Multi-active bridge, autotransformer, multilevel
converter, automotive inverter.

I. I NTRODUCTION

T

HE modular multilevel converter (MMC) is a promising
topology due to its low losses and high output signal
resolution [1]–[4]. Being comprised of many cells, it allows
the usage of lower voltage ratings compared to conventional
H-bridges [3]. To keep those voltages balanced, however large
capacitors [2] as well as complicated control [4] is required
to allow the MMC to stay fully operational.
Most commonly, the dual active bridge [5]–[7] topology is
used for the cells of the MMC. Since its introduction in
[5], the dual active bridge has become a popular converter
in automotive applications and its power electronic properties
have been thoroughly studied in [6], [7].
One of the distinctive features of the dual active bridge converter is that it provides two terminals. The multi-active bridge
is an extension of the dual active bridge that connects several
active bridges through a multi-winding transformer [8]–[11].
This concept has been proposed in [8]. In this converter, each
winding is connected to an active bridge and the energy is
transferred magnetically over the transformer Applications of
the multi-active bridge converters can be found in the fields
of grid connections [11] and electric aircraft [9].
While the connection between submodules for conventional
MMCs is entirely electric, the multi-active bridge topology
allows implementing a connection that has both, electric
and magnetic components [12]–[15]. An interesting converter
topology has been proposed at the Google little box challenge
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and was published in [12]. Contrary to the previous topologies where several dual-active bridges were connected, this
topology has all cells connected through magnetic coupling.
The outputs of the multi-active bridge are connected to a
tap selector which produces the AC output. To reduce the
switching effort and guarantee zero gate losses, a special gate
driver allows the switching of all bridge cells simultaneously.
Furthermore, a layered power packaging which stacks the
bridges onto each other allowed a compact design achieving
a power density of 400 W/in3 while maintaining an efficiency
of more than 99 % [12].
Inspired by those results, a second converter based on a tapped
autotransformer has been introduced in [13].
Another DC/AC topology based on a multi-active bridge
converter has been introduced in [14]. The authors introduce a
multi-active bridge with increasing numbers of winding turns.
Instead of a tap selector, a tap-adder is used. In combination
with the varying number of winding turns it is possible to
obtain a large number of different output voltages yielding a
high resolution of the output signal and a low error in output
currents. A third DC/AC topology based on a multi-active
bridge with interleaved outputs has been proposed in [15].
Another DC/DC autotransformer topology has been presented
and discussed for application in power grid connection in [16]–
[19]. The original topology consists of several DC- power
grids that are connected to an AC-line through voltage source
converters [16]. Contrary to regular grid interfaces, the voltage
source converters are connected with each electrically whereas
the connection to the AC-grid is implemented magnetically.
The hybrid DC/DC autotransformer, an extension topology
class to the DC/DC autotransformer has been suggested in
[17]. Contrary to the regular DC/DC autotransformer, this
topology uses a mixture of rectifier and inverter cells which
yields an additional cost reduction compared to the approach
presented in [16]. The fault tolerance of the DC/DC autotransformer has been studied in [18]. It is shown that the
DC/DC autotransformer is able to isolate DC-faults under
certain stepping ratios and AC-faults under all circumstances.
Furthermore, the authors provide guidelines on how to restore
the correct operation of the converter in case one of the grids
fails. To provide experimental verification, two prototypes of
the DC/DC autotransformer family were presented in [19]
confirming the theoretical findings of the efficiency of the
topology and the results in [12]. Other applications of the DCautotransformer have been explored in [20]–[23]. Recently, the
topology of the DC-autotransformer was furthermore applied
to hard drive storage control [22], solar panels and battery
voltage balancing [20], which confirmed the findings of [12].
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Moreover, in [23] the authors connected the topology to a
multilevel converter, showing the excellent capacitor balancing
capabilities of the topology. Contrary to [12], the approach of
[20]–[23] is based on a controller that can control the phase
of each module at a cost of higher complexity.
Another application of multi-active bridge converters is the
usage as a power interface [24]. Instead of only connecting
one component to the multi-active bridge, it is possible to add
other components of the system to the magnetic link with
additional windings. In this way, the authors of [24] were
able to connect all high- and low power components in an
electric vehicle to one single multi-active bridge interface. The
application of multilevel converters in the automotive system
has been discussed in [25]–[27]. While state-of-the-art electric
vehicles utilize conventional two-level inverters [25], several
advantages of the MMC have been pointed out. To overcome
the disadvantage of large DC-link capacitors, [27] suggested to
connect the MMC to the battery modules directly. A promising
study on the applicability of modular multilevel converters
for electric vehicles has been published in [26]. The authors
showed that taking the reduced battery cost due to efficiency
into account, a multilevel inverter based on Si-switches was
proven to be cheaper compared to a conventional 2-level SiC
converter.
In this paper, we propose a centralized power management
system for electric vehicles. The proposed system is based on
the DC-autotransformer and capable to regulate the complete
power flow within the vehicle including the battery, motor,
and low power devices while requiring only a single degree
of freedom for the control. The remainder of the paper is structured as follows: Section 2 presents the proposed topology. In
section 3 we introduce the system model. Section 4 presents
the prototype construction and section 5 the results. Section 6
gives the conclusion.
II. P ROPOSED T OPOLOGY
The proposed topology consists of a DC/DC converter that
provides M output voltage levels, a tap selector that selects
one of the DC output levels, and a PWM module that generates
an AC-output voltage. An overview of the topology is given
in Figure 1.
For the operation of the topology in electric vehicles, it is
possible to directly connect the topology to the battery cells.
Alternatively, the topology can as well be used as a general
multilevel converter with DC-link capacitors replacing the
cells. An example of the application of the proposed topology
is shown in Fig. 1.
The DC/DC converter is a multi-active bridge where the
bridges are connected in series in the DC-domain allowing
to produce an output of the sum of the DC-voltages at all
submodules. In the AC-domain, all bridges are connected as
well through a multi winding transformer ensuring a charge
balance at the DC-domain. A DC-link capacitor shall serve to
buffer voltage sparks although the proposed topology requires
only small DC-link capacitances. In case full bridges are
used as modules, the DC-autotransformer has 4M switches
operating in the 100 kHz frequency range. The circuit Diagram

