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Abstract—The subject of this paper falls under the development
of power electronics for more electric aircraft systems. The study
concerns the design of a converter whose function is to generate a
300-V dc bus from a standard 28-V dc avionic network. Various
systems, such as motor drives, need to be connected to the 28-V dc
network. Their design could be simplified significantly, and stan-
dardized, by introducing this intermediate 28–300-V stage. The
step-up converter in the proposed configuration is integrated as
a part of the system. The power specification is 10 kW, which
leads to very high-current values on the 28-V side. The choice of
the converter topology, therefore, needs to match this central con-
straint. The proposed converter uses six boost cells, associated to
constitute a series–parallel architecture. This arrangement leads
to significantly more optimal sizing for high step-up ratios than
conventional boost-cell configurations. Cell interconnection is im-
plemented by means of a monolithic InterCell transformer to re-
duce the weight of the magnetic part. This paper describes the
topology, design, and construction of the lab prototype, as well as
experimental results obtained during testing.

Index Terms—InterCell transformer, more electric aircraft,
multicell boost converter.

I. INTRODUCTION

THE 28-V dc networks installed in numerous types of air-
craft for many years have been carried forward in the

general specifications concerning future generations of civil air-
craft [1]–[3]. Various electrical power systems are connected to
this network, and they must be able to operate efficiently under
such low voltage. This is very constraining in terms of design,
especially for direct connections. This is particularly critical for
power chains, such as motor drives [4]–[6]. One solution is to
introduce an intermediate stage that performs a dc-to-dc step-up
function, easier to optimize than the full chain. The converter
described here corresponds to this option. The converter must
generate a 300-V dc bus from the 28-V dc network to supply a
300-V power block comprised of an inverter and a permanent

Manuscript received October 12, 2016; revised December 14, 2016; accepted
January 22, 2017. Date of publication February 1, 2017; date of current ver-
sion October 6, 2017. Recommended for publication by Associate Editor
D. Vinnikov.

F. Forest, J.-J. Huselstein, and T. Martiré are with the Montpellier University
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Fig. 1. Double-cell boost association.

magnet synchronous motor, the latter being dedicated to driving
a compressor.

This converter is not truly representative of a possible future
step-up function embedded in aircraft. Rather, it was developed
to conduct exploratory ground tests on a complete power chain.
Therefore, galvanic insulation is not required for this lab supply.
As such, the initial topology choice was oriented toward the
conventional boost cell. The well-known intrinsic limitations of
boost cells in cases involving a high step-up ratio (here, close
to ten) have been stretched by associating six of these basic
cells in a series–parallel assembly using a monolithic InterCell
transformer.

The content of this paper focuses on describing the multicell
architecture, prototype design, and implementation, followed by
a presentation of experimental results.

II. TOPOLOGY PRESENTATION

A. First Step—Associating Two Boost Cells

The conventional boost cell is very simple, but also well
known for its poor efficiency when the voltage step-up ratio is
high, due to the combination of high-voltage and high-current
stresses on the semiconductor devices. The first step in build-
ing the topology is to retain the double-cell association, called
“double dual boost” in some publications [7]–[9], as shown in
Fig. 1.

If the same duty cycle D is imposed on both cells, the average
voltage values across the cells are the following:

V1 = V2 =
VLV

1 − D
. (1)

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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From which it can be deduced

VH V = V1 + V2 − VLV =
1 + D

1 − D
VLV . (2)

The voltage applied to each cell versus VH V is

V1 = V2 =
VH V

1 + D
. (3)

The relations between the average currents are

ILV =
1 + D

1 − D
IH V (4)

ILS + IH S =
2

1 + D
ILV . (5)

In case of current balancing on the input, it follows that

ILS = IH S =
ILV

1 + D
(6)

where
VLV input voltage (28-V dc supply);
VH V output voltage;
V1 and V2 floating output voltages of each cell;
ILV total input current delivered by the 28-V dc

supply;
ILS and IH S input current of each cell.
D duty cycle.

For high values of the duty cycle D, therefore for high step-up
ratios, the cell voltage is close to half of the output voltage value
and, likewise, the input current value is close to half of the total
input current value supplied by the 28-V source.

The main advantage of this association, compared to the stan-
dard series connection of two boost cells, is the symmetrical
stress distribution that corresponds to series operation on the
high-voltage side and to parallel operation on the low-voltage
side.

B. Second Step: Associating 3 × 2 Cells and Interconnecting
Using an Intercell Transformer

Despite improvements achieved by using the previous asso-
ciation, some significant limitations remain, such as the high-
current value in each cell (close to 200 A for an output power
of 10 kW) and the weight of input inductors.

