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Abstract—This paper presents a framework for an adaptive
power converter topology family that can be defined through
software for all combination of input and output requirements.
This includes buck, boost, and buck/boost operation both with
and without input to output isolation. Furthermore, this frame-
work provides methods for multilevel interpretations, allowing
for it to be applied to converters of arbitrarily high voltage
levels. The framework consists of a canonical switching cell upon
which all converter types can be derived through selecting the
corresponding input and output nodes of the cell. The canonical
switching cell can be vertically stacked to achieve a multilevel
interpretation of the buck, boost, and buck/boost converters. The
control complexity does not increase when vertically stacked.
The multilevel converter built on the proposed framework has
linear component quantity, voltage stress, and current stress
scaling and can be analyzed as a single canonical switching
cell through a recursive approach. Topological definitions are
provided alongside methods of expanding to N levels. The
framework is validated through high-fidelity simulation of a
multilevel iteration. This work results in a generalized concept
of switching cells to N levels.

I. INTRODUCTION

Power converters are ubiquitous in modern technology.
At the small scale, personal computing devices like cell-
phones and laptops will contain some mixture of buck, boost,
buck/boost, and/or a converter of a more exotic topology [1],
[2]. Larger scale devices, like electric vehicles (EVs) [3],
EV charging stations [4], or HVDC transmission systems [5],
will use similar topologies in lower voltage applications or
multilevel topologies for higher voltage applications.

The topology chosen for different applications is largely a
product of the input and output voltage and current require-
ments with topological complexity as a tuneable constraint
[6]-[13]. This divide in topological designs for different ap-
plications is unnecessary. This paper presents an interpretation
of the dual active half bridge (DAHB) as a canonical switching
cell upon which all converter input and output (buck, boost,
buck/boost) characteristics can be achieved both with and
without isolation. Furthermore, this canonical switching cell
can be stacked in a linear manner, resulting in a multilevel
interpretations of this topological framework.

Through reconfiguration and/or stacking of the canonical
switching cell, buck, boost, and buck/boost of arbitrary voltage
and current levels for isolated or non-isolated applications can
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Fig. 1. Canonical switching cells. (a): Isolated canonical switching cell

(DAHB), buck/boost interpretation. (b): Non-isolated canonical switching cell
(half-bridge), buck interpretation.

be derived. This is a step towards dynamic power conversion,
achievable through software definition and reconfiguration of
a single converter or converter topology. The proposed scheme
can be leveraged to take the place, or be used as a source of
derivation, for any power converter for all applications.

This paper provides topological definitions of the proposed
canonical switching cells as well as methods of expansion
to N-levels. Applications of the canonical switching cell to
different input and output requirements through reconfigu-
ration is shown. Component quantities and voltage/current
scaling as functions of N are provided. These scalings are
linear. Equations for output voltage as a function of con-
verter parameters are provided. Functionality is demonstrated
through high-fidelity simulation of both isolated and non-
isolated interpretations of this topological framework along
with a simple switching state control scheme. This work results
in a generalized concept of switching cells to N levels.

II. INDIVIDUAL SWITCHING CELL DESCRIPTIONS

The individual switching cell upon which this overarching
topology is built on can be seen in Fig. 1-(a). This switching
cell is widely known as the dual active half bridge (DAHB) and
is studied extensively [14]-[16]. The DAHB of Fig. 1-(a) can
be considered the isolated version of the canonical switching
cell, and the circuit of Fig. 1-(b), which is topologically
identical to a half-bridge converter, as the non-isolated version
of the canonical switching cell.

The non-isolated canonical switching cell can be derived
from its isolated counterpart. This can be seen visually as
nodes A2, B2, C2 of Fig. 1-(b) align with nodes Al, BI,
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Fig. 2. Stacking of non-isolated canonical switching cells to achieve a multilevel converter. (a): Stacked multilevel isolated topology, buck/boost interpretation.
(b): Canonical switching cell equivalent of (a). (c): Reconfigured iteration of (b) into a stacked non-isolated multilevel buck interpretation.

C1 of Fig. 1-(a) if there is no power transferred across the
inductive coupling.

It is worth noting that Fig. 1-(a) operates and retains identi-
cal characteristics as a DAHB and Fig. 1-(b) as a half-bridge.
This includes the characteristic that the ratio of capacitor
voltages can be controlled to be set to any arbitrary value.
Furthermore, depending on how the input and output nodes
are configured, both the isolated and non-isolated canonical
switching cells can act as any of the three typical power
converter types (buck, boost, and buck/boost) which can be
seen in Table I.