of the DC-autotransformer is shown in Fig. 2.
To synthesize a given output voltage, a tap selector is connected to the DC-autotransformer. The tap selector chooses
two voltage levels of the DC-autotransformer and generates a
PWM signal between them. The tap selector PWM module
consists of 2 high-frequency switches for the PWM that
operate in the kHz range as well. The tap selector itself is
composed of 2M − 2 switches which operate at a frequency
that is around two orders of magnitude smaller. The whole
system together with the tap selector and load is shown in
Fig. 3.
Since the DC-autotransformer modules operate at lower power
compared to the load, it is possible to utilize more efficient
low power switches for the DC-autotransformer which yields
a reduction in switching losses. The tap selector on the
other hand side has to switch under high voltages and thus
requires switches that can function under the full voltage of the
converter. Another limitation of the switching losses is due to
the tap selector having a lower switching frequency compared
to the DC-autotransformer. At each switching instant, the
maximum number of switches of the tap selector switching
is 4 - two taps are switching off while two taps are switching
on. This number is independent of the number of modules of
the circuit.
In addition to the low switching losses, the proposed converter
has low conduction losses as well. It can be seen that during
each switching state of the tap selector, the conduction path
only consists of 2 switches. The number of MOSFETs in the
conduction path is furthermore independent of the number
of modules contrary to many known topologies such as the
modular multilevel converter. In addition to the conduction
losses of the tap selector, the conduction losses of the DCautotransformer can be kept low by using a low-loss planar
transformer.
A major feature of the proposed topology is the self-balancing
effect of the DC-autotransformer. Due to their magnetic connection, the DC-output voltages of the H-bridge modules
are converging to a balanced value without the need of an
external controller. This advantage is particularly helpful in
comparison with other multilevel inverters that only rely on
electric connections and require large DC-link capacitors to
absorb voltage differences due to the charging and discharging
of modules during the operation. Having smaller capacitances,
the converter requires less energy to be stored in the system.
Requiring lower DC-link capacitances provides the proposed
converter with high power density. The power density is
further increased by the usage of low power switches and
planar magnetics contrary to existing approaches which either
require large buffer capacitors or high power switches.
The DC-autotransformer has a modular structure that yields a
high resolution of the output signal. A higher resolution at the
output has the advantage of providing better output signals in
terms of total harmonic distortions and require less filtering.
Furthermore, a high-resolution output signal is closer to its
reference which allows precise control of the tap selector.
Contrary to conventional modular multilevel converters, the
modules of the proposed topology are galvanically isolated.
The galvanic isolation provides fault tolerance against failures
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Fig. 1. Overview of the proposed topology. The DC-autotransformer creates DC- voltage levels. The tap selector then chooses the voltage level that achieves
reference tracking. The PWM module creates a PWM-signal between the two closest taps that are on average equal to the desired output. The PWM signal
is given to the motor which filters the signal.
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III. O PERATION OF THE PROPOSED CONVERTER
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4) Low power inside the system due to lower DC-link
capacitances.
5) High power density due to small DC-link capacitors.
6) Galvanic isolation of the multi-active bridge due to
autotransformer connection.
7) Simple control.
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Fig. 2.
Circuit diagram of the M-active bridge converter in DCautotransformer configuration. A DC-supply of 400 V is connected to the
highest and lowest voltage ports. In between are 4 H-bridges in series that
are connected electrically in the DC-domain and magnetically in the ACdomain. The converter produces 5 evenly distributed output voltage levels
between 0 V and 400 V.