Therefore, a second step in defining the topology was to ex-
tend the number of boost cells (3 × 2) to reduce cell current
stress [10], which, at the same time, makes it possible to intro-
duce a multiphase monolithic InterCell transformer to minimize
the magnetic part. Fig. 2 shows the final topology obtained by
associating three double cell described in the previous section.
This total cell number was defined by identifying the optimal
compromise between the number of power semiconductor de-
vices and the InterCell transformer phase number, considering
efficiency and weight (see Section III-A). In the final implemen-
tation, each symbolic MOSFET in the diagram above will be
comprised of three parallelized MOSFETs (see Section III-A).

In this configuration, for a nominal output power of 10 kW, the
theoretical average current value in each cell is 64.4 A, and the
voltage value V1 and V2 across the cell is 164 V (D = 0.829).

Fig. 2. Multicell topology.

The use of a monolithic InterCell transformer instead of sep-
arate inductors is justified by several interesting advantages that
are emphasized strongly in [12] and [13]. The following sec-
tion summarizes the main differences between both options that
make the InterCell transformer more efficient.

1) Reduced Weight and Losses: The “InterCell transformer”
function in a converter using k cells can be achieved by asso-
ciating k separated transformers, with coupling provided by the
particular winding arrangement, or by building a specific device
with a customized magnetic core [13]. In this second configu-
ration, which we chose in our case, the volume of the magnetic
core is lower than the total volume of the k cores used in the
separated transformer option.

Compared to the inductor solution, the origin of weight sav-
ings can be found mainly in the variable influence of the average
currents on the magnetic operating conditions in both cases [14].
Fig. 3 and relations 7 to 14 highlight this essential feature.

In the inductor case, there is a direct link between the winding
current and the induction created in the core.

The average and alternative components of the current gen-
erate, respectively, the average and alternative components of
induction with the same relative scale (see relations 9 and 10
and top graph in Fig. 3). If the relative current ripple is weak, the
core size depends mainly on the value of BDC , and core losses
are low.

Relations of the inductor case

Δicell =
D(1 − D)V1,2

LFsw
(7)

ΔicellM (D = 0.5) =
V1,2

4LFsw
(8)

BDC =
L

NAc
Icell (9)

ΔBM =
L

2NAc
ΔicellM (10)

where
Icell current average value per cell;
Δicell peak-to-peak inductor current ripple in a boost cell

versus the output voltage;
ΔicellM maximal peak-to-peak current ripple per cell

(D = 0.5);
k number of cells;
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Fig. 3. Magnetic operating conditions.

Fsw switching frequency;
ΔBM peak ac value of induction;
L inductor value in one cell;
Ac magnetic core area;
N number of turns.

In the InterCell transformer case, the average induction in the
core also depends on the average current, but in combination
with leakage inductors by phase (relation 13). The alternative
induction component is imposed by the voltages applied to the
windings, such as in a transformer (relation 14).

Relations of the InterCell transformer (ICT) case:
Due to interleaved mode operation combined with ICT be-

havior [15], the cell current ripple is now

Δicell = [kD − q + 1] [q − kD]
V1,2

k2LITphaseFsw
(11)

where
LITphase leakage inductor by phase;

q rank of each variation interval of D, such as q −
1/k < D < q/k and q = 1, 2, . . . , k, on which the
periodic evolution of the ripple current versus D is
repeated.

This current ripple is maximal periodically for D = (2q −
1)/2k

ΔicellM =
V1,2

4k2LITphaseFsw
(12)

BDC =
LITphase

NAc
Icell (13)

ΔBM =
V1,2

8NAcFsw
=

k2LITphase

2 N Ac
ΔicellM . (14)

By considering a given current ripple in the cells, the Inter-
Cell transformer requires a leakage inductor k2 times lower than
the cell inductor in the conventional solution. In addition, the
average value of the induction generated in the core legs is k2/2
times lower than the alternating component ΔBM . Therefore,
the InterCell transformer allows using all the magnetic charac-
teristics of the core (see bottom graph in Fig. 3). This induces
a significant decrease of the core section, and, therefore, of the
core size as well as the winding size. In the end, this global size
decrease leads to a total loss decrease.

2) Reducing the Cell Current Ripple: The design constraints
mentioned above in the case of inductors generally leads to the
choice of high-current ripples that could have a negative impact
on the semiconductor device or capacitor sizing. The InterCell
transformer is more flexible from this perspective. To provide
a qualitative trend, a leakage inductor value of the InterCell
transformer n times lower than the cell inductor value of the
conventional solution leads to a decrease in the ratio n of the
average induction as well as the cell current ripple.