For the purpose of brevity, the polarity of nodes is not
considered, the turns ratio of the isolated canonical switching
cell is exclusively set to n = 1, and the inputs and outputs
are taken from opposite sides of the coupled inductor for the
isolated canonical switching cell.

Alternatively, the canonical switching cell of Fig. 1-(a)
can be reconfigured into the circuit of Fig. 3-(a) through
connection of nodes C'1 and D1. This results in the buck/boost
configuration of the isolated canonical switching cell. Identical
to the previous analysis, this can be any of the three power
converter types depending on which nodes are configured as
input/output, as an equivalency can be drawn between the Fig.
3-(a) and Fig. 1-(b) which can be seen in Fig. 3. The circuit
of Fig. 3-(a) can also be considered a multilevel topology.

TABLE I
INPUT AND OUTPUT CONFIGURATIONS OF CANONICAL SWITCHING
CELLS

Converter type

Input Nodes

Output Nodes

Buck
Boost
Buck/boost

Vazc2
Va2ap2, VBa2c2
Vaap2, VBac2

Vazp2,VBac2
Vazc2
VBac2,Va2B2

Buck (isolated)
Buck (isolated)
Boost (isolated)
Boost (isolated)
Buck/boost (isolated)
Buck/boost (isolated)

Vaic1
VriD1
Va1B1,VBic1
Vrie1, VE1D1
Vai1B1,VB1c1
Vrie1, VE1D1

VriE1, VE1D1
Va1, VBici
VriD1
Vaici
Vrig1, VE1D1
VaiB1,VB1o1

Furthermore, it can be expanded to an arbitrary N number of
levels, which is discussed in the following section.

III. MULTILEVEL SWITCHING CELL DESCRIPTIONS

In a similar manner to the process taken to achieve Fig.
3, the canonical switching cells of Fig. 1 can be vertically
stacked to achieve a multilevel topology, with input/output
characteristics similar to those of the canonical switching
cell. The non-isolated cell can be stacked into a multilevel
converter, the results of which can be found and discussed in
depth in [17].

An isolated multilevel topology can be achieved through
simply stacking isolated cells. A multilevel converter of four
levels can be seen in Fig. 2-(a) which consists of two stacked
isolated switching cells. This isolated multilevel converter of
Fig. 2 is simply two DAHBs placed on top of eachother. It can
also be interpreted as as a single DAHB which can be seen
in Fig. 2-(b). For a given input/output voltage and current,
the sum of the power transferred over the inductive couplings
of Fig. 2-(b) equal the power transferred over the inductive
coupling of Fig. 2-(b). Likewise, the capacitor and switch

A

) D
C/D+ —N—

‘- L e

F j . F

(A) (B)

Fig. 3. (a): Reconfiguration of isolated canonical switching cell into a
stacked multilevel non-isolated topology, buck interpretation. (b): Non-isolated
canonical switching cell equivalent of (a), buck interpretation.
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Fig. 4. Methods of expansion to N levels. a) Stacked N level isolated topology, buck/boost interpretation. b) Isolated canonical switching cell equivalent of
(a). ¢) Reconfiguration of (a) and (b) into a multilevel buck interpretation. d) non-isolated canonical switching cell equivalent of (c).

voltage stresses of Fig. 2-(a) are split by two when compared
with those of Fig. 2-(b).

Similar to the process taken in Fig. 3, the isolated mul-
tilevel circuit of Fig. 2 can be reconfigured and stacked
again, resulting in Fig. 2-(c). This is a non-isolated multilevel
topology, similar to that of Fig. 3, which is both composed of
canonical switching cells and can be interpreted as a canonical
switching cell itself. This lends this topological framework to a
recursive ideology where a single canonical switching cell can
be stacked and reconfigured into a larger multilevel converter,
but can function in the same manner as the single canonical

Fig. 5. Buck interpretation non-isolated multilevel converter used for results
validation.

switching cell that it is composed of.