in single modules of the converter. In case of a module failure,
the DC connection of the broken module can be bypassed and
the converter still functions as an M − 1 level converter. Due
to the self-balancing of the H-bridges, the voltage levels are
adjusted by the magnetics providing stable output levels again.
The proposed converter does not require an external balancing
of the modules, which simplifies the control. While regular
multilevel converters require complicated control structures to
achieve module balancing, the proposed converter can achieve
self-balancing, and an internal controller is not necessarily required. Thus, the major control problem lies within controlling
the tap selector and the PWM module.
The advantages of the proposed topology can be summarized
as
1) Low conduction losses since the current only passes
through one tap selector MOSFET and one PWM MOSFET for each configuration.
2) High resolution of the AC signal due to many output
levels.
3) Low losses due to the usage of low power components.

The system consists of two parts, the DC-autotransformer,
and the tap selector. An advantage of the proposed converter
is that both parts operate independently.
A. Operation of the DC-autotransformer
The M -level DC-autotransformer contains the M H-bridges
that generate the voltage levels. In this paper, the functionality
of the self-balancing of the converter without an external
controller shall be verified. For this reason, each bridge is
switched with a 50% duty cycle with no phase shift between
the bridges. The switching signals of one sample bridge are
shown in Figure 4. To achieve zero gate losses, a special gate
driver is proposed. The gate driver consists of a clamped Hbridge which is connected to a transformer. The transformer
is then connected to the gates and sources of all MOSFETs
in the DC-autotransformer. A circuit diagram of the gate
driver is shown in Figure 5 where the gate-source capacitance
is replaced by one equivalent capacitor which represents all
switches of the DC-autotransformer. The H-bridge of the gate
driver is operated in the same way as the H-bridges of the DCautotransformer. When the voltage reaches zero, the clamped
MOSFETs 5 and 6 are closed until the switching process
of the MOSFET is finished to ensure zero gate losses. The
output signal of the gate driver is shown in Figure 6. The gate
driver allows switching all MOSFETs of the gate driver at
the same time. By using alternating winding directions, it is
thus possible to achieve all switching operations of the DCautotransformer with one single H-bridge. The operation of
the waveform was verified on the prototype and are shown in
Figure 7. It can be seen that the midpoint voltage follows the
reference shown in Figure 6.
B. Operation of the Tap Selector
The synthesis of the AC-output signal is shown in Fig. 8.
ref
In order to follow a certain reference signal VAC
, the tap
selector always chooses the two taps which are closest to
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Fig. 3. Circuit diagram of the proposed converter. The components from left to right are the DC-autotransformer, the tap selector, the PWM module, and an
RL− load representing a typical motor winding. The converter is fed by a DC-source which is connected to the DC-autotransformer.

Fig. 4. The functionality of an active bridge. The DC- voltage Vp is given as
input, S1 , S4 and S2 , S3 are then switching respectively forming a squarewave AC-signal at the midpoint of the bridge.