3) Dynamic Behavior: The dynamic behavior of the boost
converter depends directly on the value of the equivalent induc-
tor seen by the low-voltage source. All others parameters being
constant, lower is this value, the faster the intrinsic dynamic
response of the converter. In the present case, the equivalent
inductor is:

1) L/k for the inductor solution; and
2) LITphase/k for the InterCell transformer solution.
The previous sections have showed that the leakage inductor

value could be significantly lower than the conventional inductor
value; therefore, the equivalent inductor associated with the
InterCell transformer could be lower in the same ratio.

III. POWER STAGE DESIGN AND IMPLEMENTATION

A. Choosing the Number of Cells

Generally speaking, determining the optimal choice for the
number of cells in a multicell parallel converter is a difficult
exercise. Degrees of freedom are limited by technical consider-
ations. First, the choice of the double-cell boost assumes an even
number of cells. To take full advantage of the InterCell trans-
former option regarding the limitation of magnetic fields in the
magnetic core [12], the number of cells must be at least six. With
these conditions, the number of cells can be k = 6, 8, 10, 12, . . .

Conversely, a very high number of cells drastically increases
complexity without significantly increasing performance. It was
decided to limit the choice range to six or eight cells.

Before exploring various combinations to determine the best
compromise, the switching frequency was imposed to simplify
the approach. The justification for this is that the silicon MOS-
FETs that can be found in the standard 250-V family are the
most appropriate devices, considering the cell voltage (164 V).
The operating mode of the boost cell induces a high level of
switching losses; therefore, the switching frequency Fsw must
be limited. Some preliminary loss estimations were made on
different 250-V MOSFETs by means of a switching loss model
deduced from measurements made on a test bench dedicated to
characterizing power semiconductor devices [16]. A value of
25 kHz was identified as a satisfying compromise.
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TABLE I
ANALYSIS OF DIFFERENT COMBINATIONS OF SEMICONDUCTOR POWER DEVICES

Nc e l l ND NMOS NT Icell Rdson at 150 °C Po n Psw o n Psw o f f Total losses Silicon efficiency

4 1 1 16 48.8 A 0.048 102.97 W 21.00 W 1.75 W 1006 W 90.9%
4 1 2 24 48.8 A 0.048 55.56 W 21.00 W 1.75 W 626 W 94.1%
3 1 3 24 65.1 A 0.048 67.49 W 30.00 W 2.58 W 600 W 94.3%

Ncell is the cell number, ND is the diode number per cell, NMOS is the number of parallelized MOSFETs per cell,
NT is the total number of power devices, and Icell is the maximal current per cell for 28–300 V and 10-kW operation.

With the scope of analysis delimited by the previous restric-
tions, different parallel associations of 250-V MOSFETs and
six- or eight-phase InterCell transformers were compared. The
most powerful MOSFETs available in the 250-V family, and
packaged in plastic cases that are easy to parallelize, were cho-
sen (IRFP4768). The positive temperature coefficient of MOS-
FET RDSon , added to the low characteristic dispersion resulting
from the current process quality, enable parallel associations
with a good current balance between the devices. To complete
the boost cells, an ultrafast 300-V 60-A p-i-n diode was selected
(STTH6003CW).

The most significant configurations analyzed (three or four
cells per stage) are provided in Table I. Losses are evaluated in
each case by using the switching loss model evoked previously.
These results show that, in this context, the most appropriate
option corresponds to three cells per stage, with three MOSFETs
in parallel and one diode, that is, 12 devices per stage and
24 devices for the overall converter.

To complete the previous analysis, different InterCell trans-
former designs were implemented using a design tool de-
veloped specifically for these magnetic components and de-
scribed in [17]. This tool includes an optimization procedure
based on analytic models and verified by the finite-element
simulation. For the given specifications, the main character-
istics obtained for a six-phase InterCell transformer are the
following:

1) ferrite core, aluminum windings;
2) weight, 1300 g;
3) losses close to 65 W;
4) maximal current ripple for kFsw (150 kHz), 5 A;
5) temperature rise, 50 °C.
The other designs concern several variants of six- or eight-

phase components and produced very similar results in term of
volume, weight, and losses. Indeed, upgrading to eight-phase
does not lead to a significant performance improvement. This
observation, added to the results obtained on the semiconductor
part, confirms the six-cell topology as an efficient option to
implement the converter.