Furthermore, these topologies can be expanded to an ar-
bitrary N levels. Methods of arbitrarily expanding the non-
isolated canonical switching cell of Fig. 1-(b) can be found in
[17]. Expanding the isolated canonical switching cell involves
simply stacking additional cells on top of eachother to achieve
the desired number of levels which can be seen in Fig. 4.
Similar to the circuits of Fig. 2, the N-level converter of
Fig. 4-(a) can also be interpreted as a canonical switching
cell (Fig. 4-(b)). The isolated circuits of Fig. 4-(a,b) can then
be reconfigured into a non-isolated multilevel topology of
N-levels as seen in Fig. 4-(b). This non-isolated multilevel
topology can also be interpreted as a non-isolated canonical
switching cell (Fig. 4-(d)).

As discussed previously, each canonical switching cell can
control the voltages of its capacitors to an arbitrary ratio.
For the multilevel multi-cell interpretation, this allows for the
entire voltage (V47 for the non-isolated topology in Fig 4-(c),
Vanr and V4 i for the isolated topology in Fig. 4-(a)) to be dis-
tributed across the capacitors in any ratio, allowing for linear
component stress scaling with N. As the component quantities
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Fig. 6. Buck/boost interpretation isolated multilevel converter used for results
validation.
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Fig. 7. Level voltages of the isolated multilevel configuration for different conversion ratios Vout/Vin. Left: conversion ratio of 0.5. Center: conversion ration

of 1. Right: conversion ratio of 1.5.
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Fig. 8. Inductor current I1,, DAHB phase difference ¢, and inductive coupling power transfer for different conversion ratios Vout /Vig,. Left: conversion ratio

of 0.5. Center: conversion ration of 1. Right: conversion ratio of 1.5.

also scale linearly with N, this topological framework can be
considered linearly expandable with respect to both component
quantities and component stresses, which is ideal for multilevel
applications with very high input and output voltages.

The parameters that can be adjusted to control cell voltages
and power flows are the duty cycles D of each half bridge
and the total power transferred over each inductive coupling
Py,ans. For the sake of analytical simplicity, the duty cycles
can all be assumed as D 0.5 as this will ensure the
capacitors within each half bridge have equal voltage stress.
Therefore, exclusively Pi.qns can be used to adjust the oper-
ating point of the converter.

For the isolated converter, calculating the output voltage as
a function of Py, is straightforward as the entirety of the
output power is passed through the inductive couplings. It can
be seen that

Pirans
Vour = — (1)
out
k
Ptrans = Z PLi; (2)

where k is the number of inductive couplings and Pr; is the
power transferred over each individual inductive coupling. If
the power transferred over each inductive coupling is equal,
then

Pr, =Py,
Pirans = kPr.

3
4)
In this manner the output voltage V,,; can be controlled

through the sum of the power transferred over the inductive
couplings. Finding the output voltage V,,; as a function of

Pyrans for the non-isolated converter is less straightforward as
only a portion of the output power needs to be transferred over
the inductive coupling. The portion of the output power that
needs to be transferred over the inductive coupling changes
with the conversion ratio V4,:/V;, of the converter and is
equal to

Ptrans Vout
Pout sz

Simple algebraic manipulation provides V,,; as a function of

}%rans
).

where Pi.qns 1S the sum of power transferred across all induc-
tive couplings. For the non-isolated topology, it is important
that opposing sides of each DAHB canonical cell are on
opposing sides of the output node, as power needs to be
transferred from above the output node to below the output
node to maintain capacitor voltage balance in steady state.

Lastly, the power transferred over a single inductive cou-
pling P;, (for both the non-isolated and isolated) cases can be
calculated with

=1- 5)

Ptrans
Pout

Vout = Vin (1 - (6)

P VerVer
L 16nle

where ¢ is the phase difference in switching cycles between
opposing sides of each DAHB, normalized to the switching
period. Vo, is the sum of capacitor voltages on one side of
the DAHB and Vg is the sum of capacitor voltages on the
opposite side. n is the turns ratio of the coupled inductor and
Ly, is its leakage inductance referred to one side. It is worth



noting that (7) is not unique to this topology and holds true
for all DAHBs. These equations are validated in the following
section.

IV. RESULTS

The proposed toplogical framework is validated through
high-fidelity simulation of the both the non-isolated circuit in
Fig. 5 and the isolated circuit of Fig. 6. For the nonisolated
circuit, the input voltage is applied across nodes V4 and the
output taken across nodes Vg, ;. The isolated circuit input
is applied across nodes V4 ; and output taken across V;p.