Fig. 6. The desired output voltage of the gate driver board. The signal is
periodic with period length TS,GD . Its amplitude varies between +VGD and
−VGD , where VGD is the supply voltage of the gate driver. The signal itself
has a piecewise linear structure where the duration of each component trise ,
thigh , tfall , tzero and tlow are visualized in the plot.
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Fig. 5. Circuit Diagram of the Gate Driver circuit with one single winding
representing the secondary side of the transformer. In the case of the real gate
driver, 4M identical secondary windings are needed. The capacitor Cgs is the
gate-source capacitance of the MOSFET that the gate driver is connected to
and not part of the gate driver itself. Note that some of the secondary windings
are wound in different directions. The nonlinear resistor at Cgs represents the
nonlinear equivalent capacitance between all gates and sources.

Fig. 7. Waveform of the midpoint of the DC/DC converter (cyan) and the
gate driver (yellow) for a PWM frequency of 100 kHz, optimal gate driver
control and a load of 2000Ω (Experimental Results).

5

ref
, where the positive tap is always
the current value of VAC
selected to be higher than the reference and the negative signal
is always selected to be lower compared to the reference.
The two selected voltages are then passed on to the positive
and negative terminals of the PWM module. Using dutycycle modulation, the PWM module generates an output signal
that is on average the desired reference voltage. In case the
reference output voltage is higher compared to the highest
voltage that can be provided by the DC-autotransformer, the
highest tap is selected and the PWM is set to 1. If the reference
output voltage is lower compared to the lowest voltage of the
DC-autotransformer, the lowest tap is selected and the PWM
is set to 0.

Fig. 9. The assembled prototype: The gate driver is on top, the transformer
board in the middle, and the tap selector on the bottom.

duty cycle with no phase shift between the modules. The
converter sampling frequency was selected as 110 kHz while
the tap selector frequency is only 10 kHz. Figure 10 shows
3
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Fig. 8. The functionality of the tap selector in the case of 4 taps. Each
voltage is measured with respect to the common ground of the DC-input. It is
assumed that the ports are connected to a DC-autotransformer. The switching
signals Si refer to the corresponding MOSFETs Gi . Given a reference signal,
the controller produces the switching signals Si to follow it. While the signal
Si determines the voltage level, the PWM-generator at the final stage of the
converter determines the average voltage between the two active taps. The
resulting waveform is shown in the bottom subfigure.

Fig. 10. The output signal of the tap selector given a sine wave as reference.
The voltage on the y-axis shows the one recorded by the oscilloscope through
a differential probe and needs to be scaled by a factor of 10 to obtain the real
value (Experimental Results).

the signal recorded by the oscilloscope. For the experiment, a
squared sine-wave was given as reference output. While the
signal is noisy due to being unfiltered, the operating principle
of the tap selector can be identified and similarities with Figure
8 are visible.

IV. P ROTOTYPE C ONSTRUCTION AND E XPERIMENT
R ESULTS

V. C ONCLUSION

The prototype is shown in Fig. 9. The list of used components is shown in Fig. I. The prototype was built for a
power level of 400 V consisting of M = 4 modules. The DCautotransformer is based on a planar inductor and placed on
top of the tap selector. Due to the stability of the system, each
of the H-bridges of the DC-autotransformer is given a D = 0.5

A novel DC/AC converter for automotive applications was
proposed in this paper. The converter consisted of a modular
multilevel DC/DC converter and a tap selector. Using magnetic
as well as electric connections in the DC/DC converter provided several advantages, including self-balancing, galvanic
isolation, high efficiency, and high power density.
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TABLE I
C HOICE OF C OMPONENTS USED IN THE P ROTOTYPE

Item
Gi
Gi,P , Gi,S , Gi,T , Gi,Q
GT,i
GP W M + , GP W M −
Lm
Ls

Quantity
4
16
6
2
1
4

Code
IPB033N10N5LFATMA1
FDMS86250
STY139N65M5
STY139N65M5
Self Designed
Self Designed

Manufacturer
Infineon Technologies
ON Semiconductor
STMicroelectronics
STMicroelectronics
UCL
UCL

Description
100V Si MOSFET
150V Si MOSFET
650V Si MOSFET
650V Si MOSFET
PCB Transformer
PCB Transformer

CP , CS , CT , CQ
Gate Driver

4 (each)
6

GRM31CR61H106KA12L
SI8238AD-D-IS

Murata Electronics
Silicon Labs

50V Ceramic Capacitor
5kV dual isolated gate driver
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