B. Thermal Management

The specification of the step-up converter imposed a forced-
air cooling system. A specific design tool, based on methods
widely described in publications [18], [19], was used to conduct
this part of the design. The goal was to optimize an aluminum
profile that takes full advantage of the thinnest fins that can
be achieved with standard processes, i.e., 800 µm. The first

Fig. 4. Cooling profile shape.

design was made for one boost cell (three MOSFETs and one
diode) with an estimated power dissipation of 120 W and a
temperature rise on the heatsink of 25 °C. In that case, the
junction temperatures are close to 100 °C with room temperature
of 50 °C.

The shape of the calculated profile is shown in Fig. 4. The
theoretical characteristics are as follows:

1) dimensions: 40 × 40 × 100 mm;
2) thickness of the base plate: 8 mm;
3) number of fins: 17;
4) fin thickness: 800 µm;
5) space between fins: 1.5 mm;
6) weight: 233 g;
7) thermal resistance RTH : 0.23 °C/W for an air speed of

8.5 m/s.

C. Converter Implementation

Implementation is organized around the two main parts that
constitute the heatsink profiles and the monolithic InterCell
transformer.

The low-voltage -connection boards, through which high-
current flows and which support the voltage and current sensors,
were also implemented with particular attention. A 3-D printed
framework supports the various converter components.

Fig. 5 shows a general view of the converter drawn with a 3-D
CAD tool. This implementation is not representative of a possi-
ble future converter to be embedded in an aircraft because it does
not meet the corresponding strict requirements. Nonetheless, it
has been oriented toward obtaining a compact and autonomous
system that is easy to integrate in the overall conversion chain
to be tested on ground.
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Fig. 5. Three-dimensional CAD image of the prototype.

1) Switching Cells: The switching cells are implemented by
pair in accordance with Fig. 1.

The various components, decoupling capacitors, and semi-
conductor devices are interconnected by a power printed circuit
board (PCB) (Cu thickness of 400 µm) and the latter are mounted
on the heatsink described in the previous section. The decou-
pling capacitors are made by associating small-size ceramic
capacitors. This option offers two advantages. These compo-
nents are standard (multiple supply sources) and they offer great
flexibility in terms of implementation. Their association allows
building an efficient macrocapacitor (here, 64 µF to 250 V per
cell with 32 capacitors on the HV side) with an adaptive global
shape. Three identical blocks are placed in the framework to
constitute the six-cell converter power stage.

2) InterCell Transformer: The monolithic InterCell trans-
former is made by assembling custom magnetic cores and bob-
bins [17]. For the magnetic cores, standard U and I ferrite cores
were cut, machined, and glued to constitute two pieces. The first
piece supports the six columns on which the bobbins are placed;
the second piece is the top part closing the core. The windings
are made with aluminum ribbon and their output connections are
designed to be connected directly to the power PCBs. The var-
ious parts are held together by flanges fixed on the framework.
Fig. 6 shows these different parts.

3) Low-Voltage Connection Boards: The connection boards
correspond to the electrical nodes connected to the two poles of
the low-voltage source.

The current flowing through each of these nodes reaches
200 A and the current measurements must be made on this
part.

Fig. 6. InterCell transformer implementation.

Fig. 7. Organization of the control board.

In addition, the low- and high-voltage terminals are placed on
these boards. They are implemented with the same technology
as the cell connection board, that is, with power PCBs that are
fixed orthogonally to the cell blocks.

IV. CONTROL AND REGULATION

The heart of the control section is an field-programmable
gate array (FPGA) board that performs all functions, from pulse
width modulation generation to regulation loops. This FPGA
board is supported by a motherboard on which analog-to-digital
converters are implemented to acquire the various parameters
needed for regulations, plus a USB/SPI BUS interface and all
the auxiliary power supplies. The sampling frequency is equal
to k.Fsw , that is, 150 kHz.

The parameters to be adjusted are controlled through a Lab-
View interface that exchanges data with the field-programmable
gate array (FPGA) board via the USB/SPI interface. Fig. 7 sum-
marizes this organization.

The schematic in Fig. 8 shows the location of the sensors:
1) four differential current sensors (Hall effect sensor with

two wires), two on each stage, are dedicated to regulate
cell current balancing;

2) two conventional current sensors, one for each stage, are
dedicated to regulate the total input current;

3) three voltage sensors directly provide a measurement of
voltages VH V and V2 and, indirectly, a measurement of



156 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Fig. 8. Sensor location.