For both circuits the input voltage has a value V;,, = 800V.
All capacitances have the same value of 68uF. The leakage
inductance of each coupled inductor is 4uH with a turns
ratio of n = 1. The switching frequency is held contstant
at Fs, = 250kHz. The duty cycle of all half-bridges is set
to a constant value of D = 0.5. The phase difference ¢,
normalized to the switching period, is configured to be the
same for all DAHBs. A single PI controller is implemented
to find the required phase difference ¢ to achieve a desired
output voltage V.

The output power P,,; is held constant at 1.2kW for both
circuits. A resistive load is applied that changes value over
the output voltage sweep to maintain a constant output power.
For the non-isolated circuit, the output voltage is swept from
0.25V;,, < Vour < 0.75V;,. The isolated circuit output voltage
is swept from 0.5V}, < Vo < 1.5V,

The results for the isolated circuit can be seen in Figs. 7 and
8. The input voltage is evenly split across capacitors C1-C4.
The same is true for the output voltage and capacitors C5-CS8.
The power transferred over each inductive coupling (Pr) with
the total power transferred over all inductive couplings Piyqns
equal to the output power P,,;.

The results for the non-isolated circuit can be seen in Figs.
9, 10, 11, and 12. Capacitors C1-C4 evenly split the output
voltage V,,:. Capacitors C5-C8 evenly split the difference
between the input voltage and the output voltage V;,, — Viu¢.
The power transferred over each inductive coupling Py, is the
same for both DAHBs and the total power transferred over all
inductive couplings P;qns 1S less than the output power P,,;.
This is because the power that is required to move between
capacitors to maintain capacitor voltage balance is always less
than the output power.

The voltage results show that the levels (and the capacitors)
have ideal voltage splitting. This is beneficial for multilevel
topologies, as this ensures voltage stresses across the stack
of components are evenly distributed and no single switch or
capacitor sees a higher voltage than necessary. This allows for
control and conversion of voltages higher than the rating of
any individual component.

The power results show that the output power P,,; is effec-
tively supported by the power transfer through the inductive
couplings. For the isolated case, all output power flows through
the inductive couplings. For the non-isolated case, only a
proportion of the output power flows through the inductive
couplings. This is because the inductive couplings do not
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Fig. 9. Level voltages of the non-isolated multilevel configuration for different
conversion ratios Vot /Vin. Left: conversion ratio of 0.25. Center: conversion
ration of 0.5. Right: conversion ratio of 0.75.
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Fig. 10. Inductor currents Iy, of the non-isolated multilevel configuration for
different conversion ratios Vout/Vin. Left: conversion ratio of 0.25. Center:
conversion ration of 0.5. Right: conversion ratio of 0.75.
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Fig. 11. DAHB phase difference ¢ of the non-isolated multilevel configuration
for different conversion ratios Vout/ Vin. Left: conversion ratio of 0.25.
Center: conversion ration of 0.5. Right: conversion ratio of 0.75.
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Fig. 12. inductive coupling power transfers of the non-isolated multilevel

configuration for different conversion ratios Vout/Vin . Left: conversion ratio
of 0.25. Center: conversion ration of 0.5. Right: conversion ratio of 0.75.

need to support the whole output current, but only the amount
of power necessary to maintain capacitor voltage balance in



steady state. As a result, the amount of power that is converted
Pirans 18 less than the output power P,,;, an attribute unique
to this converter.

Lastly, the inductor current results show that each DAHB,
when configured into the proposed topological framework,
still retains functional characteristics of a typical DAHB. The
predicted results of (1) - (7) match the simulated results.

V. CONCLUSION

The topological framework developed in this paper show
that the proposed canonical switching cells can be recon-
figured to achieve a power converter of any arbitrary input,
output, voltage, current, and isolation requirements. A single
cell can be stacked vertically, without any extra topological
connections and linear component quantites and stresses, to
achieve a high voltage multilevel converter. Cells can also be
stacked horizontally to increase current handling capabilites.
Furthermore, the control complexity does not increase with
the number of cells, as all steady state output voltages can be
achieved by adjust a single variable (¢). This framework can
be used to create power converters controlled through software
configuration, which can allow for a single converter design to
be used for any application through software reconfiguration.
Further work regarding this topological framework includes
physical experimental validation and investigation into optimal
control methods.
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