Fig. 9. Current and voltage regulations. (a) Closed-loop arrangement. (b) Small-signal low-frequency model for one stage (example of HS).
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Fig. 10. Electrical simulations. (a) Current waveforms in steady state for 28
to 300 V and 9-kW operation. (b) Voltage and current waveforms for 2- to 6-kW
output power step.

voltages V1 and VLV . This arrangement uses a common
reference (VH V −) and was chosen to simplify sensor
electronics (based on paired optocouplers).

Three regulation levels are implemented (see Fig. 9(a)). The
first level includes four current-balancing loops; the second
level, two input current loops; and the third level, two cell volt-
age loops that provide voltage balancing between the two stages
as well regulation of the output voltage. All these closed loops
are imbricated and include a PI controller, whose coefficients
are adjustable via the LabView interface.

The following values can be calculated from the measure-
ments delivered by the voltage sensors:

BvVLV = BvV2 − Bv (VH V − V1) (sensors1 and 3)

BvV1 = BvVH V − Bv (VH V − V1) (sensors2 and 3) .

The references of the floating voltages V1 and V2 are then
calculated as follows:

V1 ref = V2 ref = (VH V ref + BvVLV ) /2.

Fig. 11. View of the prototype

The small-signal block diagram in Fig. 9(b), available for
one stage, was used to adjust the PI controllers [8], [10], [11].
Electrical simulations of the complete converter confirmed the
validity of this block diagram. The current-balancing loops are
not represented here because they do not influence the behavior
of the other closed loops.

V. SIMULATIONS

Different electrical simulations were carried out to verify the
electrical behavior of the complete converter (including regula-
tion loops) on a resistive load.

Fig. 10(a) shows the current waveforms in a steady state for
9-kW operation, and shows the typical current ripple at kFsw on
the top curves (cell currents). The bottom curve is the differential
current between two cells whose average value is maintained at
zero by the balance regulation loop.

Fig. 10(b) shows some results on the dynamic behavior of the
boost converter. A step load variation is generated by switching
the value of the resistive load. This simulation shows the effect
of the floating voltage-balance control, which maintains very
similar the voltage values V1 and V2 .

VI. EXPERIMENTAL RESULTS

A prototype was implemented (see Fig. 11) in accordance
with the 3-D image in Fig. 5. This prototype is autonomous: the
energy needed for control is taken directly on the 28-V dc source,
and auxiliary power management as well as programming is
designed to permit direct starting under voltage.
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Fig. 12. Experimental results. (a) Efficiency versus output power for 28- to 300-V conversion. (b) Voltage and current waveforms for 2- to 6-kW output power
step. (c) Current waveforms in steady state for 28 to 300 V and 9-kW operation.

At this time, the prototype has been tested under resistive load.
Efficiency over the complete power range for 28- to 300-V op-
erations is given in Fig. 12(a). The oscillograms in Fig. 12(c)
call out some particularities of steady-state electrical operation.
The upper oscillogram shows a cell voltage and three differential
currents in one of the two stages. This oscillogram demonstrates
the good accuracy of the balancing control based on differen-
tial current measurements. The imbalance between two cells is
lower than 1 A for a nominal current of 65 A.

The lower oscillogram always shows a cell voltage as a ref-
erence and, in addition, the three cell currents of one of the two
stages. For traces, C3 and C4, the references were shifted under
the trace C1 reference (thus off the screen) to better show these
cell currents. The shift values are indicated on the figure.

The current waveforms are typical of interleaved convert-
ers using InterCell transformers, that is, including a frequency
component Fsw corresponding to the core magnetization and a
frequency component k.Fsw , due to intercell coupling. On this
oscillogram, the component Fsw is higher than the component

k.Fsw because of the air gap that exists between the two parts
of the core, inducing a significant magnetizing current, an effect
that is combined with a low value of the current ripple at k.Fsw
due to the chosen operating point.

Finally, transient operation tests were performed by generat-
ing step variations of the resistive load between 2 and 6 kW. The
results are given in Fig. 12(b). These results are close to simu-
lation results and confirm the efficiency of the balance control
concerning the floating voltages as well as the currents.

VII. CONCLUSION

This paper presents an example of advanced transfer based
on technology combining multicell converters and InterCell
transformers proposed by the authors. This solution has demon-
strated its potential in various applications from around 100 W
to 200 kW. The original boost converter described here is in
the middle of that range. The topology remains simple and its
characteristics are good, despite the use of a low-performance
elementary cell.
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If necessary, this converter could be improved by replacing the
two-level cells by three- or four-level cells to use low-voltage
devices much more efficiently. In that case, losses could be
reduced, as well as the size of the InterCell transformer, because
of the increase in the equivalent switching frequency.
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